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Editorial Note 

Elastic scattering and the associated momentum transfer process in ion-
neutral and neutral-neutral collisions in the relatively cold, high neutral density 
fusion reactor divertor plasmas are expected to provide the basic mechanisms for 
momentum dissipation of plasma ions in the divertor channel and for exhaust of 
thermalized hydrogenic neutrals from the divertor region. Quantitative 
information (both differential and integral) about these processes (defining also 
the viscosity properties of the divertor plasma) is essential in modeling the overall 
performance of the fusion reactor divertor, as well as the details of the divertor 
plasma and neutral gas behaviour. 

The present volume of the "Atomic and Plasma-Material Interaction Data 
for Fusion" provides an exhaustive source of information on elastic scattering, 
momentum transfer and viscosity cross sections for collisions of hydrogenic ions, 
atoms and molecules, and their isotopes, in the energy range pertinent to fusion 
reactor divertor plasmas and extending (in its low-energy part) to collision 
conditions that are relevant for astrophysics. Hydrogen ion-helium atom 
collisions are also included in this volume. The reported cross sections are 
obtained from extensive quantum-mechanical calculations and can be regarded as 
having very high accuracy. 

The IAEA takes this opportunity to express its appreciation to the authors of 
this volume for their gigantic effort in producing this valuable information. 
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LI Introduction 

The microscopic, atomic physics influencing bulk properties such as transport and 

charge balance in the edge and divertor plasmas of the new generation of reactors (such 

as ITER) has been recently of growing interest for plasma modeling and engineering of 

magnetically confined fusion devices [1,2]. This interest arises because these regions might 

play crucial roles in the realization of useful energy production from controlled fusion. In 

particular, the edge plasma should suppress the inflow of deleterious impurities into the 

plasma core and the divertor is used to exhaust both heat and particles. These regions are 

characterized by relatively low plasma temperatures (10-500 eV in the former and 1-50 eV 

in the latter) with high densities (in comparison to the core), thus providing conditions 

for numerous interparticle collisions involving both atomic and molecular particles (i.e 

neutrals and ions). Owing to the low temperature, the increased densities of neutrals, 

and the relatively large elastic cross sections involving neutral particles at low energies in 

comparison to inelastic ones, elastic processes play the dominant role in neutral particle 

transport and overall momentum balance [2]. However, calculation and measurement of 

these processes have been overshadowed by the production of data for energy and charge 

exchanging inelastic processes. 

Thus, the goal of the present work is to produce and tabulate elastic scattering data for 

the most abundant particles of the divertor and edge plasmas, data which almost without 

exception cannot be found in literature. The existing, published data typically cover 

only a limited collision energy and/or angular scattering range, and are not tabulated or 

fitted for use in plasma modeling codes. Previous work [3, 4], which sought to partially 

ameliorate this lack, provided limited comprehensive compilations based on classical [3] 

and semi-classical [4] approaches, and on literature surveys. 

The particular species considered here include the fuel, hydrogen, in all isotopic atomic 

(H, D, T), ionic (H+, D+ , T+) , and molecular (H2, D2, T2, HD, HT, DT) forms, and 

helium, produced in fusion and exhausted through the divertor. For the fifty-one collision 

pairs which are isotopic variants of the prototypes H+ + H, H+ + H2, H+ + He, H + H, 

and H + H2, we provide cross sections for center-of-mass (CM) collision energies in the 

range of 0.1-100 eV. This range extends somewhat beyond the typical divertor plasma 

temperatures to allow inclusion of data for energies towards the tails of the Maxwellian 

distributions. We note that to calculate the cross sections at the yet higher energies 

present in the tokamak edge plasmas would require different theoretical techniques that 

would treat the opening and interaction with inelastic channels. 

Included in this work are both differential and total cross sections, generally computed 

for ten points per energy decade at EQM = lO0-1-7'-1 eV, j =0, 30. The exceptions to this 

are the data which involve molecules for EQM > 10 eV, for which results are calculated 

at ECM = 100-1-7'"1"1 eV, j=23, 27, 30, i.e. for the three energies in the last decade, Ecu ~ 

20, 50, and 100 eV. The differential cross sections are obtained for 768 values of the CM 
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scattering angle 9j = ^(1 + Xj) radians, j = l , 768, where Xj is the j t h zero of the Legendre 

polynomial .Pres^) in the interval [-1,1]. Thus Oj constitute the set of abscissas for a 

Gauss-Legendre integration in the interval [0, it], used in calculation of the integral cross 

sections. Concerning different isotopic forms of the constituents of a collision system, we 

have found that no scaling of differential elastic cross sections can be discovered in the 

range of energies considered, thus requiring isotope specific calculations for the fifty-one 

collision systems, resulting in more than 2800 differential cross sections and more than 

200 integral cross sections. These were obtained using state of the art quanta! calculations 

which were implemented so as to reach the highest practical accuracy. 

Presentation of the data for each system follows approximately the same pattern: 

(a) Elastic and transport integral cross sections (elastic scattering, momentum transfer, 

viscosity, and where appropriate spin exchange or charge transfer) tabulated at three 

points per energy decade, 

(b) Fitting coefficients of the Chebyshev rational functions used as analytical approxi-

mants of the integral cross sections as functions of the CM collision energy, 

(c) Graphical presentation of the integral cross sections at all energies and of the re

spective analytical fits, 

(d) Fitting coefficients of the exponential Chebyshev rational functions, used as ana

lytical approximants of the differential cross sections (elastic and when appropriate 

spin exchange or charge transfer) as functions of CM scattering angle and collision 

energy, 

(e) Graphical presentation of the differential cross sections, three per energy decade, 

and the respective analytical fits. 

To facilitate the use of the fitted data and to provide the original data to those users 

who would benefit by attempting other fits or interpolations of the cross sections, all data 

generated in this project are available through the WWW site of the Oak Ridge Na

tional Laboratory's Controlled Fusion Atomic Data Center (www-cfadc.phy.ornl .gov). 

Vibrational excitations (with quantum numbers v < 9) were included in the calculations 

of the elastic cross sections (scattering from the ground, v = 0, vibrational state) for the 

molecular targets due to the strength of these inelastic channels; however the relevant 

total and differential cross sections are neither fitted nor tabulated in the present volumes 

but are available upon request. 

1.2 Important note on usage and interpretation of the data 

Considerable confusion in applications of elastic data has arisen due to the difference 

between the classical and quantum mechanical definitions of elastic scattering for very 
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slow collisions involving identical nuclei such as in H + + H or H -f H. The specific cause 

of the confusion is the quantum mechanical indistinguishability of identical particles. This 

results in the inability to distinguish slow protons elastically scattered on H from the re

coiling target protons produced by charge transfer or slow hydrogen atoms elastically 

scattered on H from the recoiling H target atom. This phenomenon is manifested through 

interference of the wavefunctions for the elastic and charge transfer channels or for elasti

cally scattered and recoiled neutral atoms. At higher collision energies the overlap of the 

two channels vanishes, leading to pronounced peaks for forward (elastic) and backward 

(charge transfer or target recoil) scattering peaks in the differential cross sections. Thus 

the elastic cross section defined quantum mechanically tends, at higher collision ener

gies, to the total differential scattering cross section (i.e. sum of classically distinguishable 

elastic scattering and charge transfer). 

An immediate consequence of this definition is a significant increase of the momentum 

transfer cross section, because it depends dominantly on the magnitude of the elastic 

differential cross section at large (backward) scattering angles. Therefore, modeling of 

the particle transport should not further account for momentum transfer by the resonant 

charge transfer, because this is already contained in the quantum-mechanically defined 

"elastic" cross section. 

With the increase of collision energy the overlap of the two processes vanishes and 

the classical limit of distinguishability of particles is reached. Thus one could calculate 

or measure the elastic cross section for the scattering of the projectile separately from 

the charge transfer from, or recoil of, the target. We show that this limit is reached for 

ECM > 1 eV. However, to maintain a quantum-mechanically correct definition, consistent 

with conventions well established in the literature in the energy range considered here, 

we treat the identical nuclei in ion-atom and atom-atom scattering as indistinguishable, 

even at higher energies, when the "elastic" cross section transitions to the total scattering 

cross section, containing the non-overlapping sum of direct and recoil channels. 

To separate these processes in the integral cross sections for H + + H (in all its iso-

topic variations), one can subtract the charge transfer cross section from the "elastic" 

one, leading to the elastic cross section in the distinguishable particle sense, which is, of 

course, well defined only at higher collision energies. The "true elastic" differential cross 

sections may be approximated as the absolute value of the difference of the presented 

"elastic" and charge transfer differential cross sections. This can then be used to recal

culate the integral quantities, such as momentum transfer and viscosity cross sections to 

obtain results that have the right classical limit. We will show elsewhere that the distin

guishability of the particles introduced in such a way does not lead to more than 10% 

uncertainty in the integral cross sections for the hydrogenic systems at 0.1 eV. As far as 

charge transfer is concerned, the "spin exchange" cross sections defined in the low energy 

limit goes smoothly over to the proper charge transfer cross section in the classical limit 

of distinguishability. In the case of scattering of identical atoms (e.g. H + H), due to the 
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full symmetry of the system, the division of the integral elastic cross section by two would 

lead to the correct classical limit, while the transport-relevant integral cross sections can 

be obtained from separation of the forward and backward recoil peaks in the differential 

cross sections. 

1.3 Basic definitions 

An extensive literature exists on both the basic definitions and various theoretical ap

proaches (classical, semi-classical, quantum mechanical) to the computation of the elastic 

cross sections for collisions of both structureless and structured particles. As an excellent 

starting point, we refer the interested reader to the relevant chapters in the renowned 

textbooks on quantum mechanics and collision theory [5, 6, 7, 8, 9, 10]. Given here is a 

brief review of the basic terminology and formulas relevant for the quantum mechanical 

approach, to orient the reader for later more detailed descriptions of the methods em

ployed. We employ atomic units (a.u.) throughout this discussion and throughout the 

tabulated results unless it is convenient or conventional to do otherwise, in which case the 

units are explicitly noted. 

1.3.1 Defining the elastic cross sect ion 

The prototypical example for studying elastic heavy particle scattering is a collision of 

two structureless particles subject to a spherically symmetric interaction potential, V(R), 

where R is the interparticle separation. If the z-axis of the system of spherical coordinates 

(R, 0, <f>) is chosen in the direction k (k is the relative wavevector) of the incident particle, 

the problem possesses azimuthal symmetry. The wavefunction ^(R) may be expanded 

in partial waves of angular momentum £ in terms of Legendre polynomials Pt(cos6), 

cos 6 — z/R, as 

* ( £ ) = J2(2£+ iyai^±Pe{cose). (1) 
e=o kH 

The function ut(R) satisfies the radial Schrodinger equation 

ut(R) = 0 (2) 

where we define e = k2/2fi as the total CM energy of the system at R —» oo, and where n 

is the system reduced mass, with the boundary condition ue(0) = 0 (such that ^(R) stays 

finite at R —> 0). Concerning the boundary condition at R —» oo, ue(R) is a superposition 

of the I components of the incident wave exp(ikR) and the outgoing, scattered waves. 

Thus 

ue(R) = _ _ ( e x p ( - ; f c # ) - {-iySeexp(ikR)), kR^>£ (3) 

dR? R2 ^ + 1 ) - 2 „ m ) + i= 
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where St is the diagonal element of the scattering matrix corresponding to the orbital 

angular momentum £. This yields the asymptotic value of. the the wavefunction 

V(R) = exp(-ikR)+f(efX?{^R\ kR^t, (4) 
R -• " -' 

where the scattering amplitude f(6) of the scattered wave $ s c = exp(ikR)/R is usually 

expressed in terms of Se as 

/ (^)=.i 'B2^1)( l -^)^(cos^ (5) 
LK 1=0 

The scattering matrix element Sc determines the scattering amplitude uniquely... In the 

present case of potential scattering it can be expressed in.terms of the (real) phase shifts 

Si a s • 

S, = .exp(2^). (6) 

Since this is a periodic function of <$,- the definition' of the phase shifts is not' unique. 

Applying the boundary condition that 8g —> 0 as V(R) vanishes, the phase shifts can lie 

either in the interval [0, TT] or within [—TT/2, IT/2]. We choose the former interval. 

The scattering is usually described by the differential cross section dcr(9, 6)/dQ, defined 

as the ratio of the number of particles scattered per unit time into an element of solid 

angle dQ, = sin 6d6d<p, per unit solid angle, to the flux of incoming particles. Since jp.dA 

particles pass through an element of surface area dA = RrdP. per second, where the radial 

flux density JR is given as 

'"=|^- t"^' ' ' i l"' ) 1 , (7) 

arid since the flux density of incoming particles is k/.fi. it follows that 

' ; ^ = I/W|2; (8) 
The differential cross section is onlv a function of the scattering angle 0 for the central, 

potential V(R). 'This is'the case" for. all systems treated in this .work. For convenience, 
we express all of the tabulated and graphically presented differential cross sections in this 
work in terms of the quantity 2~ sin 0da(0)/dQ,.' 

-.These basic definitions of elastic scattering can be readily extended to collisions in
volving distinguishable particles with internal degrees of freedom..such.as the ion-atom 
and atom-atom scattering considered below. Expanding, in this case, the wavefunction 
of the system 

^(r.R)=^^^h(cosO)vk(F^) (9) 

in terms of the electronic eigenfunctions of the adiabatic quasimolecular Hamiltonian 
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7i(R)Mr, R) = EK(R)Mr, R), (10) 

where r is a set of internal (electronic) coordinates, and EK(R) are the electronic eigenen-

ergies that correspond to the set of quantum numbers K. The equation for the nuclear 

radial functions F^L\R) in the center of the mass coordinates takes the form of a system 

of coupled equations [5] 

(iw* + ̂ ^ + E^-')*L'^(X)F<f> (U) 
where L is the angular quantum number of nuclear motion, and W^'(R) are the matrix 

elements of the nonadiabatic coupling. The internuclear distance R is an external pa

rameter, and both eigenfunctions and eigenenergies in this equation reduce to the atomic 

wavefunctions and to the energy levels of isolated atoms EK, respectively, when R —> oo. 

The asymptotic form of the radial wavefunctions defines the S^-matrix elements of 

the transition from the initial atomic state KQ to the final one, /c: 

F^(R - oo) = (-1)L + 1 e x p H i ^ i ? ) ^ + S[L) exp(iKKR) (12) 

where KK = y2//(e — EK) and Sap is the Kronecker symbol. This yields the amplitude 

and total cross sections for inelastic transitions and elastic scattering of the form 

i °° 
/ « . ( ' ) = ^ T E ( ^ + !)(*-» - SM)Pt(coB0) (13) 

IXKO L=0 

Eq. (13) reduces to formula (5) in the case of potential scattering, where f j ^ is expressible 

in terms of the relevant phase shift only (Eq. (6)). 

1.3.2 Defining the total and transport cross sections 

The flux of particles scattered in all directions is the total (elastic) scattering cross 
section, defined as 

*ei = J d ^ ^ = 2* f d6 sin 0 |/(0)|2 (15) 

which, in case of scattering of structureless particles yields 

A— OO . 

ff^IjD^+l)™3^ (16) 

The first two moments of the total elastic cross section are also of interest for plasma 

modelers (see e.g. [11]). These are the momentum transfer (diffusion) cross section 
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2TTJ i 0 s i n0 | / ( 0 ) | 2 ( l - cos0 ) 

^ f ^ + l ) s i n 2 ( S m - ^ ) (17) 
K i=o 

2TT [* dO:sin3 6 \f(6)\2 

Jo 

4x " (/ +!)( / + 2) 2 

The expressions in Eqs. (16-18) containing the sums over phase shifts are valid for potential 

scattering. 

We have calculated both moments of the elastic cross section for all collision systems 

considered here. To see how they relate to transport, consider the elastic scattering of a 

particle labeled a from another particle. The linear momentum of particle a is simply fiva. 

Hence, its change in momentum is fiva(l — cos 6CM) and amt is a measure of the average 

momentum lost in such a collision. Since backscattering retards the diffusion of particles 

in a gas or plasma, this loss of forward momentum determines the rate of diffusion. One 

can also use omt to define such quantities as momentum transfer mean free path, collision 

frequency, and fractional energy loss per collision. The viscosity cross section, in contrast, 

is inversely related to the heat conductivity and viscosity of the gas or plasma. That is, 

collisions resulting in scattering to CM angles near t/2 are more effective in inhibiting 

conductivity because they tend to equalize energy and thus lead to smaller viscosity and 

heat conduction. The weighting factor sin2 0, which is maximum at 0 = TT/2 and goes to 

zero for 0 —• 0 or ir, emphasizes just such events. 

1.4 Asymmetric ion-atom collisions: H + + He 

For elastic scattering of hydrogen ions from ground state He in the energy range con
sidered here, the excitation energy of He is high enough that couplings between different 
electronic states in Eq. (11) may be neglected. This is manifested by a significantly larger 
(by several orders of magnitude) integral elastic cross section in comparison to those for 
the inelastic channels. This approximation reduces the system of coupled equations (11) 
to equation (2), just as for the scattering of structureless particles. Thus, this is the 
approach adopted here for ion-helium scattering and, therefore, use is made of Eq. (8), 
with Eq. (5) for the differential cross section, as well as Eqs. (15-18) for the integral cross 
sections. The methods of computation of the phase shifts St as well as of the potential 
V(R), used in this work, will be discussed below (in sections 1.6 and 1.9 (1), respectively). 

and viscosity cross section 

• / 
dD, 

da{0,<j>) 

dQ, 
sin' 0 = 
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1.5 Scattering of indistinguishable particles 

Identical collision partners (as in H(ls) + H(l3) scattering) or identical incident and 

scattered+reaction product particles (as in elastic + symmetric charge transfer in H+ 

+ H scattering) keep their "individuality" in classical mechanics, in spite of their phys

ical identity. Classically speaking, each of the particles can be labeled as well as their 

individual paths distinguished. 

However, in quantum mechanics, identical particles lose their individuality, as follows 

from the uncertainty principle. If we localize one of the particles at some point in space at 

some instant, there is no way to detect which of them has arrived at the point. At larger 

velocities, as the wavelength of the colliding particles becomes much smaller than the 

effective interaction region, the particles take on classical properties: We can distinguish 

(or "laber) each of the particles by their energy. For example, the wavelength of a 

proton of 1 eV is about 0.1 a.u. Assuming that the interaction region for scattering from 

a hydrogen atom in the ground state is of the dimension of the atom (~1 a.u.), one could 

expect the classical distinguishability of elastically scattered particles for this or higher 

energies which we show later to be the case. 

The formulas in the preceding section are valid for scattering of distinguishable par

ticles. Such particles obey so-called Boltzmann statistics [5, 12]. If ^(Ri.Ri) is the 

wavefunction of the system of two indistinguishable particles, then the wavefunction ob

tained from $ by merely interchanging the particles must be equivalent physically to \P, 

i.e. could differ from the former only by a phase (<,?) factor, 

tf(£2,£,) = exp(xV)tf (£,.&). (19) 

Since this must remain valid under repeated interchange, the phase factor is necessarily 

±1 . The physical properties of the particles determine whether the system is described 

by a symmetrical or antisymmetrical wavefunction. The former are said to satisfy Bose-

Einstein statistics (bosons) while the latter satisfy Fermi-Dirac statistics (fermions). In 

particular, the statistics obeyed by the particles is related to their spins: particles with 

integer spin are bosons and those with half-integer spin are fermions. Thus the total 

wavefunction of a system of bosons is symmetric, while that for a system of fermions is 

antisymmetric. The latter is a consequence of the Pauli exclusion principle, defined for 

fermions. 

For a system of identical particles of spin s, the symmetry of the total wavefunction 

is determined by the sign of ( — l)2 s . The symmetry of the spatial wavefunction of the 

relative motion is uniquely determined by the symmetry of the spin functions under an 

interchange of the particles. For example, there are (2.s + i)2 different spin states for two 

spin-5 particles, defining the total spin of the system and its z-component. The total spin 

S takes 25 + 1 values 5 = 2s, 2s — 1,.... 1,0. Since the spin function x a n ^ the total function 

ty = Q{Ri, RTJXCL, 2), upon interchange of particles change asx s( l ,2) = ( - l ) 2 s _ s x s (2 ,1) 
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and *(1,2) = ( — l)2s\&(2,1) respectively, the spatial wavefunction changes as $(.Ri, R2) = 

(-1)S$(-R2, Ri), i-e. its symmetry is defined by the parity of the total spin. 

Thus, the spatial wavefunction of a system of two identical particles is symmetrical if 

the total spin is even (singlet, for example), and antisymmetrical when the total spin is 

odd (triplet). If the spin couplings are neglected, all spin states are degenerate. If s is 

half integer, there are s(2s + 1) states with even values of S and (s + l)(2s + 1) with odd 

S values. On the other hand, when s is an integer, there are (5 + l)(2s + 1) even S states 

and s(2s + 1) odd ones. Complex particles, composed of an even number of fermions (like 

the deuteron) obey Bose statistics (having integer s), while those with an odd number 

of fermions (the proton and triton) are fermions (with half-integer 5). These details 

need to be taken carefully into account in considering the low energy elastic scattering of 

symmetric ion-atom and atom-atom of hydrogen or hydrogen isotopes [5, 6, 12]. 

1.5.1 Scattering of identical particles with definite to ta l spin 

None of the collision systems considered in this work obey spin-zero or definite total 

spin statistics. The examples given in this section will, however, emphasize the need for 

attention to the definition of the cross section as it emerges from the symmetry properties 

of the relevant wavefunctions before they can be compared with reference data taken from 

the literature or used in plasma modeling. In addition, they provide the opportunity to 

present a number of definitions required to describe the collisions that are treated here. 

In the scattering of spin-zero particles, the total (spatial) wavefunction must be sym

metric. In the center of mass system the relative motion of the particles is defined by 

the vector R = R\ — R2, and interchange of the particles means a change of the sign 
—* —# 

R —*• — R, i.e. while R is unchanged the scattering angle 9 changes into TT — 9. Obviously, 

the symmetric form (under particle interchange) of the asymptotic wavefunction is 

$(R) = A ex?(ikz) + exp{-ikz) + (f(6) + / (x - Q))eX^tkR^ 
R 

, # - • 0 0 (20) 

where A is a normalization factor. The first two terms of this equation define the initial 
motion of the two particles moving in the CM system toward each other. Taking A=l 

the flux density of each of the colliding particles has a magnitude v — - , where v is their 
relative velocity. Due to quantum indistinguishability, there is no way to determine which 
particle is the incident one. The last term is the scattered wave in the direction 6. The 
detector at angle 9 counts both particles scattered at angles 9 and n — 9. Thus the elastic 
scattering cross section when any one of the particles is deflected into the solid angle dQ, 

at angle 9 is [7, 9, 10] 

^ = m + f(.-9)\2 (21) 
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where we use the subscript sym as a shorthand notation for "symmetric," referring to the 

symmetry of the spin-zero wavefunction. Each of the amplitudes / is defined by Eq. (5), 

which yields 

da 
sym 

dn k2 y ^ exp(iSe) sin <5^(cos 9) 
feet; en 

(22) 

Restoring for the moment the distinguishability of particles, the differential cross sec

tion that either of the particles will be deflected by an angle 9 is simply the incoherent 

sum of the cross sections that one particle will scatter through an angle 9 and the other 

through 7r — 0, 

da« d" 

dVt 
= l/(')|2+|/0r-*)|S (23) 

where we denote this cross section with classically distinguishable particles by a"cr, and 

using the definition of the amplitudes we have 

da«r 

dQ 
y^ exp(i^) sin 6gPe(cos 9) 
1=0 

+ £ ( - 1 ) ' exp(t'fc) sin 6tPt(cos 9) 
e.=o 

(24) 

The difference between the two expressions is caused by the exchange effect: the 

interference of the two amplitudes due to the correlation in the motion of the particles 

arising from the symmetry of the states under an interchange of particles. Note that 

da/dCl(9 = 7r/2) = 2da«cr/dn(9 = n/2). If one assumes Boltzmann statistics, therefore 

allowing a labeling of the incident particle, the differential cross section is 

t = l/«»l2 
(25) 

which is a factor of 4 smaller (at B — 7r/2) than the cross section in Eq. (21). 

Straightforward generalization of this treatment of spin zero colliding particles results 

when non-zero spin colliding identical particles have a definite value of the total spin. If 

the total spin is even, then the formulas for the total wavefunction and the differential 

cross section, Eqs. (20-21), are directly applicable. On the other hand, when the total 

spin is odd (as in the triplet state), the spatial wavefunction is antisymmetric 

tf (#) = A exp(ikz) - exp(-ikz) + (f(9) - /(TT - 9)) 
exp(ikR) 

R 
,R—>oo 

and the cross section that either of the particles scatters through angle 9 is 

^ E l = \ m - f(7r - 9)\2 

(26) 

(27) 

i .e. 
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u>&antisym 4 

In ~ p 
(28) £ exp(i6i) sin SePi(cos 8) . 

l=odd 

This cross section has a value of 0 at 0 = 7r/2, in obvious disagreement with a«cr • 

The total elastic cross sections calculated from Eqs. (21, 23, 27), upon integration over 

all solid angles is readily obtained to be 

(rel,sym=^ £ (2£ + l)sin2^ (29) 
l=even 

<Tel,antisym = ^ ~ £ ( 2 * + 1 ) s i n 2 6t ( 3 0 ) 
fc l=odd 

A OO 

£(2£ + l)sin2<^ (31) 

and the one calculated under the assumption of complete distinguishability of particles, 

crei,B, is equivalent to Eq. (16), which we repeat here for convenience 

AT °° a*B = T I £ ( 2 ^ + 1) sin2 6t. (32) 
fc *=o 

The higher momenta of the elastic cross section, defined in Eqs. (17-18) are also 

strongly influenced by the symmetry properties of the wavefunctions. Thus, for the sym

metric case, 

2TT 
7mt,sym — 1.2 £ exp i(6e — 8p) sin 8t sin Sv \ dd sin 0(1 — cos 0)P^(cos 9)Pe(cos 6). 

t,l'=even J° 

(33) 

Using the recurrence relation of Legendre polynomials [13] 

xPi{x) = WT\P'+l{x) + 2£TTPe-l{x) (34) 

it follows that 

r dQ smO cos 6Pe(cos6)Pe,(cos 6) = (35) 
Jo 

£+1 
2£ + 

j J_^dxPw(x)Pei(x) + ^-jJ^dxPe-x(x)Pei(x) = 0 

where zero is obtained using the orthogonality of the Legendre polynomials of differing 

index £. Since both £ and £' are even, we have £ ^ £' ± 1 always. This yields 

&mt,syvn. — &el,sym • v*-^/ 

Similarly, 
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(37) 

For classical scattering of identical particles, one obtains from Eq. (24) 

A 0 0 

ffmt/cT = 2-rj £ ( * + 1) Sin2(^+1 - St) = 2<Tmt,B (38) 

where crTOlB for distinguishable particles is given by Eq. (17). The viscosity cross section, 

defined in Eq. (18) is obtained in the form 

4TT ~ ( J + ! ) ( * + 2 ) . 2,_ . , , _ , 
<7vi,sym,antisym = 4"Tj ^ 9/ 4- 3 Sin (d/+2 ~ 0*) (39) 

i=even,odd ' 

W hile 

<7in',"cr = 2(7^,5 (40) 

where cr,,,^ is given in Eq. (18) for the case of distinguishable particles. 

1.5.2 Scattering of identical particles wi th nonzero spin: H + H, D + D , 

T + T 

Usually, neither projectile nor target particles are in a definite spin state, the situa

tion being described as scattering of the unpolarized beam of particles of spin s on the 

unpolarized target. Under these conditions one must average over all possible total spin 

states, odd and even, assuming that each of the spin combinations has equal probability. 

When the total spin is odd the cross section is given by Eq. (27), and when it is even, by 

Eq. (21). It follows [12] that the cross section that either of the particles will be scattered 

through an angle 6 is, when 5 is half-integer 

daei _ s dasym 3 + 1 c?crant,sym 

dn ~ 2s +1 da 2s +1 <m ' l ' 
and, when 5 is integer 

daei _ s + 1 dasym s daantisym ,.~\ 

dQ, ~ 2s +1 dCl 2s + 1 dQ ^ ' 

where dosym^ntisym/dn are given by Eqs. (21, 27). 

These formulas are directly applicable to the symmetric scattering of hydrogen atoms 

(and its isotopes). The H(ls) + H(ls) system can evolve both along the (ground of 

H2) singlet X 1 £ + and the triplet b3Y,t states, which are degenerate for R —> 00. In 

particular, two kinds of symmetries are involved in this problem: symmetry with respect 

to the electronic spins and symmetry with respect to nuclear spins. Thus, the proper 

symmetrization of the amplitudes with respect to both total electron spin (Se) and total 

nuclear spin (Sjv) yields scattering amplitudes of the form 
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f(9) + (-l)s»+s<f(v-9). (43) 

Since the hydrogen nuclei are fermions of spin 1/2, we apply Eq. (41) for both singlet 

and triplet states. Only parity of the total spins matters and the indices 5 and a in the 

equation are interpreted as the parity of the SN- Further, Se = 0 corresponds to the 

singlet electronic curve and Se = 1 to the triplet. Thus, we obtain for the (electronic) 

singlet case 

d<Tel'S = 7 \W) + / • (* " *)|2 +' 7 I/.W " / • (* " °)\2 
dQ, 

and for the (electronic) triplet 

^ = \ W) - M* - e)f +1 \m + ft(* - 6)\2 

(44) 

(45) 

Due to the electron spin statistics, the singlet and triplet contributions to the total 

elastic cross sections are weighted by factors 1/4 and 3/4, respectively, leading to the total 

differential elastic cross sections for scattering of two H(ls) atoms in the form 

dcre[ _ 1 daeit$ 3 daeiti 

!m ~ 4 dn 4 <m 
(46) 

which can be expressed as [12] 

daei 

~dH 8Jb2 
J2 (21 + l)(exp(i6s

e) sin 8s
ePe(cos 8) + 

5 3 (2* + l)(exp(t'#) sin #P*(cos 8) 
t=even 

• £ (2i + l)(exp(^5) sin < ^ ( c o s 9) 
i-odd 

J2 (21 + l)(exp(t$) sin $P<(cos 0) 
£=even 

+ 

+ 

}• (47) 

Among the most notable work in the literature, Jamieson et al. [14] introduce an 

additional factor of 1/2 in order to adjust the cross section to become identical to that 

derivable from Boltzmann statistics in the classical limit (at high collision energy). We 

adopt this convention here as well. Upon integration over the scattering angle, this yields 

for the total integral elastic cross section [12, 14] 

2TT 
&el = £ (2e+l)(jsm26s

e + jsm28t
()+ £ (2£ + l)(j sin2 6\ + j sin2 8\) 

U=even 4 4 l=odd 4 4 
• (48) 

Since daei/d£l contains the symmetry effects, expressed through the separate sums 

over even and odd partial waves, the part of the integral containing cos 9 in the integrand 
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of the momentum transfer, Eq. (17) vanishes as in the derivation of Eqs. (36-37), and 
thus 

cr-mt = cret. (49) 

This differs substantially from the formula 

2TT 1 9 
Vmt.Jamieson = T J [ £ (* + W j s i n 2 A ? + 7 s i t l 2 A * ) + 

£ ( 2 £ + l ) ( | s i n 2 A r + ^ s i n 2 A < ) ] (50) 

with A|' = 6^x — 6%' , obtained by Jamieson et al. [14], starting from the same differential 

cross section, Eqs. (46-47), but agrees with the definitions of Hirschfelder et al. [12], 

for Bose (nuclear) and Fermi (electronic) statistics applied to the scattering of identical 

particles. Similarly conflicting definitions are applied in obtaining the momentum transfer 

cross section by Allison et al. [15]. An alternative momentum transfer cross section may 

be considered for H + H scattering at higher energies if one assumes full distinguishability 

of the projectile and target nuclei (Boltzmann statistics), thus applying only electronic 

spin statistics. This yields 

Air °° 1 3 

omtts = ^ £ ( ' + !)(i sin2 A* + I sin2 A^ (51) 

Finally, we obtain the viscosity cross section from Eqs. (18, 47), in full agreement with 

Jamieson et al. [14] 

2TT 
^ ( f +

2 ^ + 2 ) ( i s i n 2 A | + ^ s i n 2 A l ) + £ (2t + l)(^sin2 A,' + ^sin2 Aj) 
-even ' (=odd 

(52) 

where A|'' = 8^2 — 6('{. For the cases H + H and T + T (the proton and triton are both 

fermions with s = 1/2), we have integrated the elastic differential cross section with the 

appropriate weights numerically to prove that we obtain the same results as those defined 

through the formulas given in Eqs. (48-49, 52). 

In case of elastic scattering of deuterium on deuterium, the statistics of the nuclear 

spins changes Eq. (42), since the deuteron, having spin s = 1, is a boson, rather than a 

fermion. Of course, the statistics of the electron spins is the same as in the H + H and T 

+ T cases. Thus, we have again 

d<7ei _ 1 d<7ei<s 3 daei,t 

an ~ 4 an I an l0 j 

but with 
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^ = I \fs(0) + U* -0)\2 + \ l/.(*) - /.(* - *)l2 

^ = | W) - ft{* - 0)\2 + l- \ft(9) + /<(* - 0)\2 

(54) 

(55) 

which yields 

da 6k?{ J2 {2i + l ) ( exp(^ | ) sin # # ( c o s 5) 
l=even 

2 

+ 3 5 3 (2£+l ) (exp( i# ) s in$P*(cos0) 
t=even 

2 

+ ^ (2i + l ) (exp( i#) sin <5^(cos 0) 
l=odd 

+6 5 3 (2£ + l)(exp(*$) sin ^ ( c o s 5) }• (56) 

The integral cross section is obtained by integration of Eq. (56) over 6, which gives 

2TT 
5 3 (2£ + 1 ) ( | sin2 # + sin2 6J) + 53 (2£ + 1)(^ sin2 <5; + 2 sin2 $ ) (57) 

The momentum transfer cross section is equal to the elastic one, as in cases of H + H and 

T + T. The viscosity cross section is readily obtained in the form 

a - = Tl 
2x 

£ (*+2?!V"2 ) (f Sin2 A* + Sin2 A^ + E (^ + 1)(^ «"2 A? + 2sin2 Aj) 
J.=even l=odd 

(58) 

Assuming distinguishability of nuclei, the Boltzmann-distribution momentum transfer 

cross section takes on the same form as in the H + H and T + T cases. Moreover, 

assuming the Boltzmann distribution of nuclei, all differential and integral cross sections 

take similar forms, irrespective of the type of nuclei. 

For convenience, we summarize the formulas for differential and integral cross sections 

in Tables I and II. For the differential cross section we adopt the form 

da, 

dtt 
i = l [ a . r + + atr+ + /9,r; + Arr] (59) 

where 

r* = E( 2 ^ + 1)(exp(^ s ' () s in^' '^(cos^) 
e=± 

and I — ± means I = even and £ = odd, respectively. 

(60) 

15 



System 
H+H, T+T 

D+D 

C*s 
i 
4 
2 
3 

at 
9 
4 

1 

fi. 
3 
4 
1 
3 

A 
3 
4 
2 

Table I. Parameters for the formulas (Eqs. (59-60)) defining the elastic differential cross 

section daei/dCl for neutral-atom-neutral-atom scattering. 

The following general formula for the integral cross sections summarizes Eqs. (48-58): 

2TT 
CT = — 5 2 9{t)iu? s i n 2 Vi + ^2 s i n 2 772)-k2 (61) 

t=± 
Parameters specific to the various isotopic variants of the collision systems and for the 

various integral cross sections are given in Table II, including, in addition to the elastic 

and transport cross sections, the spin-exchange cross section. Spin exchange comes from 

scattering of a polarized beam of incident particles on an unpolarized target followed 

by the detection of spin-changed particles. Since no interactions of spins is present, the 

detected particles come from the recoiled target atoms. Except for the momentum transfer 

cross section, the coefficients agree with those given by Jamieson et al. [14]. The D + D 

case has not been considered explicitly in the literature previously. 

Type 
el 
mt 
mt, B 
vi 
se 

g 
2^ + 1 
2£ + l 
i+l 
(i+i)(i+2) 

2^+3 
2^ + 1 

Vi 

61 
S'e 

6't+i ~ S'e 

6s — 6s 
°e+2 °e 
Si - 6\ 

V2 

6\ 
6\ 
&M - 6\ 

°e+2 °t 
0 

H + H, T + T 

- : + 

l 
4 
1 
4 
I 
4 
1 
4 
3 

w% 
9 
4 
9 
4 
3 
4 
9 
4 

0 

^ 1 

3 
4 
3 
4 
1 
4 
3 
4 
3 
R 

u2 

3 
4 
3 
4 
3 
4 
3 
4 

0 

D H 

Ijf 
2 
3 
2 
3 
1 
4 
2 
3 
3 
16 

u4 
I 
I 
3 
4 

1 
0 

h D 
UT 
i 
3 
1 
3 
1 
4 
1 
3 
3 

- 8 

o;2 

2 
2 
3 
4 

2 
0 

Table II. Parameters for the integral cross sections in neutral-atom-neutral-atom 

scattering given by Eq. (61). (Abbreviations are el for elastic, mt for momentum 

transfer, mt, B for momentum transfer formula based on Boltzmann statistics, vi for 

viscosity, and se for spin exchange). 

1.5.3 Symmetr i c ion-atom scattering: H + + H, D + + D , T + + T 

The symmetric ion-atom scattering considered here is not scattering of identical par

ticles in the full sense of the phrase and thus requires a separate treatment. Rather, only 

the nuclei of the colliding partners are identical and the two possible outcomes of the 

non-energy changing collision are elastic scattering and symmetric charge exchange, in 

which case the products of the two processes are indistinguishable. 

The prototypical example is H+ + H(ls), a two-center-one-electron system (see e.g. [7]). 

We label the two centers with the letters A and B. In the separated atom limit, the eigen-

functions of the system must approach a symmetrized combination of atomic orbitals, 
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4>J{?B) centered on B and ^j(fa) centered on A. Thus the lowest molecular orbitals of 

H j separate into two combinations 

•4>\sog{r, R -> oo) -» -W<£is(r.B) + ^i,(fvi)] 

^ u ( r , fl -> oo) - ^ [ ^ i . ( r B ) - 4>U{?A)]- (62) 

The total Hamiltonian of the problem is H = — J - V J J + We where V# is the nuclear 

kinetic energy operator and 7ie is the electronic Hamiltonian. The total Hamiltonian com

mutes with the parity operator so that the coupled equations for the radial wavefunctions 

of the nuclear motion, F^(R) divide into separate sets of even and odd parity (ignoring 

electron translation factors). Thus, the radial functions F^(R) satisfy the uncoupled 

equations 

* L{L + 1) -2»Eg<u(R) + 2»E F£(R) = 0 (63) 
dR? R2 

where E3tU(R) are the adiabatic potentials of the \sag and 2pau states, respectively, 

commonly known by their symmetry as gerade (g) and ungerade (u) states. Elastic 

scattering takes place in each of the uncoupled channels and the total nuclear function 

has the asymptotic form 

FUR) Ifl-co- exp(ik-R) + fU0fXPi^R) (64) 

where fg,u{&) are the scattering amplitudes for the scattering angle 6 

f*M = 2 ^ £ ( 2 1 + 1 ) ( e x P( ' ' 2 *) " IWCOSO). (65) 

Furthermore, the initial arrangement in which ion A is incident on the atom (B + e~) 

is described according to Eq. (62) by the radial functions [F^(R) + F^(R)]/2. The 

scattering amplitude in this channel representing (direct) elastic scattering is [7] 

m . iW+AW. m 

Similarly, the amplitude for finding the configuration (A + e~) + B after the same initial 

arrangement is obtained from the radial function \F^L\R) — F^L\R)]/2, and thus the 

(exchange) scattering amplitude for charge transfer is 

/« (* ) = m ~ 2
m . (67) 

The total initial wavefunction of the system can be written as <pis(rg)exp(ikz). while in 

the final state the electron is attached either to A or to B. So there are two possible 

scattered waves that could reach the detector, i.e. [16] 
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*B !*-*<,-> <f>ls(rB)exp(ikz) + fd(9)J>u(rB)eX?{£R) + f„{e)M?A)^^- (68) 

where the first scattered wave is the proton and the second one is the hydrogen atom. 

These formulas thus define the elastic (direct) and charge transfer (exchange) channels in 

the case of ion-atom scattering when the nuclei have the same charge, but are distinguish

able by other means (as is the case for collisions of different isotopes of hydrogen). This 

will be considered in further detail in the following section. In the case of identical nuclei 

another possible arrangement follows if the electron is initially on center A. This situation 

is derived from Eq. (68) if z is changed to — z in the incident wave. If the direction of the 

detector is unchanged this means also a change of 6 to it — 6 in the amplitudes. Thus 

T i , ,~ ^ , -i N ri /IN/ ,-> ,exp(ikR) , . „, , ._ .exp(ikR) 
VA |R-OO-> <f>u{rA)exp(-ikz) + fd(ir - 6)(pis{rA) \- fex(-K - 0)4>is(rB) — 

(69) 

where the first scattered wave is the hydrogen atom and the second one is the proton. 

Since the nuclei are fermions of spin 1/2 the total wavefunction is antisymmetric upon 

interchange of the (space+spin) coordinates of the two protons. Thus, the singlet and 

triplet total nuclear spin states are 

V = ^B±*A) (70) 

respectively, which yields 

1 
* s '4

 |H-KX>-> —j= {(j>is{rB)exp(ikz) ± <f>ls(fA)exp(-ikz)} + 

eMik%ls(rB) {/,(*) ± f„{r - 0)} + 
V2R 
exp(ikR) 

y/2R 
M r * ) {/«(*) ± /« i (>-0)} . (71) 

The first scattered wave in this expression represents a beam of protons reaching 

the detector and the second one a beam of hydrogen atoms in the same direction. The 

differential cross section for deflection of protons in the direction 9 is the ratio between 

the number of protons per second A reaching the detector and the flux of A protons per 

unit area in the incident beam. Although the flux of protons is 1 in the incident beam, 

the flux of protons labeled A is 1/2. Therefore the singlet-triplet components (5, t) of the 

differential cross section for the scattering of a proton in the direction 6 are 

s,t 

dQ, = ! / « ( * ) ' ± / « ( * - * ) ! ' • (72) 

18 



Similarly, one can define the charge transfer cross section corresponding to the detection 

of hydrogen atoms in the direction 9 for 1/2 the flux of the protons A in the incident 

beam, which yields 

^f = \f~(0) ± M* - e)\2 • (73) 

We consider the scattering of unpolarized protons by an unpolarized hydrogen atom 

target by a polarization insensitive detector. Taking into account the spin statistics of 

the two identical fermions, one obtains [7, 16, 17], therefore, 

^ f = \ \W) - /«(* ~0)\2 + \ \M9) + /«(* - 9)\2 . (74) 

Thus, this is the elastic cross section we calculate for the case of ion-atom scattering 

involving indistinguishable nuclei. 

One can similarly define the flux of hydrogen atoms in the direction 6 for an initially 

unpolarized incident proton beam. This would contain both recoiled hydrogen atoms and 

those formed by charge transfer, just as the elastic cross section contains both protons 

from the projectile beam and from the target. Thus we need somehow to distinguish the 

hydrogens produced by charge transfer from those elastically scattered. For that purpose 

we use the nuclear spin for labeling. If the incident flux of protons is polarized (for 

example of spin 1/2), and we are able experimentally to measure the spin of the protons 

reaching detector, the protons of the spin —1/2 are certainly formed in the unpolarized 

hydrogen target. Thus one defines the cross section for charge transfer between the proton 

and hydrogen atom of different nuclear spins, i.e. spin exchange. Since we are now able 

to distinguish the nuclei of the projectile and of the target by their spin, this is the 

heteronuclear-like collision, and as in Eq. (67) the spin exchange cross section is defined 

by [7, 16, 17] 

^~ = \1/.(* ~ ') " /«(» " *)|2 = l/«(* - *)|2 (75) 
where the factor n — 9 comes from the fact that the detected flux is of the recoiled target 

protons. This is the spin exchange cross section that we calculate for ion-atom collisions 

with indistinguishable nuclei. Note that the flux of the hydrogen atoms formed from the 

incident proton beam by charge transfer would be defined as \fex{9)\2. 

At relatively high collision energies fg,u{9) are sharply peaked in a narrow cone about 

9 = 0. As a consequence, the overlap of fg,u{9) and fg,u(x — 9) is minimal for small 9, 

i.e. these do not interfere. Then Eq. (74) can be written in the classical limit as 

^*\fd(0)\2 + \M*-9)\3 (76) 

which is the total differential cross section for detecting protons at an angle 9 both by 

scattering of the beam of protons on the target of H atoms and by capturing electrons from 
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the target atoms, assuming we have a means of distinguishing the scattered and charge 

transfer fluxes (for example by spin, or by energy). In that case, the charge transfer flux 

is in a small cone around 6 = ir, while the elastic flux peaked around 6 = 0. 

In this classical limit of distinguishable protons, one can define separately "pure" 

elastic and charge transfer cross sections as \fd{0)\2 and | / e r ( ^ ) | , respectively. The latter 

one represents the flux of H atoms formed through electron capture to the impacting beam 

of protons. The corresponding flux of protons \fex{^ — 0)\ , formed by charge transfer in 

the H target (producing the same integral cross section) would be deflected to angles near 

7r — 6. The spin-exchange cross section thus tends to the charge transfer cross section in 

the classical limit of distinguishability of nuclei, while the elastic cross section in Eq. (74) 

under the same circumstances leads to the "total" differential cross section. The energy 

at which this condition of distinguishability holds is well established (see e.g. [18]) and 

we find that it occurs for ECM > ~ 1 eV. At lower energies the interference between the 

elastic and charge transfer channels brings an error into the calculation of the elastic cross 

section if this separation is done, the size of which we will discuss below. 

Next, we consider the pertinent elastic and transport formulas by evaluating Eqs. (73-

74). Thus, using Eqs. (65-67) in Eq. (74) one obtains 

da, el 

<m 
i 

4P 7 + 
2 

+ 3 7«+ 
2 

+ In 
2 

+ 3 T5 

w here 

+ 2Re{ 7 g
+ - 7 - + 376-*7u+) (77) 

7?,» = £ (2* + !) exP W ) s i n # ,u#(cos 9) 
t=± 

(78) 

and I = ± denotes summation over even (upper sign) and odd (lower sign) t. For spin 

exchange we find 

da. 1 
£ ( 2 £ + 1) exp(i(Sf + # ) ) sin(<5£ - 6})Pt(cosd) (79) 

dQ k2 

The integral elastic cross section, its transport moments, and the spin exchange cross 

section are obtained from Eqs. (77-78): 

47T 
Y, (2£+!)(]-sin2 6° + j sin2 6?) + £ (2£ + 1)(£ sin2 <5f + j .sin2^) 

U=even (=odd 

(80) 

Vmt = 
47T 

I7 
.e= 

£ (£+l)( is in 2Af + ^ S i n 2 A n + £ (1+ l)(^sin2 Af + ^ sin2 *?) 

(81) 
£=odd 

47T. „ (£+l)(£ + 2) . l . , A, 3 . 2 AU. 

°« = „[£_ 2 / ; 3
 {lsin A<+1sm A < } + 

t=even 
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^ (£ + !)(£+ 2).3 . 2 . , 1 . 2 A „ M (82) 

= SE(2^ + 1)sin2(^-^) (83) 

where A f = Sf - 6?+1, A? 5 = 8? - 89
e+1 and A?'u = 89£2 - 8s'u. As in the case of scattering 

of atoms, described in the previous section, the formulas derived are applicable for both 

H+ + H and T+ + T collisions, since both the proton and the triton are fermions of spin 

5 = 1/2. The scattering of the deuteron on deuterium must be treated separately since 

deuterons are bosons of spin 5 = 1, thus obeying different spin statistics. Applying similar 

details of derivation as in case of scattering of two deuterium atoms we obtain 

In 
I 

3P ?K+ 2 

+ < 
2 

+ 2 lu 
2 

+ 7S + 2Re{27K
+*7u +7g"*7u+} (84) 

47T 
£ (2£ + l)(\ sin2 89 + \ sin2 # ) + £ (2£ + l)(\ sin2 8$ + \ sin2 St) (85) 

47T 
Y: {l + 1 ) ( | sin2 A f + i sin2 A?) + £ ( ' + 1)($ ™2 A f + | sin2 A^) 

-£=even (.—odd 

(86) 

0V = 
47Tr ^ ( £ + l ) ( £ + 2 ) / 2 . , 40 1 . , 4U, 

£=eaen 

( ^ I K ^ I 2 (87) 

These formulas are used in our calculations and, as in the case of neutral-atom-neutral 
atom scattering, can be conveniently summarized in the form of Eq. (61) the appropriate 
parameters of which are given in Table III. (We note that the spin-exchange cross section, 
being denned by invoking a polarized beam of particles, does not change its forms with 
choice of nuclei.) 

Type 
el 
mt 
vi 
St 

g 
2^+1 
£ + 1 
(M-l ) (M-2) 

2M-3 

2i+l 

m 
8! 
83

e - St+1 

8s - 89 
°e+2 °e 
8g

e - 8t 

m 
st 
St - 8t+1 

°e+2 °e 
89 - 8t 

H+ + H, T+ -

ut 
I 
2 
1 
2 
1 
2 
9 

u$ 
3 

2 
3 

2 

w i 
3 
2 
3 
2 
3 
2 

2 

\-T 
U>2 

1 
2 
1 
2 
1 
2 
9 

^ + 

4 
3 
4 
3 
4 
3 

9 

D+ 

^2 
2 
3 
2 
3 
2 
3 

2 

+ D 

«r 
2 
3 
2 
3 
2 
3 

2 

W 2 

4 
3 
4 
3 
4 
3 

2 
Table III. Parameters for the integral cross sections in symmetric ion-atom scattering 

given by Eq. (61). 
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1.5.4 Isotopic effects: D+ + H, T + + H, T'+ + D 

Next we discuss the isotopic effects present in hydrogen-ion-hydrogen-atom elastic and 

charge transfer scattering, for the example of a deuteron colliding with hydrogen. The 

binding energy of D(ls) is greater than that of H(ls) by 0.0037 eV (this comes from the 

difference in the reduced masses of the H + + e~ and D + + e~ systems). This implies 

that the reaction H + + D —+ H + D+ has a threshold at a laboratory frame energy of 

Eth^hoid _ | . 0.0037 eV = 0.0056 eV and the corresponding cross section becomes much 

smaller than for the reaction D + + H —> D + H+ as the collision energy decreases towards 

this value. In this case, the projectile can be distinguished in mass from the target nucleus 

and thus the cross section differs from the one which involves identical nuclei (like H + 4-

H). 

The difference in masses of D + and H + not only influences the threshold energy, it also 

has an effect on the molecular potentials and the mechanism through which states are 

mixed. Technically, the center of mass for the DH+ system is shifted from the mid-point 

of the internuclear distance, and the strict gerade-ungerade symmetry is lost. This is 

easily seen if the asymmetry in mass of the nuclei is converted to an asymmetry of the 

nuclear charges by introducing special coordinates [19]. Thus, in the new coordinates the 

one-electron system consisting of two nuclei, A and B, of masses MA and MB and of equal 

charges Z is transformed into a system of identical masses M* and different charges ZA 

and ZBI with an "electron" of mass m*, where 

M' = - \ = , Z A = y/jIIZ,ZB = y/jIEZ,m* = -^— (88) 

and 

MA MB 

^ = M 7 T T ' ^ = M^TT ( 8 9 ) 

with all masses are expressed in atomic units. 

The effective degree of departure from the symmetry is defined by the small parameter 

8 = 1/MA — I/MB (~ 1.4 • 10 - 4 for the HD+ system). In these new coordinates, since 

we now have a system with asymmetrical charges, the two lowest adiabatic states, Iscr 

and 2pcr, lose their asymptotic degeneracy. Thus, for H + -f D(ls) collisions, the system 

initially evolves along the lower potential and charge transfer is a consequence of radial 

coupling with the higher potential of H(ls) + D + , accounting also for the threshold for 

the reaction. On the other hand, for D + + H(l.s) collisions, the system evolves along 

the higher curve initially, and being exothermic the charge transfer reaction is possible 

at any arbitrarily low energy. Strictly speaking, the problem should be treated within 

the two-state coupled-channel molecular orbital formalism, especially at energies close 

to the threshold. Such treatment was undertaken by Hunter and Kuriyan [20], who also 

tabulated the radial coupling matrix elements for the two lowest states of the HD+ system. 
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Once the amplitudes for charge transfer and elastic scattering are calculated in that way, 

the cross section is found by the standard methods for distinguishable particles, outlined 

above. 

However, due to the smallness of the parameter 6, one may approach the problem 

using a perturbative treatment [21]. This relies on the energy asymmetry parameter 

Ae = AZ(1 + — ) (90) 

where A Z is the asymmetry in charges, defined as follows from Eq. (88) 

AZ = (y/]^-^)Z (91) 

and Z = 1 for the three systems of present interest. If the collision energy is large enough, 

for example ECM > 10Ae, the charge asymmetry can be neglected and the system behaves 

as a symmetric one. The two lowest potentials correspond to the gerade V\sc and ungerade 

V2p<7 states. As the energy decreases, the asymmetry effects become more important, and 

the effective potentials become 

v ^ Vu. + V2P* y/(V2Pa - Vu*y + A£2 Ae 
T 2 2 2 

Obviously, when As —• 0 then V_ —• V\sa and V+ —> Viva- In first order perturbation 

theory, only the energies are perturbed and so scattering in the V± potentials interfere as 

in the symmetric case, but now with distinguishable particles (as in the classical limit). 

There is no need of recourse to the spin-exchange cross section and we can readily define 

the charge transfer cross section for all collision energies. The elastic cross section is 

clearly defined as well. The principal variation arises from the fact that the final and initial 

momenta are now slightly different because of the asymptotic difference in the binding 

energies. This was taken into account in calculating the cross sections at the lowest 

energies considered. As demonstrated in Figure 1, the perturbation theory approach is 

tested by a comparison of the present fully quantal results with those of Hunter and 

Kuriyan [20]. In the energy range above 0.1 eV, no significant difference between the two 

sets of integral cross sections is found. 

Once the phase shifts are found for the gerade and ungerade states, we use the dis-

tinguishability of the nuclei (in mass) to obtain the elastic scattering and charge transfer 

amplitudes (see Eqs. (65-67) and the discussion below these equations), i.e. 

m.m+m ( 9 3 ) 
/„(») = /„(«) = f'W-W). (94) 

These yield the elastic and charge transfer cross sections in the form 

23 



10* 

3 

c g 
+-* 
o 
CD 

co 
CO 
CO 

o 
^ „2 

10 

^ I I I I I • I 

— Present, fully quantal, H +D,D +H 
• Present, semi-classical, H*+D,D*+H 
OH'+D, Hunter and Kuriyan (1977) 
o D%-H, Hunter and Kuriyan (1977) 

• • 
• • • 

10"' 10u 

EC M (eV) 
10' ur 

Figure 1: Comparison of the present fully quantal and semi-classical results with those of 
Hunter and Kuriyan [20] 

d<7ei _ 1 

In ~ Ik? 

d&ct 

2 ( 2 ^ + l ) (exp( i$ ) sin Sf + exp(»#) sin # ) # ( c o s 9) 
\e=o 

dn 4fc2 

while, for the integral cross sections we obtain 

£ ( 2 * + 1) exp i(Sf + %) sm(83
e - #)P, (cos0) 

(95) 

(96) 

crel = - ^ ]T(2£ + l)(sin2 8$ + sin2 8u
t + 2 sin 89

e sin # cos(# - # ) ) 
*=o 

ff«*snDM + 1 ) 8 i n ^ - ^ 
<=0 

(97) 

(98) 

<rmt = ^ J2(£+ ^ ( s in 2 A * + s i n 2 A? + sin $+i sin ^ cos A f + sin ^ + 1 sin Sf cos A?5) (99) 

7T ~ ( l + l ) ( l + 2) 

(sin2 r? + sin2 17 + sin $ + 2 sin # cos T f + sin # + 2 sin $ cos Tu
e
3) (100) 

where A? = 8a
i+l - # , A f = 6f+l - 6*, r? = 6f+2 - 8\, Tf = 8$+2 - 8b

e and a and 6 

stand for either u or g. These formulas are used in our calculations for hydrogen-ion-

hydrogen-atom scattering with isotopically different nuclei. 
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Even at collision energies as low as 0.1 eV we find no difference in the differential cross 

sections for these A+ + B and B+ + A systems, where A and B (A ^ B) are any of the 

hydrogen isotope variations. This is due to the fact that the collision energy is significantly 

larger than the charge transfer threshold energy. Thus, we present the results only for D + 

+ H, T + + H, and D + + T. The counterpart systems, H+ + D, H + + T, and T + + D, 

can be considered as yielding identical results to these in the present energy range. Our 

calculations fully confirm such an assumption. 

1.6 Calculation of the phase shifts 

The elastic 5-matrix element for the £-th partial wave, St, in the absence of inelastic 

channels, is uniquely connected with the relevant phase shift by the relation St = exp i26(. 

As discussed above, in all cases considered, the radial functions (from which the asymp

totic values of the 5-matrix are extracted) satisfy uncoupled equations. For example, in 

case of H + H scattering the singlet and triplet states are uncoupled, while for H + + H the 

gerade and ungerade states are uncoupled. Of course, each of the gerade states may be 

coupled with the excited gerade states, or each triplet may be coupled with excited triplet 

states. However, these couplings are readily neglected, since at low energies (0.1-100 eV) 

these are either below the threshold for the reaction or only slightly above, where the 

transition probability is very small. Similarly, in scattering of protons on He, only the He 

singlet ground state needs to be considered. 

To solve the radial equations of nuclear motion, such as Eq. (2) or Eq. (63), we need 

the adiabatic potential energy surfaces governing the two colliding objects (found for a 

series of fixed separations R of the nuclei). This requires the solution of the diatomic 

eigenvalue problem. As demonstrated in the previous section it suffices in the energy 

range considered to use the diabatic potentials that do not depend on the nuclear masses 

but rather on the charges. Thus it is enough to calculate them for the H + + H and H + 

H systems. 

Calculation of the gerade and ungerade potential surfaces (lsa and 2pa in the united 

atom limit molecular notation) can be calculated with arbitrary accuracy owing to the fact 

that one-electron-two-center problem is separable in prolate elliptic coordinates. These 

variables and their first derivatives were calculated with a step of 0.0002 a.u. up to R < 1 

and a step of 0.001 up to R < 50 to obtain a smooth linear fit at the required R's with 

high accuracy for the calculation of the phase shifts. At even larger R an asymptotic 

expansion up to eleventh order in 1/R is used in analytic form [22]. Concerning the H 

+ H system, we have used the best available ground state potentials (both singlet and 

triplet) provided by private communication from Jamieson [14] based on his extensive 

compilation and fit of the calculations of Kolos and Wolniewicz [23], slightly modified to 

remove a discontinuity present in the derivative of the potential. 

The radial equations for the elastic amplitudes of the gerade and ungerade states of 
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A+ + B systems (A and B are any of the hydrogen isotopes) as well as those of the singlet 

and triplet states of the neutral A + B systems were solved using the algorithm proposed 

by Johnson [24] for solution of the stationary Schrodinger equation using the logarithmic 

derivatives for each partial wave, with Rmax. = 200 a.u. in the former and i?max=30 a.u. in 

the latter case, and with i?min=0.01 a.u. in both cases. The step in R used on the 

numerical mesh was 0.0001 a.u. The convergence of the elastic S-matrix elements St in 

partial waves was established for each energy by requiring that Re{S^} > 0.99999 for at 

least ten consecutive partial waves. The values of £max for a sampling of energies spanning 

the full range under consideration for some of the ion-atom and atom-atom systems are 

shown in Table IV. We note that a significantly larger number of partial waves is needed 

for convergence of ion-atom amplitudes in comparison to those for atom-atom amplitudes. 

This is a consequence of the larger range of the effective potentials in the former case in 

comparison to those for neutral atoms. 

System 
E(eV) 
0.1 
1 
5 
10 
100 

H+ + H 

*-max 

253 
540 
924 
1162 

2501 

D+ + H 
£ '•max 
306 
657 
1121 

1409 

2920 

T+ + T 
£ •'-max 
522 
1120 

1917 

2412 

3960 

H + H 
P 
'-max 
57 
130 
240 
314 
795 

D + H 
£ 
•'-max 

66 
152 
283 
371 
938 

T + T 
•'-max 

102 
241 
452 
595 
1502 

Tab le IV. Number of partial waves needed for convergence of the elastic amplitudes in 

representative ion- and atom-hydrogen collisions. 

Once the elastic 5-matrix elements St were found, the phase shifts for each partial 

wave were calculated as 

. .1 ,Im{S^}N _ N 

^ = m o d ( - « c t g ( ^ - j ) , 2 x ) . (101) 

The phase shifts were also calculated for all 31 collision energies in the range of 0.1 to 100 

eV, and for all systems, using the semi-classical expression for the phase shifts 

roc 

k2 - 2fi{Vj(R) - ej) - (e+W 
R2 dR -i: e- (*+h) 2 

R? 
dR (102) 

where r0 and r'0 are the zeros (turning points) of the first and second integrand, respec

tively, and j stands for either the gerade or ungerade state in the ion-atom case, and for 

either the singlet or triplet state in the atom-atom case. The integration was performed 

for values of R as large as needed to achieve the convergence of 6t to within 0.0001. The 

convergence in £ was checked with a similar accuracy requirement of 6e < 0.0001. The 
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number of partial waves needed to achieve these convergences is very similar to / m a x in 

the fully quanta! treatment presented in Table IV. Furthermore, in the energy range con

sidered, the phase shifts calculated with the converged fully quantal and semi-classical 

procedures are almost indistinguishable, as are the relevant cross sections calculated from 

them (see Figure 2). 

.5 .6 .7 .8 .9 1 
<Wrad) 

Figure 2: Comparison of the present fully quantal and semi-classical results for the 0.1 
eV H + + H elastic differential cross section. 

Figures 3 and 4 show a comparison of the elastic amplitudes calculated in the two 

approaches for some of the partial waves and energies for the H + + H collision system. 

For these cases we also show a comparison with the elastic amplitudes calculated by 

Hunter and Kuriyan [17]. This is, of course, reflected in the excellent agreement of the 

differential cross sections calculated by the two methods (fully quantal and semi-classical) 

and by Hunter and Kuriyan as shown in Figures 5-7. 

For hydrogen-ion-helium elastic scattering there is a simplification compared to the 

hydrogen-ion-hydrogen-atom or hydrogen-atom-hydrogen-atom collisions discussed above, 

namely that only the ground state potential curve relevant for the elastic scattering is im

portant. This potential curve was found utilizing a mixed hydrogen-helium Gaussian basis 

of 34 functions in the Restricted-Hartree-Fock-Full-Configuration-Interaction (RHF-CI) 

procedure in GAMESS (General Atomic and Molecular Electronic Structure System) [25], 

in steps of R of 0.02 a.u. for R as large as 20 a.u. For larger values of R, the common 

polarization potential of He was used. The convergence criteria used in the calculation of 

the phase shifts were very similar to those used in treating the H+ + H. 

27 



Gerade Ungerade 

1.0 ™ 

60 80 20 40 60 0 20 40 

Angular Momentum, / 
Figure 3: Real and imaginary parts of the elastic scattering amplitude for 0.1 eV H+ + 
H collisions. 
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Figure 4: Real and imaginary parts of the elastic scattering amplitude for 10 eV H+ + H 
collisions. 
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Figure 5: Example of the present spin exchange differential cross section compared with 
the results of Hunter and Kuriyan [17]. 
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Figure 6: Same as Figure 5 but at EQM = 1 eV. 
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— Present, fully quantal 
o Hunter and Kuriyan (1980) ECM=1eV 
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Figure 7: Same as Figure 5 but for the elastic differential cross section at 1 eV collision 
energy. 

1.7 Ion-molecule and atom-molecule collisions 

In this work we have also calculated the elastic differential cross sections for scattering 

of protons, deuterons and tritons from H2, D2, T2, HD, HT, and DT molecules on the 

ground electronic and vibrational (1/ = 0) state and computed the integral cross sections 

(elastic, momentum transfer, viscosity). Inelastic (direct) vibrational transitions on the 

ground electronic surface were included in the calculation. Inelastic processes that involve 

a change of electronic molecular state were neglected on account of the low collision energy. 

. The number of degrees of freedom in the scattering from molecules is significantly 

increased in comparison to those present in ion-atom collisions. Ab initio numerical so

lution of the collision problem, with simultaneous inclusion of all degrees of freedom, is 

an extremely difficult computational task. Specifically, here we consider collisions of the 

type 

A+ + BC{vi = 0) -> A+ + BC{vf) 

A + BC{yi = 0) -» A + BC{y}). (103) 

Although these are among the simplest of all ion/atom-molecule collisions (involving 

only two and three electrons, respectively), there exist no comprehensive data for these 

processes in the energy range below 100 eV. 
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The choice of approximations that can be reasonably applied to make computations 

for the processes in Eq. (103) tractable depends on the process to be considered as well 

as on the collision energy range. For example, in the range above a few hundred eV, 

the projectile is so fast that both the internuclear diatomic coordinate and its direction 

in space may be considered as frozen during the collision. This significantly simplifies 

the treatment of the collision dynamics of the electronic transitions, resulting in methods 

similar to those employed to treat ion-atom collisions. 

In contrast, consideration of the energy range below about 100 eV, down to the order 

of 1 eV, requires simultaneous coupling of the electronic and vibrational motions. In par

ticular, the excitation energy of the first vibrational state of H2 is ~ 0.5 eV corresponding 

to a characteristic vibration time exceeding 50 a.u. which is comparable to the collision 

time. In contrast, the collision time is still short enough on the scale of molecular rotations 

(excitation energy <0.01 eV, i.e. the characteristic time ~ 300 a.u.), to enable one to treat 

the direction of the diatomic internuclear axis as fixed. This is often called the Infinite 

Order Sudden Approximation (IOSA) [26, 27, 28, 29]. The pertinent angle, 7, is defined 

as the angle between the reaction coordinate R (from the center of mass of the diatom 

to the projectile nucleus) with the diatomic internuclear axis. But since the adiabatic 

triatomic molecular surfaces, on which the collision dynamic evolves at these energies, is 

not isotropic with respect to 7, especially at small internuclear distances, one needs to 

calculate the observables for different angles 7 and then average over them for the full 

solid angle. For a particular initial and final vibrational state this is equivalent to the 

summation over all final excited rotational states and the average over initial rotational 

states. This is the approach that we adopt in this work and which we describe in some 

detail. 

The total Hamiltonian of the problem can be written in terms of the nuclear kinetic 

energy operator T)v and electronic energy operator 7ie 

H = TN + He (104) 

Using the Born-Oppenheimer prescription for separation of the fast electronic and slow 

nuclear motions, one expands the wavefunction in terms of a complete set of eigenfunctions 

$£(r, {^AT}) of t n e electronic Hamiltonian for fixed {RN} as 

*=•£/*({*"})**(?,{£*}) (105) 
k 

where r and {R^} are the sets of electronic and nuclear coordinates, respectively, and 

summation also implies integration over electronic continuum. Substituting Eq. (105) into 

the Schrodinger equation for the problem yields a set of coupled partial integro-differential 

equations for the ;:nuclear" amplitudes fk 
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£ffjfc/fc +[TV+ £ J ( { f l N } ) - £ ] / , = () (106) 

where Ej are eigenenergies of the electronic Hamiltonian, E is the total (conserved) en

ergy of the colliding system and Hjk are matrix elements of the dynamic (nonadiabatic) 

interaction having the structure 

Hjk^(^\v2
N\^k) + (^\VN\^k)-VN. (107) 

For an ion (or atom) scattering from a diatomic molecule the set of nuclear coordi

nates may be chosen in terms of the diatomic inter nuclear separation p, the internu clear 

separation of the ion (or atom) and the diatomic center of the mass, R , and the angle 7 

between R and p . For a fixed 7 (IOSA) T/v simplifies significantly to yield the form [29] 

T - l Q2 -d2 + 1 £{e + 1) am) 
lN-~MdR?~2ndpi + 2M R? • [ m 

where M and p are the reduced masses of the three-atom and diatomic molecule, respec

tively, and £ is the angular quantum number of the projectile motion. 

In order to solve the problem defined above we expand the nuclear wavefunctions fk 

for each electronic state k in the full set of vibronic wavefunctions \[k>(p), (with ey' the 

corresponding eigenvalue), i.e. 

{~¥pjp~2+Ek{R "* ^p))xi»){p)=£l»k)xPM- <109) 
We note that Ek(R,p,j) for finite R does not depend on 7 when the projectile is far 
enough from the diatom, that is, the adiabatic potential is isotropic in that limit. The 
absence of a diatomic centrifugal energy term is one of the peculiarities of the IOSA. 
Therefore, with the ansatz 

/ , = £ 4 ^ , 7 , ^ 0 * ) (110) 
V 

and using Eq. (108) and Eq. (106) yields 

(in) 
2M dR2 2M R? u , 

M n,k 

where 

W$(R) =< «/| £ £ ; ( / ? , P, 7) " Ei{R - oo-,^)!^ > (112) 

and 

32 



H^iR^) = < 1 / 1 ^ ( 7 1 , 7 ^ ) ^ > (113) 

for all electronic states j , and all vibrational states i/^K This system of ordinary differential 

equations is extremely difficult to solve, not so much because of its size, but rather due 

to the difficulties in accurately determining all of its matrix elements. Besides, it has to 

be solved for each orientation angle 7, since the cross sections are to be averaged over it. 

Once the "vib-electronic" amplitudes are found by solving the system of differential 

equations, the differential cross section for a transition into vib-electronic state (1/, k) is 

[29] 

— ^ p = ^ E E ( ^ l F + l)P*(cos(*))JMcos(*)) • 

r ^ M 7 ) ( ^ * ) , ( o ^ ) - f l t f c H o o l 7 , 0 ) ( ^ * ) . ( o , o ) - f l : ( f c ) ( o o , 7 , 0 ) (H4) 
JQ 

where K is the initial projectile momentum, Sij is the Kronecker symbol and the limit 

R —»• 00 is assumed. Finally, the total cross section is obtained by integration over the 

full scattering solid angle Cl, which yields 

<f(E) = 2^2 £ ( 2 * + 1) jT<*7sin(7) |(<W(o,o) - <#>(«>, 7, *))f • (H5) 

For the elastic channel (1/ = 0, k = 0) we also calculate the momentum transfer 

and viscosity cross sections, integrating numerically the differential cross sections over $7, 

weighted with relevant ^-dependent functions (Eqs. (17-18)). 

Specifically, we have solved the coupled Eqs. ( I l l ) for the ground electronic potential 

surface (A; = 0) within a truncated set of vibrational states 0 < v < 9, in the range 

of collision energies 0.1 eV < ECM < 100 eV, for the 10 values of 0 < 7 < 7r/2 (for 
7 r /2 < 7 < 7T, the amplitudes are symmetric to those in the first quadrant of 7). The 

calculation is performed for 10 energies per decade, thus E = 10° ' l j _ 1 , j = 0,20, with 

only three values in the third decade (j = 23,27,30) due to the extreme computational 

intensity required and due to the relatively smooth behavior of the integral cross sections 

in this last energy decade. The Eqs. ( I l l ) were solved using Johnson's algorithm [24] 

of logarithmic derivatives for each angular quantum number £ until convergence in £ is 

achieved for the elastic amplitude. 

The convergence check in number of partial waves £max considered two principal crite

ria. All inelastic (vibrationally excited) channels were included until the elastic channel 

probability stably reached a value of 0.99999 (if it repeated 10 times in succession). This 

denned £]^^. Still, except for the highest energies treated, this was far below the con

vergence in £ needed for the elastic channel: the elastic amplitude a0 '(£) oscillates as 

exp(i'26() for a range of large values of £ until it reaches our adopted convergence cri

teria ( ^ a x , Re{ao '(£)} > 0.9999, repeated 10 times in succession). The values of ^ a x 
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depend on collision energy and on the reduced mass of the system. We show the typical 

variations of these quantities in Table V for the mass extremes of the ion-molecule and 

atom-molecule systems considered here. We also note that there is a weak dependence of 

/max on molecular orientation (7). 

System 
E(eV) 

0.1 
1 
5 
10 
100 

H + -
pinel 

41 
152 
251 
1189 

m2 
pel 

max 

56 
153 
326 
455 
1314 

T + _ 
pinel 

max 

80 
277 
443 
2168 

FH2 
pel 

max 

90 
257 
561 
787 

2406 

H + H2 
pinel 

17 
144 
209 
649 

pel 
max 

42 
98 
191 
216 
649 

T + T2 
pinel 

max 

38 
255 
367 
1132 

pel 
max 

68 
183 
358 
472 
1132 

Table V. Number of partial waves needed for convergence of inelastic and elastic 

amplitudes in representative ion- and atom-hydrogen-molecule collisions. 

Three additional numerical convergence parameters are important in the calculation. 

These are the minimum and maximum values of the reaction coordinate R, and the step 

size of the numerical mesh. In all cases Rmin = 0.05 a.u., while Rmax — 40 and 15 a.u. for 

the ion-molecule and atom-molecule cases, respectively. The step size was varied between 

0.0001 and 0.001 a.u., depending on the energy and the reduced mass of the system 

considered. 

Significant attention was paid to obtain reliable potential surfaces Ej(R, p, 7). For the 

atom-molecule systems, only the ground (lowest in energy) potential surface was needed, 

which is not the case for the ion-molecule systems. In the latter, there is a strong avoided 

crossing between the two lowest potential surfaces at p ~ 2.6a.u., for all R > ~ 4.5 a.u. 

This is a consequence of the fact that when p > 2.6 the H + + H2 surface is above the 

charge transfer surface H + H j when R —> 00. When R —*• 00 the H+ + H2 surface 

becomes a function of only the diatomic coordinate p, i.e. (H+ + H2)(i? —• oo,/>, 7) —• 

H2(p). On the other hand, (H + H?)(R -> 00,^ ,7) —» H(ls) + Hj(/>). The two p-

dependent triatomic curves cross at p « 2.6 a.u. Thus if the neutral molecule is in a high 

enough (1/ > 4) vibrational state, then upon the approach of the projectile H + to the H2 

target, a diabatic transition is made to the lower adiabatic surface. To account for the 

effect of this curve "crossing," we performed the calculation with the adiabatic surfaces 

transformed to the diabatic representation with the correct boundary conditions [29]. 

We have calculated the adiabatic surfaces for the ground state and first excited state of 

H3" using a 54-state Gaussian basis in the Unrestricted-Hartree-Fock-Full-Configuration-

Interaction (UHF-CI) approach using GAMESS [25]. The calculation was performed on 

a numerical mesh with 0.1 a.u. step in p between 0.1 and 6 a.u. and in R between 0 and 

15 a.u., and for diatomic orientation angles 7 = 0 , 10, 20, 30, 40, 50, 60, 70, 80, 90°. The 

adiabatic potential surfaces of H3" are used for any isotope combination in H3". At even 
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larger R we approximated the potential with dipole and polarization corrections. The 

surfaces were compared with the calculations of Ichihara [30] (who used a larger basis 

but in a narrower range of coordinates), and found agreement to within 1.5% for the 

ground state (lower) surface. The adiabatic-diabatic transformation was performed using 

the nonadiabatic radial matrix elements determined by the Diatom-In-Molecule (DIM) 

method (see e.g. [29]). This approach is quite accurate for values of R larger than 2 

a.u. (where the "seam" of avoided crossings occurs). Only the diabatic surface which 

corresponds to H + + H2 at R —> 00 (elastic channel) was then taken into account in the 

calculation of the diabatic matrix elements between vibrational states, Eq. (113), which 

then were used to define the system of vibrationally coupled equations, Eq. (111). 

The vibrational wavefunctions of all vibrational states were found by numerical so

lution of the radial Schrodinger equation, Eq. (109), for vibrational quantum numbers 

0 < v < 9, for all relevant molecules (H2, HD, D2, HT, DT, and T2). Although we 

included as many as nine excited vibrational states in order to compute the elastic cross 

section correctly, and since for v > 4 excited states of the ground electronic surface are 

in some instances quasiresonant (and in most cases, exothermic) with some of the vibra

tional states of H*, our differential cross sections for vibrational excitation for v > 4 might 

not be very accurate at the higher collision energies. Nevertheless, the elastic (ground) 

vibrational state is relaxed with the presence of these excited states enough to produce 

accurate elastic cross sections, which are the principle subject of this work. 

This problem of charge transfer is not present in the collisions of the molecule with 

neutral projectiles although other serious problems emerge in these cases due to the high 

degree of symmetry present in the H + H2 system. This is reflected in difficulties in 

calculating even the ground adiabatic potential surface accurately as well as in a strong 

particle interchange channel present in the dynamic regime. We used the same basis as in 

the H + -f H2 case to calculate the ground potential surface for R,p<l a.u., for various 

7 using the UHF-CI method. This is then smoothly continued to the excellent analytical 

surface fit of Boothroyd [31], for R < 10 a.u., and continued for large R with the analytic 

asymptotic potential of the van der Waals type [32, 33]. 

In both ion-molecule and atom-molecule cases, the i?-dependent matrix elements, 

Eq. (113), were fitted using cubic splines for each fixed value of 7, and in that form used 

in the process of solving Eqs. (111). 

1.8 Methods of fitting of the differential and total cross sections 

1.8.1 Different ial c ross sec t ions 

To provide a means for plasma modelers to conveniently utilize the huge database of 

information produced in this work all integral and differential cross sections have been 

fitted to analytic forms with relatively few parameters. In particular, for all scattering 
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systems and all energies considered, the differential cross sections were calculated at 768 

nonuniformly distributed scattering angles 8, in the range (0,7r), chosen to facilitate the 

accurate calculation of integrals of the differential cross sections using Gauss-Legendre 

quadrature, as well as to represent the details of the many angle dependent oscillations of 

the differential cross sections. The fitting of these as a function of 0 with a minimal number 

of fitting parameters is a difficult task due to the presence of often strong ^-dependent 

oscillations. These difficulties are particularly pronounced for ion-atom cases. Thus, we 

have not used the 768 angles directly in the fitting procedure, but rather averaged over 

the oscillations in each of 48 flexibly chosen nonequal ranges of angles dividing the 0 — TT 

interval, and then performed the fitting utilizing the resulting points. 
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Figure 8: Example of the complete (thin lines) H + + H differential cross sections and the 
averaged (heavy lines and symbols) results used for fitting. 

Figure 8 shows examples of such averaged curves in the case of H + + H, for collision 

energies of 1 and 10 eV. The asymmetry in the oscillations causes an averaged curve to 

pass through the upper parts of each oscillation. The fitting through the 48-point curves 

is performed in two steps: 

1. Using a rational-Chebyshev fit [34], the analytical representation is obtained in the 
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form 

9(6) = 2 r r i n ^ » e x p ( / ^ ) , * = log5. (116) 

2. #(#) is further fitted to the form 

g'(0) = (A + 5 ( 1 - cos 9) + C sin2 9)g(9) (117) 

in order to achieve the requirements that the integral elastic, momentum transfer, and 

viscosity cross sections obtained from the fit g'(9) is equal to the relevant actual integral 

cross sections, obtained from the original differential cross section. 

Warning: In principle, the parameters A, B and C can be calculated exactly to satisfy 
the above requirements, since the three conditions constitute a linear system of equations 
in the unknowns. In practice this could not be realized always, as can be seen in the figures 
in Parts B and C. At high energies (ECM > 2 eV), due to the many orders of magnitude 
over which the differential cross sections vary, the fitted differential cross sections would 
become negative or would have an unreasonable dip or dips at large values of 9. In 
these cases, the parameters A, B and C were varied from their computed values to keep 
the fitted cross sections in good (visual) agreement with the original ones. The integral 
elastic cross section is relatively insensitive to these difficulties since it is dominated by 
forward scattering for which the fit was always more accurate. For those collision systems 
and energies in which the fitted momentum transfer or viscosity cross sections deviate by 
more than 20 percent from the original cross sections, a warning is printed in the tables 
of fitting coefficients. In some cases, owing to the sensitivity of these cross sections to the 
large angle behavior, the transport cross sections obtained by integration over scattering 
angle of the fitted elastic differential cross section can deviate by as much as a factor of 
five or ten from the original value. 

1.8.2 Integral cross sections 

The integral cross sections (elastic, momentum transfer, viscosity, and charge transfer, 

or, in the case of neutral atoms, spin exchange) were fitted, using the rational Chebyshev 

fit, to the form 

Vel,mt,v,,ct(Se) = . , ' l V . ,-» Z = log9. (118) 

Although many of these fits extend beyond the range of energies 0.1-100 eV in a reasonable 

fashion, we recommend that such an extension be checked for each particular system and 

cross section. 

1.9 Discussion of the accuracy of the results 

The factors listed below influence the accuracy of the results obtained. In only a few 

cases can all these factors be fully assessed. For the other cases we describe the level of 
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accuracy either qualitatively or estimate the upper bounds of the errors made. 

(1) Accuracy of the adiabatic potential energy curves describing the ion-atom and atom-

atom interactions and the adiabatic potential energy surfaces for the ion-molecule and 

atom-molecule collisions. 

In hydrogen-ion-atom collisions, the one-electron, two-center adiabatic Hamiltonian is 

separable and computer codes exist for finding the potential energy curves with essentially 

arbitrary accuracy (in the present work to eight significant digits). Taking into account 

the fidelity of the cubic spline fitting procedure used to calculate values needed to solve 

the dynamical (collision) problems, we estimate the accuracy of the potential curves to 

be about five significant digits. Values were calculated with a step size in interparticle 

separation of 0.0002 a.u. for R < 1 and 0.001 for R < 50. 

For hydrogen-ions colliding with He (nonseparable, two-electron, two-center case) 

the potential curves were determined by the Hartree-Fock-Full-Configuration-Interaction 

(HF-CI) numerical method of computational chemistry, with a finite expansion basis set. 

Since only the ground state curve was needed, the variational convergence obtained indi

cated an accuracy better than 0.1% in the range of interparticle distances required. Due 

to the time consuming nature of this procedure, the calculation was performed with a 

step of 0.02 a.u. The estimated error obtained in these potential curves is less than 0.3%. 

For molecular targets, these computational difficulties are further exacerbated due to 

the need for a HF-CI solution of a three-center, two- or three-electron problem in three 

dimensions. Thus, the calculations were limited to spatial steps along each interparticle 

direction of 0.1 a.u. and 10" in diatomic angle. Although the estimated accuracy of the 

calculated points is better than 0.5%, the fitting procedures used to produce a finely 

spaced mesh increased the potential surface's uncertainty up to 1%. In addition, for H 

+ H2, i.e. the calculation of adiabatic surfaces for H3, additional difficulties arise due the 

symmetry of the problem, especially at larger internuclear distances. For this case, we 

adopt the analytical fit made by Boothroyd [31] for the H3 surface, augmenting it with 

our HF-CI results at internuclear distances smaller than 1 a.u. We estimate that this 

procedure does not introduce errors in matrix elements larger than 5%. 

(2) Accuracy of the method chosen to compute the elastic scattering phase shifts (semi-

classical versus fully quantal methods). 

Both semi-classical and quantal approaches were utilized in computing the elastic 

scattering phase shifts for the ion-atom and atom-atom collision systems, in order to test 

the limits of applicability of the semi-classical method. For EQM > 1 eV, the semi-classical 

results are practically identical to the fully quantal results. Below this value, some of the 

small oscillations of the total cross sections are shifted from the positions determined 

using the fully quantal approach. These differences do not exceed 5% near ECM—®-^ eV, 

and do not exceed 0.1% at 1 eV. Owing to the multi-channel aspects of the ion-molecule 

and atom-molecule collisions considered, only the fully quantal method was utilized to 
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treat those systems. 

(3) Accuracy of the simplifying assumptions such as truncation of the basis sets, i.e. role 

of the inelastic processes which were not taken into account. 

It is difficult to precisely constrain these sources of errors without comparing to more 

elaborate and computationally expensive calculations which actually include the inelastic 

processes. Such calculations are of current research interest. The smallest values of 

the differential cross sections, located at larger angles (i.e. near 8CM = n/2 or ic) are 

particularly sensitive to the inclusion of these channels. Therefore, these effects influence 

especially the momentum transfer and viscosity cross sections rather than the total elastic 

cross section which is predominantly determined by forward scattering. ' A number of 

precautions were therefore taken. 

First of all, by limiting the range of collision energies to a maximum value of 100 eV, 

most inelastic channel cross sections are much smaller than those for elastic scattering. 

At low collision energy the inelastic probabilities exponentially increase from zero with 

increasing energy as 1/v, where v is the relative collision velocity, which greatly suppresses 

these processes in the presently considered energy range. The exception is the case where 

symmetric inelastic processes occur (e.g. symmetric charge transfer: H + + H —• H + 

H+ ) , for which cases we explicitly and fully take them into account. 

In ion- and atom-molecule systems inelastic vibrational excitations within the ground 

electronic surface can be significant even for ECM < 100 eV. We included these excitations 

explicitly in our calculations, up to the vibrational state v — 9, starting from the ground 

vibrational state (v = 0). These were enough to obtain full convergence of the elastic 

(v = 0) amplitudes to six significant figures. Still, two effects, not included explicitly in 

the calculation deserve attention. 

First, we used the IOSA, which, as described above, means that we freeze the ro

tational excitations, averaging probabilities over the ensemble of possible molecular ori

entation angles. Since a typical rotational excitation energy for the hydrogen molecule 

does not exceed 0.01 eV, we limit our calculations to energies above 0.1 eV, thus meeting 

qualitatively the conditions for application of the IOSA. Our results for each v represent 

the cross sections summed over all final rotational excitations. Although the calculations 

are explicitly performed for the ground rotational state, they represent (within the IOSA 

prescriptions) the cross sections averaged over the populations of the initial rotational 

states. 

Second, in the ion-molecule case, the charge exchange H + H j surface experiences a 

close avoided crossing with the ground H+ -f H2 surface for vibrational, diatomic coor

dinates greater than 2.6 a.u. for all reaction coordinates R greater than approximately 

4.5 a.u. As a consequence, the vibrationally excited states v > 4 are strongly coupled 

with the charge exchange channels. We do not explicitly take the charge exchange into 

account (which may mean that our cross sections for the highly excited vibrational states 
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are not accurate). However, the large number of the vibrational states included in the 

calculation is enough to describe the depletion of the population from the elastic channel, 

especially at low energies, regardless of the final state of these populations. In addition, 

the calculation is done on the diabatic surface constructed from both ground and charge 

exchange surfaces, thus indirectly taking into account the propagation of the wavefunction 

onto the excited potential surface in a part of the collision. Under these circumstances, 

we do not consider neglect of the charge exchange as a significant source of uncertainties 

for the v — 0 elastic channel. 

(4) Accuracy of the numerical procedure in calculations of the elastic probabilities (this 

includes also the large but finite distance where initial and boundary conditions are set, 

the size of the step in the numerical integration of the Schrodinger equation, and the 

convergence in the number of partial waves). 

These sources of uncertainties are the easiest to control in our calculations. For each 

collision energy, convergence was obtained in the elastic channel probability to at least 

7 significant digits by systematically increasing the number of partial waves included. 

The typical size of spatial mesh used in the solver for the system of coupled partial 

differential equations was in the range of 10-3—10~4 a.u., depending on the convergence 

behavior of the differential cross section (for a particular scattering angle and collision 

energy) resulting in convergence to 4 significant digits. The size of the numerical box was 

increased until convergence in the differential cross section was reached to 5 significant 

digits. 

Thus, we estimate that the sources of the uncertainties in the numerical procedure do 

not exceed 0.1% for all scattering angles, and all collision energies involved. Additional 

insight in the accuracy of the approaches applied here can be obtained from the comparison 

with the available theoretical results of other workers as described below in section 1.10. 

1.10 Comparison with the literature data 

A surprisingly small number of elastic cross section data are found in the literature, 

particularly in the range of energies 0.1-100 eV. As expected, the most detailed work has 

been done for the H + + H system, and we compare here our results for this system with 

available integral and differential cross sections. We also compare our results with the 

more sparsely available data for the H + 4- He, H + H, H+ + H2 and H + H2 systems. 

Except for H+ + D collisions no data are available for comparison with the isotopically 

modified systems. 

1.10.1 H+ + H 

In tegra l Cross Sec t ions Figure 9 shows a comparison of our fully quanta! and semi-

classical results with the heretofore most reliable low energy elastic and symmetric charge 
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transfer data of Hodges and Breig [35] (HB) and of Hunter and Kuriyan [20]. The former 

have also considered the momentum transfer cross section below 10 eV of collision energy. 

The agreement of all of these data with our own is generally excellent for the whole range 

of energies considered. 

10" 10' 
ECM(eV) 

Figure 9: Present H + + H integral cross sections and those from other works. 

With regard to the comparison of the semi-classical and quantal integral elastic cross 

sections, the former is significantly shifted (< 6%) from the latter only at the lowest 

energies (0.1 eV), as expected. Already at 0.5 eV the two sets of results agree to within less 

than 0.1%. On the other hand, agreement of our quantal results with those of Hunter and 

Kuriyan is better than 0.1% for all energies in the range 0.1-10 eV, while our disagreement 

with the data of Hodges and Breig of 2% at 0.1 eV, decreases to below 0.1% at energies 

> 0.5 eV. 

Considering the momentum transfer cross sections, the agreement of our quantal data 

with those of Hodges and Breig is better than 0.1% at 0.1 eV, but varies irregularly 

toward higher energies. For example, they disagree by 2.8% at 0.5 eV and 1.5% at 1 

eV. We attribute the disagreement to the imprecision of our digitizing procedure used to 

obtain the data from Hodges and Breig's published diagrams which may be expected to 
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introduce on the order of 2-3% uncertainty into the comparison. Our semi-classical data 

deviate from the quantal ones by about 8% at 0.1 eV, but this improves to below 0.1% 

at energies > 0.5 eV. The dispersion of the symmetric charge transfer data shown by the 

four sets of integral cross sections is larger than that for the elastic channel at the lowest 

energies. Specifically, our semi-classical data deviate by about 10% from fully quantal 

calculations at 0.1 eV. This difference drops to below 0.05% at 0.5 eV. The Hodges and 

Breig charge transfer cross section differs by about 6% from our quantal calculation, and 

this difference drops with energy (< 3% at 0.5 eV, and < 1.5% for 1 eV). Similarly, the 

Hunter and Kuriyan data differ from ours by 4% at 0.1 eV, which drops to less than 

1.2% at 0.5 eV. The HK data apparently differ even more from the HB results since 

their deviations are in opposite directions from our data. Still, we stress that in this case 

both sets of referenced data were obtained by digitizing the published data, which can 

introduce an error of a few percent. There are no quantum mechanical viscosity cross 

section data for this system in the literature. 

Differential Cross Sections The only comprehensive set of differential cross section 

data for the low energy range in the literature were published by Hunter and Kuriyan [17]. 

The deviation of their elastic differential cross section from our fully quantal calculation at 

0.1 eV is within the errors of digitization. The deviation of our semi-classical data from 

the quantum mechanical one is bigger, especially at larger angles, which is consistent 

with the conclusions drawn regarding the integral cross sections. It is interesting to note 

that already at 0.1 eV, the semi-classical data reflect in full the correct structure of the 

differential data (positions of the peaks), underestimating the peak values by only a few 

percent (Figure 2). 

At a collision energy of 1 eV, there is no deviation between our quantal and semi-

classical data, noticeable in the differential cross section, while any visible difference be

tween ours and the data of Hunter and Kuriyan can be attributed to the digitization 

errors (Figure 7). A similar comparison for 10 eV, with the data of Hodges and Breig is 

given in Figure 10. Figures 5 and 6 have shown the comparison of our data with those 

of Hunter and Kuriyan for symmetric charge transfer at 0.1 and 1 eV, respectively, with 

conclusions similar to those given for Figures 2 and 7. 

Elastic and Charge Transfer Ampl i tudes Hunter and Kuriyan made an extensive 

tabulation of the phase shifts which they obtained from their fully quantal calculations of 

elastic and charge transfer cross sections [17, 36]. These data are particularly convenient 

for comparison not only because of their fundamental nature but also because digitization 

errors are absent. We have compared the real and imaginary parts of the amplitudes 

(Figures 3 and 4) rather than the phase shifts, because the latter are not uniquely defined 

(up to mod(27r)). The comparison has been given for representative partial waves £, from 

0 to lmaxi for 0.1 (Figure 3) and 10 eV collision energy (Figure 4), for both scattering 
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Figure 10: Example of the present elastic differentia] cross section compared with the 
results of Hodges and Breig [35]. 

on gerade and ungerade ground states of H j . A characteristic of the data for the gerade 

state for 0.1 eV is that for the lowest values of I better agreement is achieved between 

our quanta! and semi-classical data than with the Hunter and Kuriyan data. Our quanta! 

results and the HK data completely converge to each other as I increases, which is the 

case also with our semi-classical data. For 10 eV, our quantal and classical amplitudes 

completely agree, as well as with the HK data in the case of scattering on the gerade 

potential. For ungerade scattering, the HK amplitudes occasionally deviate from ours by 

up to 8%. We attribute this deviation to the imprecision of the potential used by HK as 

discussed below. 

Assessment of the Quality of the Data The calculation of Hodges and Breig essen

tially repeats the calculation of Hunter and Kuriyan [36], using their tabulated adiabatic 

potentials (67 values in the interval of R between 1/64 and 50 a.u.), and uses the same 

procedure for integration of the radial Schrodinger equation (Numerov method). The val

ues of the potentials needed were then found by cubic spline interpolation. For R greater 

than 50 a.u., a polarization potential (l/R4) was used to find the values for both gerade 

and ungerade potentials. At large R, Hunter and Kuriyan used an analytic approximation 

to the solution of the radial equation, while Hodges and Breig solved it all numerically. 

Extensive checks of the convergence were performed by HB, leading to somewhat different 
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values of £max, as well as a slight disagreement of the two sets (HK and HB) of the elastic 

and charge transfer cross sections. 

In this work, we calculated the gerade and ungerade potentials with 8-digit accuracy 

at 105 points from R = 0.0002 to 50 a.u., thus reducing the error in interpolating the 

potentials at the points required by the numerical solver. For larger distances, we used 

the asymptotic expansion for the adiabatic potentials up to l l t / l order, rather than only up 

to 4th order. Our numerical procedure was based on Johnson's algorithm with logarithmic 

derivatives, which achieved a better accuracy and a better numerical stability than the 

Numerov method. Finally, our convergence criteria were more stringent than those in the 

works of both Hodges and Breig and Hunter and Kuriyan. Specifically in our calculation 

we required a 2-3 times greater number of partial waves (see the Table IV) than they 

used. For example, for 0.1 eV we used 253 partial waves, while HB used 120 and HK 

used 147. At 5 eV we used 924, while HB used 340 and HK 300 partial waves. For 10 

eV HB used only 420 partial waves while our convergence criteria required 1162. These 

increased numbers of partial waves and more accurate long range potentials resulted in 

increased accuracy in the differential cross sections especially for small scattering angles. 

An estimate of the maximum relative error of our quantal results for the differential cross 

sections for elastic scattering and charge transfer in H + -f H collisions gives the value 

of 10 - 7 , which is the best value achieved so far. Nevertheless, this is not necessarily a 

physical result accurate to 7 digits. Neglect of the nonresonant, inelastic channels may 

significantly reduce this accuracy, especially at higher energies, where these channels open. 

Comparison with Classical Cross Sect ions Two factors may significantly influence 

the reliability of the elastic cross sections obtained by classical calculations. 1) Classically, 

the colliding particles are distinguishable, even if they are identical. This is not correct at 

low collision energies and can only be resolved by an adequate quantum mechanical treat

ment. 2) The elastic cross section cannot be properly defined within classical mechanics, 

unless the interaction potential is of finite range. That is not the case here, and thus the 

classical integral elastic cross section is infinite. There are possible cures for this situation, 

and one possibility is the introduction of a cutoff in the classical deflection function. Still, 

a high degree of arbitrariness in the choice of cutoff may introduce significant errors in 

the results. Unlike the elastic cross section, both momentum transfer and viscosity cross 

sections are finite even classically, if the interaction potential decreases at large distances 

faster than the Coulomb one. This is the case for the present systems, and one can expect 

reasonable results even classically. Of course, classical distinguishability may be inap

propriate at lower energies even in the momentum transfer and viscosity cross sections. 

In Figure 11 we compare our semi-classical results for the integral elastic, momentum 

transfer, and viscosity cross sections with the classical results of Bachmann and Reiter 

[2]-
Our present calculation includes identity of the nuclei for the H+ + H case and thus 
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Figure 11: Comparison of the present fully quantal integral cross sections with semi-
classical and classical approximations for H+ + H collision. 
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Figure 12: Same as Figure 11 except for H + + He. 

indistinguishability of the protons coming from the elastic scattering and from charge 

transfer. As a consequence, the quantum mechanical momentum transfer cross section is 

significantly larger than the classical one. The momentum transfer cross section is mostly 

influenced by elastic scattering in the backward direction. This scattering is significantly 

smaller in the case of distinguishable particles than in the opposite case, since backward 

scattering is mixed with the charge transferred protons. This explains why our result has 

such a significantly different momentum transfer cross section from the classical one. (As 

can be seen in Figure 12, where our results for H + + He are compared with the classical 

result, there is reasonable agreement between the semi-classical and classical data.) 

Considering the elastic (H+ + H) cross section, the difference between our quantal 

calculations and the classical results of Bachmann and Reiter [2] cannot be attributed 

only to the classical particle distinguishability. The difference is also a function of the 

choice of the cutoff deflection function. The viscosity cross section, being influenced 

mostly by the value of the elastic differential cross section for angles near 7r/2, agrees 

reasonably well with our calculations. We also show in Figure 11 the analytical result of 

the semi-classical Massey-Mohr approximation (see e.g. [4]) with distinguishable particles. 
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Isotope Effects: H + + D and D + + H Finally in this subsection, we compare 

our results for H + + D (and identically D + + H in our calculation in the energy range 

considered) with those of Hunter and Kuriyan [36]. HK determined the cross section 

by solving molecular-orbital coupled equations for the almost resonant (at large R) \sa 

and 2pa states, while we considered them as satisfying the gerade-ungerade symmetry, 

with appropriate adiabatic corrections to the potential curves, due to the isotope effect 

(as discussed in detail in Section 1.5.4). The HK results exhibit differences from ours 

for energies below 0.5 eV, especially for the elastic cross section. Since the threshold for 

charge transfer in H+ + D collisions is at much lower energies (E^J^shold = 0.0037 eV) the 

differences with the HK results might be somewhat exaggerated by neglecting the radial 

coupling of the two surfaces. Nevertheless, the overall agreement of our results with the 

HK calculations is good (Figure 1). We note that our semi-classical calculation starts to 

differ slightly from the fully quanta! results below 0.2 eV. 

1.10.2 H + + H 2 

Integral Cross Sections In Figure 13 we compare the present integral cross section 

data with those of Phelps [37] and of Baer et al. [38]. Phelps derived a recommended curve 

for momentum transfer in the range of CM energies between 0.067 eV and 6.67 keV. The 

only data contributing to that recommendation that were obtained from experiments 

(on ion mobility) are for ECM < 2.3 eV. These data were then interpolated up to the 

cross sections of Smith et al. [39], obtained for energies above 330 eV. As discussed by 

Phelps, the resulting curve is about an order of magnitude above the quantum mechanical 

calculations of Giese and Gentry [32] for energies of a few tens of eV. As can be seen in 

Figure 13, in the range of the experimental data the Phelps curve is in excellent agreement 

with our fully quantal calculations. At the lowest energies, below 0.2 eV, this curve slightly 

diverges from our result. This happens also for the high energy wing where the Phelps' 

interpolation is also an order of magnitude above our momentum transfer cross section 

which agrees well with the Giese and Gentry results. 

Another indication that the Phelps momentum transfer cross section is overestimated 

in the 10-100 eV region is the behavior of the charge transfer cross section calculated 

by Baer [38]. He calculated this cross sections at 20 eV by solving the Schrodinger 

equation numerically within the IOSA with full inclusion of vibrational motion on both 

the H2 and H j states. The major approximation of Baer is the DIM approximation 

for both ground and excited potential surfaces of H3", as well as for the nonadiabatic 

couplings. Still comparison of his differential cross sections for vibrational excitation and 

for vibrationally resolved charge transfer with the experimental results indicates that the 

DIM approximation at 20 eV collision energy describes correctly the important parts 

of the potential surfaces and interactions. Our comparison of the integral elastic cross 

section with that of Baer shows reasonable agreement. 
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Figure 13: Compaxison of the present results for the integral elastic, momentum transfer, 
and viscosity cross sections for H+ + H2 with results of other fully quantal calculations 
(Baer et al. [38]) and semi-empirical recommendations (Phelps [37]). 
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As seen with the other asymmetric collision systems with an elastic differential cross 

section strongly peaked in the forward direction, the momentum transfer cross section 

is always, in the range of energies considered here, significantly smaller than the charge 

transfer cross section. The reason for the sudden drop of the momentum transfer in our 

results is the strong presence of vibrational excitations in the energy range above 10 eV. 

At 100's of eV, vibrations of the molecule become frozen during the collision and the 

scattering resembles that of the ion-atom case. In defining the momentum transfer cross 

section, if one does not explicitly include the vibrational excited states but rather sums 

over all vibrational states, this results in an increase of the elastic cross section. Thus, 

we predict that in the gap between the actual data used by Phelps (between 2.3 and 

330 eV) there is a deep minimum in the momentum transfer cross section, caused by the 

regime of strong and resolvable vibrational excitations. The fact that we have not taken 

into account the vibrational states of the charge transfer channel does not influence the 

conclusion. This would effectively increase the number of excited vibrational states and 

thus make the minimum even deeper. 

Figure 14 displays a comparison of our elastic data with the classical ones of Bachmann 

and Reiter [2]. The classical elastic cross section is underestimated due to the specific 

choice of the cutoff parameter while momentum transfer and viscosity cross sections show 

reasonable agreement with our results up to 10 eV. Beyond this energy, they stay too 

high, similar to the Phelps result. The classical calculation does not take into account 

any vibrational structure. We stress that our cross sections are truly elastic (within the 

IOSA), that is, that they describe elastic scattering on the ground vibrational state (and 

the ground rotational state which in the IOSA amounts to the same thing as an average 

over the possible initial rotational levels). 

Differential Cross Sections In Figure 15 we compare our elastic differential cross 

section at 5 eV with the one obtained by Schinke and McGuire [40] at 4.67 eV. Schinke 

used a time-dependent impact parameter form of the sudden approximation for rotation. 

This approximation is based on the assumption that at sufficiently high collision energy the 

angular momenta of the projectile and of the diatomic molecule decouple, thus allowing 

the reduction of the problem to that of coupled equations in space for the rotational states 

of different vibrational manifolds. As an additional approximation these authors used the 

fitted potential surface of Giese and Gentry [32]. 

The level of agreement of our fully quanta! differential cross section in the range 

of angles around the rainbow with the Schinke and McGuire result (digitized from their 

published data) for the ground vibrational state manifold, summed over all rotational cross 

sections in the manifold, is remarkable. A similar semi-classical approach was applied in 

another work by Schinke et al. [33] for a collision energy of 10 eV, in this case, using a 

significantly improved potential surface found by accurate ab initio molecular eigenvalue 

calculations. In Figure 16 we compare the present elastic differential cross section at 10 
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Figure 15: Comparison of the present elastic differential cross section for 5 eV H + + H2 
with other calculations. 
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with other calculations and with experimental measurements. 
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Figure 17: Same as Figure 16 but at ECM = 20 eV. 

eV with the calculations by Schinke et a/., as well as with the experimental results of 

Herman et al. [41]. The agreement of the three sets of data is practically perfect in all 

details. 

In Figure 17 we compare our data for the differential cross section at 20 eV to those 

calculated by Baer [38] as well as to experimental result of Niedner et al. [42]. In spite of 

the use of the DIM potential surface, Baer's results agree well with both the experiment 

and our calculations. Some deviations toward small scattering angles can be explained 

by the insufficient number of angular momenta Baer used in his calculation (about 250 

compared to about 600 we found to be needed for the convergence of the elastic ampli

tudes). The indications of deviations at larger scattering angles might be attributed to 

inaccuracy of the DIM potentials at small internuclear distances. 

1.10.3 H + + H e 

Surprisingly, there is only one comprehensive study of elastic scattering of protons by 

He that we could use for comparison with our results in the range of energies considered 

here. This is the classical calculations of Bachmann and Reiter [2]. Again, as in the case 

of H+ -f H, the classical calculation of the elastic cross section, being dependent on a 

somewhat arbitrary cutoff parameter (deflection angle), underestimates our calculation 

by a factor of 2 to 3 (Figure 12). On the other hand, the classical calculations of mo

mentum transfer and viscosity cross sections converge even without introducing external 
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parameters because of the de-emphasis of the divergent behavior of the differential cross 

section for small angles, and thus the classical results are in reasonable agreement with 

ours (Figure 12). 

1.10.4 H + H 

We note that little attention has so far been given to the study of elastic collisions 

between neutral hydrogen atoms in the presently considered energy. For example, the 

range of energies between 0.1 and 100 eV is somewhat above that of interest for many 

astrophysical applications and below the range of energies where inelastic processes com

pete with the elastic ones. In addition, experiments seeking to observe the scattering of 

neutral hydrogen atoms are very difficult, and thus the data available are sparse even at 

higher or lower energies. 
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Figure 18: Comparison of the present results with other available data for H + H elastic 
and transport cross sections. 

As a consequence, we can compare our data with only few calculations, and these are 

mostly oriented to the astrophysically interesting spin exchange process. Figure 18 shows 

our elastic data compared with one point of Koyama and Baird [43]. Since this point 

is at low energy (1000 K), far from our energy range, we use the previous semi-classical 
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calculation of Schultz et al. [4] to extend our curve toward lower energies. At keV energies 

we display the results obtained by Flannery et al. [44], indicating that at higher energies, 

where inelastic processes start to play a significant role, the elastic cross section might 

experience a significant drop. Concerning the spin exchange cross section, our results are 

in reasonable agreement with those of Dalgarno [45] and of Hay den et al. [46], as well as 

in excellent agreement with the previous semi-classical calculations of Schultz et al. [4], 

as shown in Figure 18. 

1.10.5 H + H2 

There are only very few data available for the elastic cross sections for neutral atoms 

colliding with a neutral molecule. For H 4- H2 in the energy range considered here, the 

available data are those of Phelps for the momentum transfer cross section. We show in 

Figure 19 a comparison of our fully quantal IOSA calculations with the estimate made 

by Phelps [37]. As in the case of H+ + H2 scattering the agreement is within 30% at the 

lower energies, until at higher energies vibrational excitations become intensive, resulting 

in a sudden drop in our elastic cross section. 

ECM(eV) 

Figure 19: Comparison of the present results for H + H2 with those of Phelps [37]. 

1.11 Scaling relations among isotopic variations 

For the ion-atom and atom-atom systems considered here, we performed semi-classical 

calculations of the elastic phase shifts [4] in addition to fully quantal calculations, in the 
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range of center of mass collision energies between 0.1 and 100 eV. This energy range is well 

within the region of validity of the semi-classical approach for all of the ion-atom and atom-

atom collision systems. In addition we have demonstrated by our comparisons between the 

semi-classical and fully quanta! results for the phase shifts and differential cross sections 

that this applicability is realized in practice. Thus, from the semi-classical point of view, 

the defining quantities for the elastic cross sections and its higher integral moments are 

the phase shifts, rj£. For small angle scattering on the short range potentials these scale 

with relative collision velocity [8]. This is the most general scaling relation for the integral 

elastic cross sections that we have found regarding all the systems considered, even when 

molecular targets are involved. Other details of the scaling depend on particulars of the 

collision system. We have been able to find this kind of scaling only for the integral cross 

sections. Indeed, no scaling was discovered for the differential cross sections appropriate 

for the whole range of scattering angles. 

Due to their potential value for use in reducing the number of different cross section 

fit parameters needed in modeling, we present in the following subsections the scaling 

relations for the various integral cross sections. 

1.11.1 H + + H 

We recall that the cross sections for symmetric systems (A+ -f A, A=H,D,T) were cal

culated taking into account the indistinguishability of nuclei. Thus, at higher energies the 

"elastic" cross section in this case tends to the total scattering cross sections (i.e. adding 

to the pure elastic cross section the spin exchange cross section, ignoring all other inelastic 

processes). The spin exchange cross section tends at higher energies (above 1 eV) to the 

charge transfer cross section and we denote this process generally as "d . " 

We find that for the symmetric cases the elastic scattering and spin exchange cross 

sections scale as 

<T^+A(^ECM) = *T+H(ECM) (119) 

*?+A(^ECM) = oT+H{ECM) (120) 

where fiA+ = (MAMA)/(MA+MA) is the reduced mass of A++A. For an asymmetric case, 

the dependence on collision energy for both the charge transfer and elastic cross sections 

is the same as in the symmetric case, but the elastic cross section must be multiplied by 

y/2 in order to match approximately the H + + H result, i.e. 

yfotf +B(^ECM) = aT+H(EcM) (121) 
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of ^(^IECM) = °T+H(ECM) 
PH* 

(122) 

where fiAB+ = (M^MB)/(M^ + MB) is the reduced mass of A+ + B, B = H, D, T. 

The symmetric system cross sections are bigger by y/2 because of the backward peak 

in the differential cross sections that is due to the indistinguishability of the elastically 

scattered and charge transferred nuclei. The backward peak in the elastic differential 

cross section is approximately equal to the charge transfer. Assuming that at the higher 

energies considered here particles can be distinguished as in the asymmetric cases, one 

obtains 

aA++A(ECM) = (V2-l)af;+A(EcM) 

These scalings are presented in Figure 20. 
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Figure 20: Isotope scaling for H + + H elastic and charge transfer (and spin exchange) 
cross sections. 

Scaling of the momentum transfer cross sections similarly must be considered sepa

rately for the symmetric and asymmetric cases. This is again due to the pronounced 

backward peak in the "elastic" cross section for a symmetric case arising from the inclu

sion of spin exchange which is absent in the asymmetric case. The largest contribution to 

the momentum transfer comes from backward angles, as discussed before, and thus, the 

momentum transfer is significantly larger for the symmetric cases. 
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The scaling of the momentum transfer cross section for A+ + A collisions relative to 
those for the H+ + H case is accomplished through only a shift in energy, i.e. 

(124) 

All of the momentum transfer cross sections are almost identical in the asymmetric 

cases involving hydrogen-ion-hydrogen scattering with the condition of distinguishability 

of nuclei (as clearly exists with different isotope combinations). Thus, the momentum 

transfer cross section is isotopically invariant, i.e. 

CT£+B{ECM) = *%+D(ECM) (125) 

where A, B, C, and D are any (different) combinations of H, D, and T. This is illustrated 

in Figure 21. 
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Figure 21: Scaling relations illustrated for isotopic variants of H+ + H regarding the 
momentum transfer cross section. 

The viscosity cross section for symmetric systems turns out to be independent of the 

reduced mass and no scaling factors are needed. It is also true separately for the asym

metric systems. In addition, the latter completely coincide with the former if multiplied 

with a factor of 2, which is again a consequence of definition of the elastic cross section 

for distinguishable versus indistinguishable particles. Thus 
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(126) 

(127) 

The origin of factor of 2 may also be seen by recalling the discussion given above 

(section 1.5) regarding the factor 2 difference between the differential cross section derived 

with either the assumption of distinguishable or indistinguishable particles at 6 = | . Since 

the viscosity cross section mostly picks up the region of the elastic differential cross section 

about this angle, the factor of 2 is directly manifested. The scaling of the viscosity cross 

sections is illustrated in Figure 22. 

Isotopic variants of H+ + H -> H+ + H 

10' 

3 

c 
o 

(/} 

o 

10" 

^ ^ » * « 

-

• 

; 

H'+H, o=1 
• D*+D, <x=1 
OT+T, a=1 
A H*+D, a=2 
• H*+T. a=2 
+ D*+T. o=2 

\ 

\ 

10- 10" 
E c (eV) 

10' 10' 

Figure 22: Scaling of the isotopic variants of H+ + H regarding the viscosity cross section. 

In Figure 23 we show the compliance of our results with the well known relation 

Cmi ~ 2<75 (128) 

valid for the symmetric systems, in the energy range considered. The agreement is com

plete for energies above 1 eV. Although Figure 23 shows only the H+ + H case, it is clear 

from Figure 20 that the relation is also valid for D+ 4- D and T+ + T. 
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Figure 23: Illustration of the well known relation between the elastic and spin exchange 
cross section for H + + H. 

1.11.2 H+ + H 2 

The collisions of hydrogen ions with hydrogen molecules have been treated as collisions 

of distinguishable particles and thus one should not expect any difference between the 

systems except to account for differences in masses and vibrational couplings. In spite of 

the different vibrational channels of excitation, and in spite of the averaging over molecular 

orientations, the elastic cross sections do not depend much on the reduced mass and the 

details of molecular target as long as the projectile is kept the same. This is especially 

valid at energies above 0.3 eV. Figure 24 illustrates this for protons colliding with the six 

different isotopic variants of the hydrogen molecule. 

The same is approximately true for the momentum transfer and viscosity cross sections, 

especially for energies below 3 eV, as illustrated in Figure 24. Thus, one can write 

TA + +CD 
(ECM) 

TA + +CDI 
'mt 0 " J ( £ C M ) 

rA + +CD 

A++CD1 

(ECM) 

TA++C'D'( 
'mt c o • - {ECM) 

[ECM) = <?\ 
_ „A + +C'D' 

{ECM) (129) 

If one varies the projectile for the same molecular target, neither the momentum 

transfer nor the viscosity cross section changes significantly for energies below 2 eV. For 
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Figure 24: Comparison of the elastic and transport cross sections for protons colliding 
with the isotopic variants of H2. 
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A+ + M -> A+ + M, A=H,D,T, M=H9,D9,T, 
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Figure 25: Comparison of the elastic and transport cross sections for isotopic variants of 
H+ colliding with H2, D2, and T2. 
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A+ + M -> A+ + M, A=H,D,T, M=HD,HT,DT 
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Figure 26: Comparison of the elastic and transport cross sections for isotopic variants of 
H + colliding with HD, HT, and DT. 
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higher energies the agreement somewhat deteriorates. The elastic cross sections for these 

systems, on the other hand, match quite well if one scales the energy with the reduced 

mass, as in the ion-atom case. Thus 

<Tel l &CM) = CTel {&CM) 

^+CD{ECM) = <TZ++C'D\ECM) (130) 

where (XACD = (MAMQD)/(MA + MQD). These scaling relations are illustrated in Figures 

25 and 26. 

1.11.3 H+ + H e 

The elastic cross sections for H+ , D + , T + + He are found to scale as 

af++He{ ^IULECM) = *T+He(EcM) (131) 
Mtftfe+ 

where fJ.AHe+ =
 M A++M' • ^ e m o m e n t u m transfer and viscosity cross sections almost 

coincide for all three systems in the energy range considered, i.e. 

< + H C ( £ C M ) = ^He(ECM) (132) 

indicating a weak dependence of differential cross sections on reduced mass at larger 

scattering angles where the predominant role played by the differing details of the potential 

occurs. These relations are illustrated in Figure 27. 

1.11.4 H + H 

We recall that the cross sections for the symmetric systems A + A, (A = H, D, T) were 

calculated with taking into account the indistinguishability of the nuclei, as discussed 

Section 1.5.2, but then divided by 2, which, due to the full symmetry of the system, 

accounts for the correct classical limit. Thus, at higher energies, when interference of the 

different channels averages out, the "elastic" cross section in this case tends to the sum 

of the scattering cross section on the singlet and triplet states, separately, as is the case 

at all energies for the asymmetric, distinguishable particle cases. This is reflected by the 

data shown in Figure 28, where, upon scaling of the collision energy with the mass, all 

elastic cross sections, symmetric and asymmetric, approximately coincide, especially at 

energies higher than 1 eV. The total spin exchange cross sections, besides scaling of the 

collision energy with the mass, requires additionally the division of the cross section by 

approximately a = 1 + y/3, for the asymmetric cases. Thus, 
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Figure 27: The elastic and transport cross sections for isotopic variants of H+ + He. 
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Figure 28: The elastic and transport cross sections for isotopic variant of H + H. 
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ure 29: Scaling of the momentum transfer cross section for isotopic variants of H + H. 
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_A+BffiAB r x _ H+H, j? N 

1 
TH+H 

a 
{ECM) 

(133) 

(134) <ri+B(^ECM) = 

where HAB is the reduced mass of A + B. 

Scaling of the momentum transfer cross sections needs to be considered separately for 

the symmetric and asymmetric cases. This is due to the pronounced backward peak in 

the "elastic" cross section for the symmetric cases, absent in the asymmetric cases. The 

largest contribution to the momentum transfer cross section comes from the backward 

angles, as follows from its definition (i.e. the factor (1 — cos#)) and thus, the momentum 

transfer cross section is significantly larger for the symmetric case. 

The scaling of the momentum transfer for the symmetric A + A scattering (identical 

to the elastic cross section) only necessitates an energy shift, i.e. 

Vmt {- &CM) - CT, 
VH2 

mt {ECM)- (135) 

All of the momentum transfer cross sections are almost identical in the asymmetric 

cases as was demonstrated for hydrogen-ion-hydrogen scattering with the condition of 

distinguishability of nuclei (i.e. different isotopic combinations). Thus, the momentum 

transfer cross section is isotopically invariant, i.e. 
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<tB(EcM) = ^tD(EcM) (136) 

where A, B, C, D axe any (different) combinations of H, D, and T. These scaling relations 

are illustrated in Figure 29. 

The viscosity cross section for both symmetric and asymmetric systems is independent 

of the reduced mass and no additional scaling is needed, as shown in Figure 30. Thus 

a^B(Ek) = o5+H(Ek). (137) 

Unlike the H+ + H case, where the momentum transfer cross section is approximately 

a factor of 2 larger than the charge transfer cross section, here the momentum transfer 

cross section for H + H case is more than five times larger than the spin exchange cross 

section, i.e. 

amt « 5.2<7se (138) 

which we find to be valid for all symmetric isotopic variants of the H + H system, in the 

energy range considered (Figure 31). 

1.11.5 H + H 2 

The collision of a hydrogen atom with a hydrogen molecule is treated as the collision of 

distinguishable particles and thus we do not expect any difference between the systems, 

except to account for difference in masses and vibrational couplings. In spite of the 

different vibrational channels of excitation, and in spite of averaging over the molecular 

orientations, the elastic cross sections do not strongly depend on the reduced mass or on 

the details of the molecular target as long as the projectile is kept the same, as is the 

case for scattering of isotopic variants of hydrogen ions on hydrogen molecules. Figure 

19 illustrates this for hydrogen colliding with six different isotopic variants of molecular 

hydrogen. The same relationship is approximately valid for the momentum transfer and 

viscosity cross sections, but in these cases, it is in fact better for low collision energies, as 

is the case for hydrogen-ion-molecule scattering. This is illustrated in Figures 32 and 33. 

Thus, one can write 

<+CD{ECM) = rt+C'D\EcM) 
°AJCD{ECM) = <tC'D\ECM) 

^CD(ECM) = <rC+C'D\EcM). (139) 

If one varies the projectile for the same molecular target, neither the momentum 

transfer or viscosity cross sections changes significantly. For higher energies this agreement 

does not deteriorate, as is the case for hydrogen-ion-molecule scattering. The elastic cross 
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Figure 32: The elastic and transport cross sections for H colliding with the isotopic 
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A + M -» A + M, A=H,D,T, M=H?,D?,T 2 ' "2 
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A + M -> A + M, A=H,D,T, M=HD,HT,DT 
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sections, on the other hand match quite well if one scales the energy with the reduced 

mass, as in the hydrogen-ion-atom and hydrogen-ion-molecule cases. Thus 

„A+CD(VACDp ^ _ H+C'D'(p \ 

°AJCD{ECM) = O»FD\ECM) 

^CD{ECM) = a^c'D\ECM). (140) 

These relations are illustrated for all isotopic variants of the hydrogen molecule in Figures 

32-34. 

1.11.6 Comparisons among the various systems 

Comparison of the elastic cross sections for six cases typical of those discussed above 

is shown in Figure 35 (i.e. for H + or H as the projectile and the targets are varied). 
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Figure 35: Comparison of the elastic cross section for various collision systems. 

Pronounced oscillations in the cross sections exist for all cases at energies below 1 

eV. The cross sections for hydrogen-ion projectiles (with both atomic- and molecular-

hydrogen targets) fall within a range of 50% of one another and almost coincide at 0.1 
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eV. The cross sections for molecular targets decrease faster toward higher energies because 

of the increasing involvement of the inelastic vibrational excitations, while for H+ + H 

and H+ + D the cross sections differ at higher energies by almost a constant factor, 

originating from the different definitions of the elastic cross sections (for indistinguishable 

and distinguishable nuclei). Elastic scattering from He is different from that for H, due to 

the absence of the gerade-ungerade symmetry. On the other hand, the elastic cross section 

for scattering of a hydrogen atom from both atomic and molecular hydrogen is almost 

coincident, particularly at energies below 10 eV. The cross section for proton scattering 

from hydrogen is about three times larger than the corresponding one for a hydrogen 

projectile, the latter already containing division by a factor of 2. 

The behavior of the momentum transfer cross sections with hydrogen-ion and hydrogen-

atom projectiles is summarized in Figure 36. The cross section for proton scattering from 

hydrogen is about a factor of 2 greater than that for H + H. The asymmetric cases have 

a smaller dispersion than they display for the elastic cross section. The viscosity cross 

sections (Figure 37) have an even smaller dispersion than the momentum transfer cross 

sections, particularly at low energies. Again, the H+ + H viscosity cross section is about 

a factor of 2 larger than that for H + H. 

X + Y -»X + Y, X=H+,H, Y=H,D,He,H2 

1 0 ' • 

o 
<D 

CO 
CO 
CO 
O 
w 

o 

10" • 

10" • 

o ° 0 " . a 
+ , o • A 

+ o • a 
+ o • A 

• + o "2 
+ o a 

• • : • • : 

H' 
• H* 
OH* 
4 H -

VH 
+ H 

+ H,a 
+ 0 
• He 

• H , 
»H 

* H , 

.1/2 

°°r\ 
5 °a„ 1 

10" 10 

ECM (eV) 
102 

Figure 36: Same as Figure 35 except for the momentum transfer cross section. 

71 



X + Y -»X + Y, X=H+,H, Y=H,D,He,H2 

10 10 

E*, (eV) 

Figure 37: Same as Figure 35 except for the viscosity cross section. 
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a.u. 
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B 

CM 

ct 

DIM 

el 

9 
GAMESS 

HB 

HF-CI 

HK 

IOSA 

mt 

RHF-CI 

s 

se 
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u 

UHF-CI 

vi 

W W W 

atomic unit, e.g. atomic unit of energy, 27.2116 eV 

antisymmetric 

Boltzmann 

Center of Mass 

charge transfer 

Di atom- In- Molecule 

elastic 

gerade 

General Atomic and Molecular Electronic Structure System [25] 

Hodges and Breig 

Hartree-Fock-Full-Configuration-Interaction 

Hunter and Kuriyan 

Infinite Order Sudden Approximation 

momentum transfer 

Restricted-Hartree-Fock-Full-Configuration-Interaction 

spin or singlet, depending on context 

spin exchange 

symmetric 

triplet 

ungerade 

Unrestricted-Hartree-Fock- Full-Configuration- Inter action 

viscosity 

World Wide Web 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.1 H + + H 

Important Note 

The calculations of both the differential and integral (elastic, momentum transfer, and 
viscosity) cross sections for the symmetric systems H + + H, D + + D, and T + + T have 
been performed assuming indistinguishability of the constituent nuclei. As a consequence, the 
elastic cross sections reported here are the coherent sum of the interfering processes of elastic 
scattering and spin exchange. Thus, this procedure results in a double counting if in a particular 
application of the data the spin exchange (resonant charge transfer) cross section needs to be 
treated separately. In that case the cross sections should be re-computed by subtracting the 
spin exchange differential cross section from the "total" elastic differential cross section and 
integrating this "pure" elastic differential cross section with the appropriate transport weighting 
functions to obtain the required moments. For example, the momentum transfer cross section 
tabulated here otherwise accounts for both spin exchange and elastic processes in the high 
energy limit. The error introduced by such a "decoupling" of the elastic and spin exchange 
cross sections does not exceed 10% in the energy range considered. (See the Introduction in 
Part A for more explanation.) 
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1.1 

H+ + H —» H+ + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

7.497140E+02 
8.008751E+02 
6.788025E+02 
5.818901E+02 
5.159863E+02 
4.494761E+02 
3.913207E+02 
3.521385E+02 
3.017505E+02 
2.613514E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
3.984958E+02 
3.877637E+02 
3.598458E+02 
3.189998E+02 
2.984566E+02 
2.656117E+02 
2.419587E+02 
2.194783E+02 
1.907449E+02 
1.702493E+02 

Viscosity 
(a.u.) 

1.848645E+02 
1.356371E+02 
1.127899E+02 
9.553951E+01 
6.751831E+01 
2.707343E+01 
1.410067E+01 
7.247707E+00 
2.436247E+00 
8.959117E-01 

Spin Exchange 
(a.u.) 

1.997208E+02 
2.026141E+02 
1.720196E+02 
1.621056E+02 
1.492323E+02 
1.327140E+02 
1.210393E+02 
1.096942E+02 
9.535670E+01 
8.510442E+01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 — 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: .591039E+03 
Elastic 

.877354E+02 .256830E+01 

ao-a2: 

Momentum Transfer 
.324832E+03 -.392017E+02 .124924E+01 

ao-a2 

b r b 4 

b5-b6 

Viscosity 
.948941E+02 -.459663E+01 -.277886E+01 
.269476E+00 .274930E+00 .180380E+00 .531662E-02 
-.895910E-02 .912921E-03 

Spin Exchange 
ao-aj: .160892E+03 -.156336E+02 

ba: .108112E-01 
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1.1 

H+ + H —> H+ + H 

Elastic and Spin Exchange Differential Cross Sections 

Analytic fitting function 

do* 
I-Ksini 9)^^(9) =\A + B(l - cos{9)) + Csm2(0)l 

exp 

dCt 

W=0 / \ j=l 
a.u., 

where A, B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 srad -1 

= 2.80028E-17 cm2 srad -1). Note that for the spin exchange (se) differential cross section, B 
and C are zero. 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a^: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 3 : 

A: 

E = .1259 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Spin Exchange . 

ao-a4: 
b!-b 3 : 

A: 

E = .1585 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
bi -b 5 : 

A: 

.461952E+01 
-.240216E+00 
.107358E+01 

.374041E+01 
-.124687E+00 
.129014E+01 

.443357E+01 
-.505187E-02 
.113236E+01 

.391512E+01 

.115917E+00 

.101158E+01 

.449937E+01 
-.296822E+00 
.104576E+01 

.290604E+01 
-.186564E+00 
.188706E+01 

-.945908E+00 
-.158865E+00 
.145464E+00 

-.104631E+00 
-.295937E-01 

.221528E+00 
-.699321E-01 
-.615274E-02 

.122489E+01 
-.837723E-01 

-.143348E+01 
-.150118E+00 

.531376E-01 

-.270141E+00 
-.145265E+00 

-.528337E+00 
-.620930E-01 
-.219962E+00 

-.880560E-01 
-.192982E-02 

.518007E-01 
-.328470E-01 
-.114924E+00 

-.373419E+00 
-.376440E-01 

-.438038E+00 
-.267352E-01 
-.817874E-01 

-.103776E+00 
-.371223E-01 

-.593195E+00 
-.948671E-03 

-.253708E+00 
.201814E-02 

-.332672E+00 

-.127963E+00 
.905086E-02 

-.374966E-02 

-.424272E-01 

.173909E-01 .273252E-02 

-.360741E-01 

.126174E+00 .993140E-02 

-.134531E-03 
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E = .1995 eV 
Elastic 
ao-cLj: 

bi-b3: 
A,B,C: 

Spin Exchange 
ao-a2: 
bi-b4: 

A: 

E = .2512 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a3: 
bi-b3: 

A: 

.446376E+01 
.140517E-01 
.109366E+01 

.306103E+01 
-.131880E+00 
.128045E+01 

.415032E+01 
-.181507E+00 
.112488E+01 

.343913E+01 
.847305E-02 
.110633E+01 

.663412E+00 
-.368508E-01 
.132095E+00 

.224863E+00 
•.142539E+00 

.938465E-01 
-.512154E-01 
.624706E+00 

-.340875E-01 
-.242629E-01 

-.640692E+00 -.472280E-01 

.112057E-02 

-.874500E+00 .158693E+00 -.561992E-01 .161415E-01 .159846E-02 
-.110498E+00 -.278535E-01 .418770E-03 
.367652E-01 -.236465E+00 

.842663E+00 .445026E+00 
.861083E-02 -.279164E-02 

.499153E-01 

E = .3162 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b6: 

A: 

E = .3981 eV 
Elastic 
ao-agi 

bi-b4: 
A,B,C: 

Spin Exchange 
ao-a2: 
bi-b6: 
b7-bs: 

A: 

.426241E+01 
-.205716E+00 
.113247E+01 

.299075E+01 
-.810055E-01 
.105268E+01 

.427317E+01 
-.337305E+00 
.106013E+01 

.310892E+01 
.767616E-01 

-.784562E-04 
.105393E+01 

-.937052E+00 
-.137844E+00 
.619831E-01 

.264901E+OO 
-.174205E+00 

-.226140E+01 
-.108985E+00 
.331144E-01 

.322047E+00 
-.119412E+00 
-.170844E-05 

.208830E+00 
-.285663E-01 
•.306204E+00 

-.168597E-01 
-.515876E-01 

.100116E+00 .460178E-01 .388553E-02 
.275644E-02 

-.658731E-02 -.397717E-03 -.931391E-05 

-.367460E-01 .564829E+00 .266976E+00 .165070E-01 
.224312E-01 .156672E-01 
.121523E+00 

-.206040E-01 
.138480E+00 -.610452E-01 -.129815E-01 -.142751E-02 

E .5012 eV 
Elastic 

ao-as: 
bi-b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3: 

A: 

E = .6310 eV 
Elastic 
a0-a5: 
b!-b4: 

A..B,C: 
Spin Exchange 

ao-ao: 
brb4: 

A: 

.405841E+01 
-.328792E+00 
.103513E+01 

.309070E+01 
-.529176E+00 
.823670E+00 

.426003E+01 
-.479947E+00 
.103782E+01 

.281632E+01 
-.456573E+00 
.123497E+01 

.161636E+01 

.142266E+00 
-.300263E-01 

.108947E+01 

.101342E+00 

.276468E+01 

.167644E+00 

.635065E-01 

.913734E+00 

.139778E+00 

.179348E+00 .176198E+00 .187336E+00 .125301E-01 
-.771918E-02 .115620E-01 
.686383E-01 

.215703E+00 
-.597135E-02 

.503844E+00 .458790E+00 .298071E+00 

.148169E-01 .181426E-01 

.140305E+00 

.178325E+00 
-.160528E-01 -.558670E-03 

.189918E-01 
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E = .7943 eV 
Elastic 
ao-a5: 
b i -b 4 : 

A, B, C: 
Spin Exchange 

a0-ai : 

bi-b6: 
b 7 -b 8 : 

A: 

E = 1.0000 eV 
Elastic 
a0-a5: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 6 : 

A: 

E = 1.2590 eV 
Elastic 
ao-a5: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b6: 

A: 

E = 1.5850 eV 
Elastic 
ao-a5: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-bs: 

A: 

E= 1.9950 eV 
Elastic 
ao-as: 
b i -b 3 : 

A,B,C: 
Spin Exchange 

a0-a2: 
b i -b 6 : 

A: 

E = 2.5120 eV 
Elastic 
ao-a5: 
b i -b 5 : 

A,B,C: 
Spin Exchange 

ao-ao: 
b r b 6 : 
b 7 -b 8 : 

A: 

.401458E+01 
-.397948E+00 
.104751E+01 

.279163E+01 

.144073E+00 
-.892869E-04 
.100246E+01 

.400548E+01 
-.374592E+00 
.116289E+01 

.264046E+01 
-.685155E+00 
.931175E+00 

.387788E+01 
-.387599E+00 
.108122E+01 

.192630E+01 
-.572078E+00 
.965620E+00 

.379825E+01 
-.404327E+00 
.106363E+01 

.157719E+01 
-.441819E+00 
.792714E+00 

.372105E+01 
-.421178E+00 
.114580E+01 

.133173E+01 
-.236717E+00 
.920875E+00 

.344954E+01 
-.437288E+00 
.948024E+00 

.990821E+00 
-.137014E+01 
-.291282E-03 
.104144E+01 

-.231274E+01 
-.142274E+00 
-.473576E-02 

.392346E+00 
-.163075E+00 
-.190612E-05 

-.187344E+01 
-.172528E+00 
-.450650E-01 

-.642289E+00 
-.378642E-01 

-.184672E+01 
-.194210E+00 

.390286E-01 

.320684E+00 
-.446993E-01 

-.210448E+01 
-.184327E+00 

.201327E-01 

.585369E+00 
-.124762E+00 

-.198344E+01 
-.225438E+00 
.217087E+00 

.979483E+00 
-.199956E+00 

-.266489E+01 
-.251825E+00 
-.698458E-01 

.665017E-02 
.317107E+00 
-.758075E-05 

.140547E+00 .538539E+00 .251422E+00 .152114E-01 

.169618E-01 .142214E-01 
-.467629E-01 

.184133E+00 -.766292E-01 -.156134E-01 -.166426E-02 

.212733E+00 .830969E-01 .713412E-01 .461981E-02 
-.202153E-01 .329837E-02 
.190957E+00 

.812690E+00 
-.176576E-01 -.461791E-02 -.565369E-03 -.233000E-04 

.336572E+00 .712623E-01 .756302E-01 .492492E-02 
-.227540E-01 .347411E-02 
-.399301E-01 

.359599E+00 
.511437E-02 .220429E-02 .209335E-03 .642532E-05 

.270876E+00 .322743E+00 .152244E+00 .900696E-02 
-.472576E-02 .761634E-02 
.105820E-01 

.186111E+00 
-.217279E-01 -.164095E-02 -.455483E-04 

.390308E+00 .477199E-02 .270574E-01 .180425E-02 
-.329076E-01 
.549478E+00 

.671986E-01 
-.474230E-01 -.541065E-02 -.300626E-03 -.654101E-05 

•.336576E+00 .550420E+00 .196655E+00 .108236E-01 
-.172952E-01 .551849E-02 -.192451E-03 
.505896E+00 

•.614592E+00 
.193543E+00 -.291440E-01 -.239245E-01 -.410178E-02 
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E = 3.1620 eV 
Elastic 
ao-a5: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

E = 3.9810 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

.313901E+01 
•.395889E+00 
.959765E+00 

.100749E+01 
-.672042E+00 
.885059E+00 

.284952E+01 
-.426691E+00 
.919803E+00 

.768320E+00 
-.660350E+00 
.101120E+01 

-.274618E+01 .967512E-01 .868473E+00 .244365E+00 .126216E-01 
-.221126E+00 -.136226E-02 .679005E-02 -.219287E-03 
-.282316E-01 .409167E+00 

.440128E+00 -.440073E+00 
-.710509E-01 -.745728E-02 -.260408E-03 

-.296439E+01 .478652E+00 .104971E+01 .277722E+00 .141361E-01 
-.181057E+00 .159736E-01 .928693E-02 -.174289E-03 
.299212E-01 .389366E+00 

.610673E+00 -.397844E+00 
-.774183E-01 -.799272E-02 -.276473E-03 

E= 5.0120 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3: 

A: 
E = 6.3100 eV 

Elastic 
a0-a5: 
b rb 5 : 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

.254498E+01 
-.390485E+00 
.915346E+00 

.267867E+00 
-.593196E+00 
.824432E+00 

.227413E+01 
-.356906E+00 
.927139E+00 

.105667E+00 
-.518161E+00 
.119125E+01 

-.290270E+01 .759661E+00 .121272E+01 .296866E+00 .146294E-01 
-.166952E+00 .210534E-01 .920581E-02 -.203773E-03 
.632094E-01 .252847E+00 

.131122E+01 
-.702872E-01 

-.138839E+00 
-.295712E-02 

-.260884E+01 .839047E+00 .108250E+01 .237338E+00 .112159E-01 
-.185852E+00 .314814E-02 .473644E-02 -.249228E-03 
.832674E-01 .106364E+00 

.139652E+01 
•.111391E+00 

.692879E-01 

.105598E-01 .345389E-03 

E = 7.9430 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
bx-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

b7: 
A: 

.203168E+01 
-.330379E+00 
.941637E+00 

.467464E-01 
-.700405E+00 
.104091E+01 

.176465E+01 
.456830E+00 
.100013E+01 

-.804468E-01 
.169466E+00 
-.414474E-05 
.108224E+01 

•.243511E+01 
•.201903E+00 
.101121E+00 

.182928E+01 
-.125228E-01 

.283302E+01 
-.931132E-01 
.146536E+00 

.144669E+01 
.258902E+00 

.905293E+00 .103562E+01 .208025E+00 .940545E-02 
-.848013E-02 .198047E-02 -.292449E-03 
-.451119E-01 

-.733296E+00 
-.477917E-02 -.293795E-03 

.150921E+01 .123488E+01 .246557E+00 .113259E-01 
.409176E-01 .965912E-02 
.436357E+00 

.205459E-01 

.128347E+00 -.287585E-01 -.327289E-02 .185203E-03 
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E = 12.5900 eV 
Elastic 
ao-as: 
bi-b4:' 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3: 

A: 

E = 15.8500 eV 
Elastic 
ao-a5: 
b t-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3-. 

A: 
E = 19.9500 eV 

Elastic 
ao-a5: 
b!-b4: 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b3: 

A: 

.177582E+01 -.278829E+01 .145808E+01 .115209E+01 .223084E+00 .100572E-01 
-.461853E+00 -.102107E+00 .343732E-01 .834694E-02 
.993032E+00 .141477E+00 -.797085E+00 

-.705772E+00 .188762E+01 -.190619E+00 
-647896E+00 -.566297E-01 -.199118E-02 
.143816E+01 

.128568E+01 -.238430E+01 .151337E+01 .884768E+00 .131878E+00 .531056E-02 
.459803E+00 -.130242E+00 .111988E-01 .326071E-02 
.111381E+01 .220709E+00 -.881101E+00 

-.118115E+01 .318257E+01 -.353553E+00 
•.560407E+00 -.154707E-01 -.433866E-03 
.150815E+01 

.127782E+01 -.241184E+01 .153469E+01 .913530E+00 .139292E+00 
-.460244E+00 -.127539E+00 .130923E-01 .362748E-02 
.104249E+01 .232638E+00 -.121132E+01 

-.116461E+01 .212678E+01 -.589906E+00 
-.793080E+00 -.253851E-01 -.101764E-02 
.841564E+00 

.565266E-02 

E = 25.1200 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

b7: 
A: 

E = 31.6200 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield avi 

.156162E+01 -.251317E+01 .141647E+01 .944174E+00 .160285E+00 .677930E-02 
-.459112E+00 -.124550E+00 .171422E-01 .487926E-02 
.864212E+00 .242345E+00 -.100000E+01 

-.151991E+01 .282845E+01 -.650093E-01 
-.823444E+00 .679092E-01 .722744E-01 .611266E-02 -.105722E-02 -.171972E-03 
-.646563E-05 
.123043E+01 

Warning: Fitted elastic differential cross section does not accurately yield crvi 

.127559E+01 -.242108E+01 .153440E+01 .915157E+00 .139829E+00 .562928E-02 
-.461741E+00 -.128277E+00 .128043E-01 .362063E-02 
.909058E+00 .255917E+00 -.100000E+01 

-.172081E+01 .212775E+01 .992009E-01 
-.528581E+00 -.187292E+00 -.305322E-01 -.258183E-02 -.102714E-03 -.140234E-05 
.746679E+00 

E = 39.8100 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-aT: 
b r b 6 : 

b7: 
A: 

Warning: Fitted elastic differential cross section does not accurately yield avi 

.127654E+01 -.241889E+01 .153192E+01 .910182E+00 .138676E+00 .556407E-02 
-.462337E+00 -.128536E+00 .124621E-01 .356356E-02 
.831855E+00 .276414E+00 -.105000E+01 

-.276816E+01 .327925E+01 160509E+00 
-.101211E+01 .232369E-02 157132E+00 .458918E-01 .562076E-02 .320284E-03 
.697370E-05 
.787286E+00 
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E = 50.1200 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2'. 
bi-b6: 

b7: 
A: 

E = 63.1000 eV 
Elastic 
ao-a5: 
bj-bs: 

A, B, C: 
Spin Exchange 

ao-a2: 
b!-b6: 

A: 

-.329808E+00 
-370078E+00 
.797268E+00 

-.292703E+01 
-.828936E+00 
.379548E-05 
.821375E+00 

-.824004E+00 
-.354724E+00 
.746361E+00 

-.440047E+01 
-.882522E+00 
.986093E+00 

-.192627E+01 .163057E+01 .100036E+01 
-.255270E+00 -.391744E-01 -.392856E-02 
.137474E+00 .417295E+00 

.150500E+00 .571699E-02 
-.389621E-03 

.331556E+01 -.294605E-01 
-.599020E-01 .608552E-01 .204177E-01 .268574E-02 .163110E-03 

-.185953E+01 .188343E+01 .111129E+01 .165978E+00 .622297E-02 
-.253329E+00 -.392163E-01 -.414846E-02 -.431635E-03 
.250668E+00 .118364E+00 

.463818E+01 .351157E+00 
.278417E-01 .883666E-01 .173177E-01 .132330E-02 .361354E-04 

E = 79.4300 eV 
Elastic 
ao-a5: 
bi-b5: 

A, B, C: 
Spin Exchange 

ao-a2: 
bi-b6: 

b7: 
A: 

E = 100.0000 eV 
Elastic 
ao-a5: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2.' 
bi-b6: 

b7: 
A: 

-.819321E+00 -.184594E+01 .187339E+01 .109663E+01 .162644E+00 .603575E-02 
-.355271E+00 -.254357E+00 -.401245E-01 -.428545E-02 -.431411E-03 
.719913E+00 .239425E+00 -.785121E+00 

-.517690E+01 .495873E+01 .783201E+00 
-.764360E+00 -.508184E-01 .793372E-01 .205591E-01 .221510E-02 .111178E-03 
.210557E-05 
.117018E+01 

Weirning: Fitted elastic differential cross section does not accurately yield cr„,-

.107992E+01 -.222811E+01 .143362E+01 .760976E+00 .100784E+00 .373306E-02 
-.468808E+00 -.154417E+00 -.220715E-03 .154677E-02 
.642412E+00 .365705E+00 -.960000E+00 

-.580691E+01 .572012E+01 .383653E+00 
-.758089E+00 -.400061E-01 .515258E-01 .138084E-01 .147793E-02 .695290E-04 
.112356E-05 
.180415E+01 
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H+ + H -> H+ + H H+ + H -> H+ + H 
ECM = 0.1 eV ECM = 0.1995 eV 

10"5 10"4 10"3 10"2 10"1 10° 1 
Fit to Elastic 
Elastic 

- — Fit to Spin Exchange 
Spin Exchange 

0"5 10"4 10"3 10"2 10"1 10c 

• 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 • 1 1 

•j Q ' I t I .1 . . . i . 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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H+ + H -> H+ + H H+ + H -> H+ + H 
ECM = 0.5012 eV 

a 

• D 

"co 

C\J 

ECM = 1 eV 

_ j • • • • - j - * • • • • — • * - * • ' 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10 

1(T I I I I I I I I • I I I I I I I I I I I I 

10 

Fit to Elastic 
Elastic 
Fit to Spin Exchange 

l u || Spin Exchange 
i Q 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11 J 

0 1 
Scattering Angle in Center of Mass System (rad) 
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H+ + H -> H+ + H H+ + H -> H+ + H 
E0M = 1.995 eV 

4 I i m m I I I I I I i innq i I I IMJ i uiuq i 

ECM = 5.012 eV 

104 p " 

103 • 

1(T 

101 -

10° -

10"1 

10"2 

§10 5 

i mm i mm i I I I IM i mm 11 iim I I 

*•* ~* • * J • J " * • 

-5 „r t-4 ^«-3 .,-.-2 ^rt-1 
10 10 10 10 10 10 10 10 10 10 10 10 

I I I I I I 11 I I I I I I I I I I I I I I I 11 I I II 

10"' 

10"; 

icr 

10 -5 

J 
Fit to Elastic 
Elastic 
Fit to Spin Exchange 
Spin Exchange 

' • • ' *' 

0 
Scattering Angle in Center of Mass System (rad) 
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H+ + H -» H+ + H H+ + H -> H+ + H 
ECM=10eV ECM = 19.95 eV 

13 

a 

• D 

<X> 
c 

"co 

C\J 

i i i w i m m i"""1* i " i n i i mm I 

• • " " J - 1 "* * " " - J - J • * I -* • • • " - J -* - J ~J • 

10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10' 

"rn 10J 

102 

101 

10u 

10"1 t 

10'2 f-

10 
»-4 

10 

10" 

10" 

Fit to Elastic 
Elastic 

: Fit to Spin Exchange 
Spin Exchange 

• * * * • * 

0 1 
Scattering Angle in Center of Mass System (rad) 
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H+ + H -> H+ + H H+ + H -> H+ + H 
ECM = 50.12 eV ECM = 100eV 

3 

a 

o 

10" 

103 

102 

101 

10c 

10"1 

10"2 

10'3 

10" 

10 

10' 

10" 
10 

-5 

-8 -* ' *""^ -1 -1 -̂  •' 
10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1tf 
== 10' 
C/) 

CM 
1tf 
101 

10 
10 
10"; 

10" 

1 

10" 
10 
10" 

-5 Fit to Elastic 
Elastic 
Fit to Spin Exchange 

1 o"7 t Spin Exchange 
-j Q r'. t i I J 

0 1 2 3 
' * *" 

0 
Scattering Angle in Center of Mass System (rad) 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.2 D + + D 

Important Note 

The calculations of both the differential and integral (elastic, momentum transfer, and 
viscosity) cross sections for the symmetric systems H + + H, D + + D, and T + + T have 
been performed assuming indistinguishability of the constituent nuclei. As a consequence, the 
elastic cross sections reported here are the coherent sum of the interfering processes of elastic 
scattering and spin exchange. Thus, this procedure results in a double counting if in a particular 
application of the data the spin exchange (resonant charge transfer) cross section needs to be 
treated separately. In that case the cross sections should be re-computed by subtracting the 
spin exchange differential cross section from the "total" elastic differential cross section and 
integrating this "pure" elastic differential cross section with the appropriate transport weighting 
functions to obtain the required moments. For example, the momentum transfer cross section 
tabulated here otherwise accounts for both spin exchange and elastic processes in the high 
energy limit. The error introduced by such a "decoupling" of the elastic and spin exchange 
cross sections does not exceed 10% in the energy range considered. (See the Introduction in 
Part A for more explanation.) 
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1.2 

D+ + D —> D+ + D 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

9.773961E+02 
9.096440E+02 
7.024936E+02 
6.461367E+02 
5.621003E+02 
4.986651E+02 
4.488888E+02 
3.923312E+02 
3.492420E+02 
3.011882E+02 

Analytic fitting function 

Cross Section 
Momentum Transfer 

(a.u.) 
4.120358E+02 
4.008971E+02 
3.630347E+02 
3.487627E+02 
3.241112E+02 
2.897988E+02 
2.654433E+02 
2.419854E+02 
2.121037E+02 
1.907672E+02 

Viscosity 
(a.u.) 

1.813288E+02 
1.358733E+02 
1.079634E+02 
9.545577E+01 
6.752089E+01 
2.707555E+01 
1.410217E+01 
7.248538E+00 
2.436365E+00 
8.959529E-01 

Spin Exchange 
(a.u.) 

2.213106E+02 
2.056762E+02 
1.802378E+02 
1.752253E+02 
1.617602E+02 
1.448380E+02 
1.326478E+02 
1.209559E+02 
1.060618E+02 
9.538493E+01 

Vel,mt,m,se(E) = fc>(/n(£))A / ( 1. + ] T b , ( / n ( £ ) ) M a . U , 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a\ = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a3: .637254E+03 -.125310E+03 .167078E+02 -.990209E+00 

Momentum Transfer 
ao-a3: .347935E+03 .419075E+03 .117426E+03 

a4: -.105819E+01 
b r b 3 : .131735E+01 .482389E+00 .401043E-01 

-.324821E+01 

Viscosity 
ao-a3: .931543E+02 -.391466E+02 .860210E+01 
a4-a5: -.595316E+01 .598129E+00 
b r b 4 : -.139543E+00 .164132E+00 .334686E+00 

.142442E+02 

.372665E-01 

Spin Exchange 
ao-a3: .173916E+03 -.176678E+02 .507140E+00 
a4-a5: .237852E+00 -.234413E-01 

-.679823E+00 
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D+ + D -> D+ + D 
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1.2 

D+ + D —• D+ + D 

Elastic and Spin Exchange Differential Cross Sections 

Analytic fitting function 

27rsin{6)^j^{0) =[A + B{1 - cos(O)) + Csin\9)\ 

exp 

dn 
I>(Zn(*))' / l. + 5X/n(0))' 

\i=0 / \ j = l 
a.u., 

where A. B, C', a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 srad -1 

= 2.80028E-17 cm2 srad - 1). Note that for the spin exchange (se) differential cross section, B 
and C are zero. 

Fitting parameters 

E = .1000 eV 
Elastic 

a-o~a-5-
bi -b 3 : 

A,B,C: 
Spin Exchange 

ao-a4: 
b! -b 4 : 

A: 

E = .1259 eV 
Elastic 
a0- a.$: 

bi -b 4 : 
A,B,C: 

Spin Exchange 

3-0" &5 • 

b!-b 4 : 
A: 

E = .1585 eV 
Elastic 
ao-a5: 
b i -b 3 : 

A,B,C: 
Spin Exchange 

ao-as'-
bj-b 4 : 

A: 

.467625E+01 
-.320249E+00 
.102214E+01 

.370895E+01 
-.264780E+00 
.112631E+01. 

.441911E+01 
-.423590E+00 
.103422E+01 

.368426E+01 
-.539876E+00 
.117438E+01 

.465265E+01 
-.388821E+00 
.105376E+01 

.354822E+01 
-.368145E+00 
.115288E+01 

-.154536E+01 
-.180574E+00 
.550177E-01 

-.351569E+00 
-.240352E+00 

-.167191E+01 
-.223744E+00 
.202813E+00 

-.177531E+01 
-:288025E+00 

-.183310E+01 
-.214909E+00 
.190445E+00 

-.813437E+00 
-.240886E+00 

-.562238E+00 
-.449252E-01 
-.114432E+00 

-.929971E+00 
-.484357E-01 

-.794796E+00 
-.559973E-01 
-.312452E+00 

-.132486E+01 
.879424E-03 

-.791552E+00 
-.474349E-01 
-.460127E+00 

-.884318E+00 
-.398285E-01 

-.341237E+00 

-.328939E+00 
-.872631E-03 

-.485301E+00 
.234539E-02 

.377422E-01 

.139590E-01 

-.353663E+00 

-.240323E+00 
-.800510E-04 

-.441537E-02 

-.278597E-01 

.222773E-01 

.137280E+00 

-.208239E-02 

-. 119994 E-01 

.118090E-02 

.358255E-02 

.148016E-01 

.131805E-02 

.797220E-03 
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E = .1995 eV 
Elastic 
ao-a^: 
bi-b3: 

A, B, C: 
Spin Exchange 

ao-a-j: 
bi-b4: 

A: 

E = .2512 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-as: 
bi-b4: 

•A: 

.443008E+01 
-.264761E-01 
.103866E+01 

.345519E+01 
-.401677E+00 
.121483E+01 

.417954E+01 
-.391009E+00 
.101381E+01 

.351407E+01 
-.493496E+00 
.106344E+01 

.168453E+00 
-.166518E-01 
.460375E-01 

•.909199E+00 
•.263802E+00 

.154441E+01 

.186822E+00 

.306258E-01 

.266725E+01 

.203150E+00 

.418292E+00 
-.226822E-01 
-A20366E+00 

-968169E+00 
-.431264E-01 

.393896E+00 
-.454280E-01 
-.616720E-01 

.243135E+00 -.181665E-01 

.259378E+00 
-.969458E-03 

.196713E-01 

-.330737E+00 .130829E-01 
.118582E-02 

.233075E-02 

.776751E+00 .439025E+00 .207473E+00 .187202E-01 

.487794E-01 .179713E-01 

E = .3162 eV 
Elastic 
ao-a2: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-ai': 
bi-b6: 

A: 

E = .3981 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Spin Exchange 

ao-ai: 
bi-b6: 

A: 

A22216E+01 
-.197936E+00 
.108099E+01 

.311341E+01 
-.658378E-01 
.102238E+01 

.415871E+01 
-.406091E+00 
.102941 E+Ol 

.298692E+01 
-.853280E-01 
.103413E+01 

.112520E+01 -.102415E+00 

.164758E+00 -.364947E-01 
-.545515E-01 -.122528E-01 

.397117E+00 
-.158233E+00 

-.311893E-02 -.926824E-04 

.464875E-01 -.615046E-02 -.396331E-03 -.100617E-04 

-.194241E+01 -.322310E+00 -.392548E-01 .500334E-01 
-.183028E+00 -.274015E-01 .226068E-02 
.153887E-01 .118856E-02 

.350550E-02 

.365361E+00 
-.171858E+00 -.474990E-01 -.585560E-02 -.351331E-03 -.837274E-05 

E = .5012 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

bi-b4: 
A: 

E = .6310 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-as: 
bi-b4: 

A: 

.420243E+01 
-.415115E+00 
.105164E+01 

.321243E+01 
-.382014E+00 
.121736E+01 

.421912E+01 
-.450216E+00 
.106584E+01 

.325277E+01 
-.572866E+00 
.108540E+01 

.233560E+01 -.255364E+00 .249909E+00 .117928E+00 .675454E-02 

.170110E+00 -.775696E-02 .553177E-02 

.281067E-01 -.113961E+00 

.708100E+00 -.854332E+00 -.232093E+00 -.175159E-01 

.257008E+00 -.414328E-01 -.985435E-03 

•.250655E+01 -.454199E+00 .311858E+00 .163908E+00 .943945E-02 
.183049E+00 -.203906E-02 .829227E-02 
.102316E+00 -.280770E+00 

•.189788E+01 -.658948E+00 .446729E+00 .180729E+00 .155803E-01 
•.190543E+00 .496967E-01 .148566E-01 
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E = .7943 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-as: 
bi-b4: 

A: 

E = 1.0000 eV 
Elastic 
ao-a5: 
bi-b4: 

A,B,C: 
Spin Exchange 

a0-a5: 
a6: 

bi-b5: 
A: 

.409783E+01 
-.426081E+00 
.106191E+01 

.295207E+01 
-.535692E+00 
.104693E+01 

.406031E+01 
-410627E+00 
.103802E+01 

.297629E+01 
-.730368E-01 
.149891E+01 
.103481E+01 

.255725E+01 

.166574E+00 
.706309E-01 

.175393E+01 

.159085E+00 

-.213183E+01 
-.187478E+00 
.644073E-01 

.455746E+01 

.349564E+00 

.222393E+00 .467604E+00 .174154E+00 .946207E-02 

.613814E-02 .822024E-02 

.194343E+00 

.261419E+00 .516827E+00 .173497E+00 .136464E-01 

.438565E-01 .128267E-01 

.377940E+00 .204807E+00 .109000E+00 .623565E-02 
-.119303E-01 .491171E-02 
•.157754E+00 

.166843E+01 -.148422E+01 -.191885E+01 -.656324E+00 

-.107141E+01 -.545901E+00 -.729439E-01 

E = 1.2590 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Spin Exchange 

ao-a^: 
bi-b4: 

A: 

E = 1.5850 eV 
Elastic 
ao-as: 
bj -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

.394037E+01 
-.415486E+00 
.101403E+01 

.173293E+01 
-.240274E+00 
.882905E+00 

.383428E+01 
-.477396E+00 
.950966E+00 

.138299E+01 
-.335400E+00 
.951405E+00 

-.197990E+01 
-.202787E+00 
.765877E-01 

.178299E+01 
-.542173E-01 

•.232640E+01 
•.202778E+00 
.875360E-01 

.159089E+01 
-.641218E-01 

.393652E+00 .571923E-01 .580143E-01 .351054E-02 
-.240329E-01 .203919E-02 
-.819521E-01 

.730684E-01 
-.406750E-02 .110668E-03 

.353748E+00 .133434E+00 .864948E-01 .503066E-02 
-.184402E-01 .366969E-02 
-546438E-01 

-.528871E-02 
-.527104E-02 -.156437E-03 

E = 1.9950 eV 
Elastic 
ao-as: 
t>i-b4: 

A, B, C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

E = 2.5120 eV 
Elastic 
ao-a5: 
b2-b4: 

A,B,C: 
Spin Exchange 

ao-ao: 
bi-b3: 

A: 

.366041E+01 
-.522065E+00 
.923605E+00 

.116326E+01 
-.612252E+00 
.108286E+01 

.342347E+01 
-.534692E+00 
.928147E+00 

.972234E+00 
-579903E+00 
.101079E+01 

-.275670E+01 
-.184909E+00 
.415083E-01 

.112642E+01 
-.840780E-02 

-.303967E+01 
-.164152E+00 
.205180E-01 

.122822E+01 
-.280724E-01 

-.150114E+00 .390550E+00 .150468E+00 .811458E-02 
-.125630E-02 .688250E-02 
.267389E+00 

-.511318E+00 
-.200295E-02 -.147273E-03 

.141166E+00 .651087E+00 .197748E+00 .101062E-01 
.141772E-01 .888277E-02 
.362547E+00 

.356882E+00 
-.110977E-02 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
bi-b3: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3: 

A: 

E = 3.9810 eV 
Elastic 
&Q-SL5'-

bi-b4: 
A,B,C: 

Spin Exchange 
ao-a2: 
bi-b4: 

A: 

E = 5.0120 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-as: 
bi-b4: 

A: 

E = 6.3100 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bx-b4: 

A: 

E = 7.9430 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b2: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

.316889E+01 
.275336E-03 

-.379550E+00 
.942809E+00 

.891619E+00 
-.612784E+00 
.630038E+00 

.282169E+01 
-.491003E+00 
.952082E+00 

.557373E+00 
-.340863E+00 
.981279E+00 

.254215E+01 
-.471105E+00 
.986760E+00 

.558215E+00 

.583556E+00 

.884170E+00 

.228698E+01 
-.460872E+00 
.104659E+01 

.467819E+00 
-.558438E+00 
.101389E+01 

.228921E+01 
-.465475E+00 
.996528E+00 

.281764E-02 
-.740087E+00 
.131012E+01 

.203523E+01 
-.443507E+00 
.107318E+01 

-.436119E+00 
-.471215E+00 
.135804E+01 

-.243300E+01 

-'.277631E+00 
-.648701E-01 

.150894E+01 
-.524947E-02 

-.323451E+01 
-.987852E-01 
.478702E-01 

.192722E+01 
-.103266E+00 

-.306532E+01 
-.101752E+00 
.626973E-01 

.181315E+01 
-.118321E+01 

-.292619E+01 
-.107064E+00 
.808577E-01 

.112073E+01 
-.129359E+00 

-.293727E+01 
-.109195E+00 
.970789E-01 

.155187E+01 
-.600856E-02 

-.269731-E+01 
-.121372E+00 
.134148E+00 

.183175E+01 
-.127622E+00 

-.201571E+00 

-.376502E-01 
.494648E+00 

-.441995E+00 
.465892E-03 

.943567E+00 
.465729E-01 
.175790E+00 

.100477E+00 
-.109099E-01 

.112693E+01 
.393008E-01 

-.216795E-01 

.895246E+00 
-.450895E+00 

.125718E+01 
.319022E-01 

-.265551E+00 

-.489230E+00 
-.250963E-01 

.124523E+01 
.305704E-01 

-.591616E+00 

-.602923E+00 

.130512E+01 
.211236E-01 

-.800000E+00 

.104328E+00 
-.116121E-01 

.498195E+00 

.120195E+01 
.124707E-01 

-.407615E-03 

.115747E+01 
.988869E-02 

-.135841E+01 
.429270E+00 

v 

.109771E+01 
.759918E-02 

-.129491E-02 

.108302E+01 
.737070E-02 

.996913E+00 
.518345E-02 

-.373928E-03 

.143732E+00 

.287439E+00 

.247237E+00 

-.758284E+00 

.209849E+00 

.206125E+00 

.169495E+00 

.113705E-01 

.136415E-01 

.112969E-01 

.429247E+0C 

.920064E-02 

.896996E-02 

.703948E-02 
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E = 12.5900 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

A: 

E = 15.8500 eV 
Elastic 
ao-as: 
b r b 4 : 

A,B,C: 
Spin Exchange 

ao-ao: 
bi-b6: 
b7-bg: 

A: 

.203825E+01 -.269264E+01 .129558E+01 .984729E+00 .166761E+00 
-444716E+00 -.122556E+00 .202010E-01 .503944E-02 
.985459E+00 .169907E+00 -.109834E+01 

.689291E-02 

-.574303E+00 .142550E+01 .262627E+00 
-309957E+00 -.271542E+00 -.619246E-01 
.102812E+01 

-.698839E-02 -.372146E-03 -.730809E-05 

Warning: Fitted elastic differential cross section does not accurately yield o~vi 

.204447E+01 -.268261E+01 .126759E+01 .961271E+00 .161377E+00 .661141E-02 
-.446287E+00 -.126933E+00 .181179E-01 .473316E-02 
.942656E+00 .178649E+00 -.100000E+01 

-.683210E+00 .191221E+01 .424795E+00 
.217575E+00 -.209987E+00 -.276587E+00 -.129063E+00 -.304013E-01 -.405727E-02 
-.311921E-03 -.129069E-04 -.223016E-06 
.117802E+01 

E = 19.9500 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a4: 
bi-b6: 

A: 

E = 25.1200 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a4: 
bi-b5: 

A: 

Warning: Fitted elastic differentia! cross section does not accurately yield crv{ 

.204513E+01 -.268325E+01 .126992E+01 
-.447414E+00 -.126187E+00 .179698E-01 
.861309E+00 .208200E+00 -.100000E+01 

.957310E+00 .160519E+00 
.469870E-02 

-.109114E+01 
.103367E+01 
.124220E+01 

.587868E+00 .254683E+01 .111243E+01 -.809625E+00 
-.455694E+00 -.777382E+00 .521296E-02 .354899E-03 

Warning: Fitted elastic differential cross section does not accurately yield avi 

155529E+00 .205085E+01 -.267280E+01 .124566E+01 
-.448688E+00 -.129883E+00 .161366E-01 
.820624E+00 .213632E+00 -.100000E+01 

-.144405E+01 .123458E+01 .921973E-01 
.368104E+00 .117371E+00 -.780350E+00 
.128220E+01 

.935796E+00 
.442277E-02 

.287893E+01 -.814198E+00 
.246119E-02 .675589E-04 

.655543E-02 

.898222E-05 

.629641E-02 

E = 31.6200 eV 
Elastic 
ao-as: 
bi-b4 : 

A,B,C: 
Spin Exchange 

ao-a^: 
bi-b4: 

A: 

E = 39.8100 eV 
Elastic 
ao-as-. 
b]-b6: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b3: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield o\i 

.204942E+01 -.268024E+01 .125797E+01 .937258E+00 .155826E+00 
-.450513E+00 -.127576E+00 .165056E-01 .445455E-02 
.756992E+00 .231059E+00 -.900000E+00 

.628381E-02 

-.224695E+01 .260816E+01 .414866E+00 -.200755E-01 
-.500666E+00 -.181194E+00 -.163103E-01 -.367304E-03 
.112343E+01 

.397848E-02 

.247437E+00 -.175729E+01 .115825E+01 .761900E+00 .115393E+00 .441212E-02 
•.319955E+00 -.290263E+00 -.679068E-01 -.985600E-02 -.897343E-03 -.225008E-04 
.904611E+00 .495906E-01 .263866E+00 

-.315069E+01 .408915E+01 -.103727E+00 
-.636083E+00 -.509533E-01 -.178664E-02 
.147048E+01 
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E = 50.1200 eV 
Elastic 
ao-as: 
bi-b6: 

A, B, C: 
Spin Exchange 

ag-a2: 

bi-b5: 
A: 

E- 63.1000 eV 
Elastic 
ao-as: 
bi-b6: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

.248984E+00 
-.327135E+00 
.850868E+00 

-.306105E+01 
-.616720E+00 
.876634E+00 

.250968E+00 
-.349475E+00 
.775014E+00 

-.411091E+01 
-.633308E+00 
.743076E+00 

-.176247E+01 
-.287696E+00 
.643532E-01 

.315806E+01 
-.129115E+00 

-.179219E+01 
-.279897E+00 
.100100E+00 

.517558E+01 
-.809774E-01 

.116661E+01 .756407E+00 .113242E+00 .426666E-02 
-.657595E-01 -.933116E-02 -.836493E-03 -.202568E-04 
.320403E+00 

.340093E+00 
-.270568E-02 .664440E-03 .355866E-04 

.119826E+01 .756130E+00 .110011E+00 .396040E-02 
-.573517E-01 -.719284E-02 -.591235E-03 -.961807E-05 
•.756506E+00 

•.469997E+00 
-.131608E-01 -.597900E-03 

E = 79.4300 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2.' 
b1-b4: 

A: 

E = 100.0000 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b4: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield <jvi 

.259839E+00 -.180394E+01 .120472E+01 .742606E+00 .104606E+00 .357125E-02 
-.367530E+00 -.276366E+00 -.514901E-01 -.552782E-02 -.379661E-03 
.708988E+00 .105348E+00 -.750000E+00 

-.434102E+01 .397219E+01 .501763E+00 
-.616269E+00 -.138469E+00 -.755848E-02 -.135204E-03 
.922278E+00 

Warning: Fitted elastic differential cross section does not accurately yield avi 

.272160E+00 -.178173E+01 .117749E+01 .715882E+00 .990868E-01 .330418E-02 
-.368500E+00 -.279184E+00 -.532186E-01 -.579052E-02 -.382924E-03 
.702837E+00 .698164E-01 -.750000E+00 

-.536273E+01 .515131E+01 .771888E+00 
-.491597E+00 -.147314E+00 -.118633E-01 -.433425E-03 
.180480E+01 
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D+ + D -» D+ + D D+ + D -> D+ + D 
ECM = 0.1eV ECM = 0.1995 eV 

D 

"a 
<x> ioH • 

K 103 

CM 

102 

101 

10"5 10"4 10"3 10"2 10"1 10° 1 0"5 10"4 10"3 10"2 10"1 10° 

10u 

10 
-1 

10"' 

Fit to Elastic 
Elastic 
Fit to Spin Exchange 
Spin Exchange 

1 ' • 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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D+ + D -> D+ + D D+ + D -> D+ + D 
ECM = 0.5012 eV ECM = 1 eV 

a 

c 
w 1cr 

10" 1.0"* 10"° 10" 10" 10". 10~5 10"4 10*3 10"2 10"1 10° 

10< 
4 i i i i i i i i I i I i i i i i I I I i i i I i i i i i I 

CM 

101 

10' 
.-1 

1 0 ' • 

10 

10"; 

-2 

10" 

10 -5 

I I I I I I I I I II I I I I I I I I I I I I I I I I I I I II 

— Fit to Elastic 
— Elastic 
— Fit to Spin Exchange 

Spin Exchange 
* * * i . . • i .i 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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D+ + D -> D+ + D D+ + D -» D+ + D 
ECM = 1.995 eV ECM = 5.012 eV 

a 
• D 

<x> 

"co 

CM 

1 

10 10 10 10 10 10 10 10 10 10 10 10 
.1 I I U I I I I I I I I I I I I I I I I I I I I I I I I I i 

10 

10 

10 

-4 • 

-6 

Fit to Elastic 
Elastic 
Fit to Spin Exchange 
Spin Exchange 

' • ' * •* 

0 1 
Scattering Angle in Center of Mass System (rad) 
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D+ + D -> D+ + D D+ + D -» D+ + D 
ECM=10eV 

a 
10 

•6 ' 

i 11 I I ^ i niuq i 

i i iiiirf i mini " * • * " J - 1 

ECM = 19.95 eV 

• >*V . nft( 

I I 
r 

, 

" 
. 

* 
• 

S *s 

r s \ *f 
• ^ 4$S 

r A </ : ^ 
</ " ^ 4S 

• 

, 

fix. 

* / r • 
/ / ' 

^m*j • 
«^ JT " 

' 

-

* 
" 

1-1 -5 
10 10 10 10 10 10 10 10 10"° 10 10 10 

10 ki 

10" 

10' 

10" 

Fit to Elastic 
—— Elastic 

Fit to Spin Exchange 
Spin Exchange 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 

0 1 
Scattering Angle in Center of Mass System (rad) 
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D+ + D -» D+ + D D+ + D -» D+ + D 
ECM = 50.12 eV EOM = 100eV 

§10-° - 1 * • * " * - 1 • • • • — J • ' 

10"5 10"4 10"3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10"1 10' 

1 0 " 

10"4 

ID'5 

10"6 

10"7 

10"8 

Fit to Elastic 
Elastic 

] Fit to Spin Exchange 
Spin Exchange 

• 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

] 

J Spin Exchange | L J 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.3 T + + T 

Important Note 

The calculations of both the differential and integral (elastic, momentum transfer, and 
viscosity) cross sections for the symmetric systems H + + H, D + + D, and T + + T have 
been performed assuming indistinguishability of the constituent nuclei. As a consequence, the 
elastic cross sections reported here are the coherent sum of the interfering processes of elastic 
scattering and spin exchange. Thus, this procedure results in a double counting if in a particular 
application of the data the spin exchange (resonant charge transfer) cross section needs to be 
treated separately. In that case the cross sections should be re-computed by subtracting the 
spin exchange differential cross section from the "total" elastic differential cross section and 
integrating this "pure" elastic differential cross section with the appropriate transport weighting 
functions to obtain the required moments. For example, the momentum transfer cross section 
tabulated here otherwise accounts for both spin exchange and elastic processes in the high 
energy limit. The error introduced by such a "decoupling" of the elastic and spin exchange 
cross sections does not exceed 10% in the energy range considered. (See the Introduction in 
Part A for more explanation.) 
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1.3 

T+ + T —* T+ + T 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

1.206502E+03 
1.000510E+03 
7.660858E+02 
6.888895E+02 
6.121788E+02 
5.301195E+02 
4.679788E+02 
4.191502E+02 
3.624254E+02 
3.229479E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
4.884551E+02 
4.361571E+02 
4.008703E+02 
3.636190E+02 
3.391418E+02 
3.042466E+02 
2.794398E+02 
2.555426E+02 
2.250120E+02 
2.031611E+02 

Viscosity 
(a.u.) 

1.725270E+02 
1.470376E+02 
1.083353E+02 
9.542764E+01 
6.753170E+01 
2.707768E+01 
1.410419E+01 
7.248980E+00 
2.436490E+00 
8.960513E-01 

Spin Exchange 
(a.u.) 

2.464647E+02 
2.319065E+02 
1.971822E+02 
1.832912E+02 
1.694584E+02 
1.521706E+02 
1.397193E+02 
1.277448E+02 
1.125114E+02 
1.015914E+02 

Analytic fitting function 

<td,mt,viAE) = (ll^(HE)y) I (1. + Y,bj(WE))j) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a^ = 2.80028E-17 cm2) 

ao-ai: 
bi: 

.669091E+03 

.186597E+00 

Fitting parameters 

Elastic 
.491218E+01 

Momentum Transfer 
SiO-3-3-

ao-a3: 
a4-a5: 

b!-b4: 
b5: 

.367970E+03 

.935966E+02 
-.140552E-f02 
-.230140E+00 
.675770E-01 

-.428059E+02 

Viscosity 
-.237493E+02 
.142902E+01 
.117284E+01 

.199217E+01 

.102039E+03 

.112673E+01 

-.990823E-01 

.172921E+02 

.367371E+00 

Spin Exchange 
ao-a3: .186364E+03 -.192177E+02 .173932E+01 -.403771E+00 
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1.3 

T+ + T —• T+ + T 

Elastic and Spin Exchange Differential Cross Sections 

Analytic fitting function 

27rsin(6)^^(6) 
d£l 

[A + B{1 - cos(6)) + Csin2(9J\ 

exp 5>(/n(W / i. + 5>W))'' 
W=0 I \ j = l 

a.u. 

where A. B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 srad-1 

= 2.80028E-17 cm2 srad -1). Note that for the spin exchange (se) differential cross section, B 
and C axe zero. 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: 
bi -b 4 : 

A,B,C: 
Spin Exchange 

a0-a2: 
bi -b 4 : 

A: 

E = .1259 eV 
Elastic 
a 0 - a4 : 

bi -b 4 : 
A,B,C: 

Spin Exchange 
a0-a2: 
bi -b 4 : 

A: 

E = .1585 eV 
Elastic 
a0-a5: 
bi-b 4 : 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b 5 : 

A: 

.462948E+01 
-.481970E+00 
.990407E+00 

.356007E+01 
-.219342E+00 
.103786E+01 

.456926E+01 
-.424830E+00 
.976003E+00 

.326768E+01 
-.245548E+00 
.104919E+01 

.446913E+01 
-.466020E+00 
.996258E+00 

.319416E+01 
-.153562E+00 
.989274E+00 

-.233071E+01 
-.221437E+00 
.183856E+00 

-.252856E+00 
-.119261E+00 

-.230507E+01 
-.281934E+00 
.591963E-01 

-.142574E+00 
-.129983E+00 

-.196002E+01 
-.228906E+00 
.168930E+00 

.145534E+00 
-.152392E+00 

-.776828E+00 
-.434141E-01 
-.230920E+00 

-.822874E-01 
-.166814E-01 

-.925647E+00 
-.519228E-01 
.961524E-01 

-.761140E-01 
-.188805E-01 

-.885144E+00 
-.454024E-01 
-.247999E+00 

-.325154E-01 
-.401649E-01 

-.309182E+00 
.283522E-02 

-.670880E-03 

-.186433E+00 
-.260788E-02 

-.798032E-03 

-.361167E+00 
.255913E-02 

-.420063E-02 

.442713E-01 .405264E-02 

-.105390E-01 

.368708E-01 .372053E-02 

-.151548E-03 

108 



E = .1995 eV 
Elastic 
ao-a*!: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 4 : 

A: 

E = .2512 eV 
Elastic 
ao-a4i 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 4 : 

A: 

E = .3162 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Spin Exchange 

ao-a2: 
b i -b 4 : 

A: 

E = .3981 eV 
Elastic 
ao-as: 
b r b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 4 : 

A: 

E = .5012 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 5 : 

A: 

E = .6310 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Spin Exchange 

ao-a2: 
b i -b 5 : 

A: 

.463658E+01 
-.458040E+00 
.106888E+01 

.330480E+01 
-.159061E+00 
.965888E+00 

.429139E+01 
-.389014E+00 
.102340E+01 

.333564E+01 
-.178218E+00 
.932476E+00 

.442798E+01 
-.497798E+00 
.102354E+01 

.296695E+01 
-.378734E+00 
.946704E+00 

.430364E+01 
-.462192E+00 
.103030E+01 

.304216E+01 
-.186302E+00 
.108022E+01 

.405340E+01 
-.325645E+00 
.102739E+01 

.281909E+01 
-.194558E+00 
.788354E+00 

.405584E+01 
-.319954E+00 
.976345E+00 

.294395E+01 
-.245676E+00 
.964576E+00 

-.200038E+01 
-.256615E+00 
.669346E+00 

.255277E+00 
-.130037E+00 

-.170137E+01 
-.198442E+00 

.436729E-01 

.141882E+00 
-.118202E+00 

-.251523E+01 
-.213160E+00 
.227563E+00 

-.658025E+00 
-.162806E+00 

-.221691E+01 
-.209358E+00 
.186900E+00 

.204386E+00 
-.136863E+00 

-.184570E+01 
-.130140E+00 

.217220E-01 

.106931E+00 
-.191465E+00 

-.177474E+01 
-.132987E+00 

.638574E-01 

-.165417E+00 
-.168277E+00 

-.108407E+01 
-.565233E-01 

-.118987E+01 

-.252601E-01 
-.205258E-01 

-.450509E+00 
-.429379E-01 
-.100820E+00 

-.375191E-01 
-.167614E-01 

-.740071E+00 
-.222143E-01 
-.384718E+00 

-.118640E+00 
-.212034E-01 

-.635540E+00 
-.283295E-01 
-.351541E+00 

-.346257E-01 
-.216920E-01 

.627010E-01 

.886657E-03 
-.405875E-01 

-.298745E-01 
-.483999E-01 

.482731E-01 
-.284326E-02 
-.162976E+00 

-.608682E-01 
-.318570E-01 

-.477772E+00 
-.149127E-02 

-.915710E-03 

-.268735E+00 
-.135095E-02 

-.686724E-03 

-.165215E-02 
.473381E-02 

-.817296E-03 

-.746620E-01 
.266926E-02 

-976434E-03 

.365005E+00 
.532631E-02 

-.486598E-02 

.313172E+00 
.440207E-02 

-.238899E-02 

-.275459E-01 

-.165516E-01 

.929685E-01 .586251E-02 

.574011E-01 .388832E-02 

.122562E+00 .640646E-02 

-.170034 E-03 

.105522E+00 .551761E-0 

-.637332E-04 
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E = .7943 eV 
Elastic 
ao-as: 
b>i-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b5: 

A: 

E = 1.0000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

A: 

.413216E+01 
-.493455E+00 
•990933E+00 

.286252E+01 
-.337797E+00 
.856443E+00 

.409498E+01 
-.509772E+00 
.954649E+00 

.319604E+01 
.197841E-01 
.781921E+00 

•.263705E+01 
-.189288E+00 
.149715E+00 

.584542E+00 
•.176966E+00 

-.250334E+01 
-.209251E+00 
.128346E+00 

.686320E+00 
-.127383E+00 

.404960E+00 .222918E+00 .119790E+00 .665360E-02 
-.935465E-02 .551038E-02 
.244001E+00 

.108579E+00 
-.403219E-01 -.412686E-02 -.153194E-03 

.538217E+00 
-.205590E-01 
-.913118E-01 

.603675E-01 

.350721E-02 
.797862E-01 .471691E-02 

.100226E+01 

.242848E+00 -.542359E-01 -.459965E-02 .136824E-03 

E = 1.2590 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

A: 

E = 1.5850 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-aj: 
bi-b6'-

A: 

.393731E+01 
-.483751E+00 
.940174E+00 

.204136E+01 
-.718482E+00 
.100971E+01 

.383487E+01 
-.465824E+00 
.957512E+00 

.197022E+01 
-.958982E+00 
.748248E+00 

-.227402E+01 
-.209256E+00 
.889336E-01 

.776242E+00 
.816158E-01 

-.227429E+01 
-.202836E+00 
.104449E+00 

.363434E+00 

.103509E+00 

.440743E+00 
-.247461E-01 
.717946E-01 

.107290E+01 
-.851520E-02 

.252991E-01 

.195206E-02 
.546159E-01 .328276E-02 

.384541E-02 -.366743E-03 -.112645E-04 

.316439E+00 .120668E+00 .621783E-01 .340357E-02 
-.203863E-01 .197671E-02 
-.133241E-01 

.160857E+01 
•.746143E-03 .867246E-03 .291732E-03 .155117E-04 

E = 1.9950 eV 
Elastic 
ao-a5: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b6: 

A: 

E - 2.5120 eV 
Elastic 
ao-a5: 
bj-b 4 : 

A,B,C: 
Spin Exchange 

ao-ao: 
b,-b5: 

A: 

.364127E+01 
•.486294E+00 
.962937E+00 

.146078E+01 
-.711859E-01 
.725317E+00 

.342263E+01 
-.525316E+00 
.961452E+00 

.246400E+01 
-.205068E+00 
.189952E+00 

•.257861E+01 -.798635E-01 .357361E+00 .110045E+00 .549944E-02 
•.185475E+00 -.621951E-02 .411092E-02 
.704650E-01 .105482E+00 

.175824E+01 .238870E+00 
•.186752E+00 -.619424E-01 -.976423E-02 -.718041E-03 -.199351E-04 

.297674E+01 .171830E+00 .606951E+00 .163940E+00 .790020E-02 

.166178E+00 .934547E-02 .662529E-02 
.224926E-01 .265877E+00 

.148178E+01 .120719E+00 
.141354E+00 -.259653E-01 -.213240E-02 -.647549E-04 
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E = 3.1620 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Spin Exchange 

ao-a2'. 
bi-b4: 

A: 

E = 3.9810 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Spin Exchange 

ao-a2." 
bi-b4: 

A: 

.350499E+01 
-.890549E+00 
. 902571E+00 

.808641E+00 
-.477821E+00 
.111793E+01 

.309738E+01 
-.480422E+00 
.952514E+00 

.757098E+00 
-.492314E+00 
.982833E+00 

•.497177E+01 .174194E+01 .135174E+01 .287005E+00 .116639E-01 
.119659E+00 .133162E+00 .204039E-01 
•.135482E+00 .123326E-01 

.175279E+01 -.251372E+00 
-.330484E-01 -.233149E-02 -.638158E-04 

.318574E+01 .870246E+00 .100245E+01 

.123839E+00 .296094E-01 .696687E-02 
-.652566E-01 -.141221E+00 

.136505E+01 -309308E+00 
-.974989E-01 -.145597E-01 .650363E-03 

.192066E+00 .829642E-02 

E = 5.0120 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b5: 

A: 

E - 6.3100 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 
Spin Exchange 

ao-a2: 
bi-b5: 

A: 

.259656E+01 
-.352532E+00 
.104700E+01 

.480812E+00 
-.345192E+00 
.108101E+01 

.260644E+01 
-.361138E+00 
.100403E+01 

.350438E+00 
•.437331E+00 
.128860E+01 

•.238544E+01 .424171E+00 .704265E+00 .134788E+00 .558629E-02 
•.237773E+00 -.283127E-01 -.131126E-02 -.272715E-03 
.352654E-01 .122828E-01 

.128648E+01 -.862713E-01 
•.198310E+00 -.483916E-01 -.465871E-02 -.155496E-03 

.239359E+01 .412137E+00 .678086E+00 .127973E+00 .525470E-02 

.237770E+00 -.284946E-01 -.136619E-02 -.256761E-03 

.591764E-01 -.348490E+00 

.118334E+01 -.775855E-01 
•.163163E+00 -.295975E-01 .235604E-02 -.687137E-04 

E = 7.9430 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2-' 
bi-b4: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b5: 

A: 

.261461E+01 
-.366371E+00 
.948636E+00 

-.273515E-01 
•.495199E+00 
.137435E+01 

.184177E+01 
•.310746E+00 
.896730E+00 

•.337645E+00 
•.352366E+00 
.116525E+01 

-.239329E+01 
-.238973E+00 
.842195E-01 

.144603E+01 
-.127268E+00 

-.205617E+01 
-.253932E+00 
.164075E+00 

.186250E+01 
-.189059E+00 

.396084E+00 
-.292350E-01 
-.598698E+00 

.554167E-02 
-.124602E-01 

.654860E+00 .122264E+00 .497844E-02 
-.149364E-02 -.248074E-03 

.421045E-03 

.719881E+00 .728189E+00 .122738E+00 .470711E-02 
-.417017E-01 -.390106E-02 -.362667E-03 
•.100128E+00 

.161762E+00 
-.331981E-01 -.259631E-02 -.740638E-04 
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E = 12.5900 eV 
Elastic 
ao-as: 
bi-bB: 

A,B,C: 
Spin Exchange 

ao-a2: 
b!-b4: 

A: 

E = 15.8500 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 
Spin Exchange 

ao-a2: 
bi-b2: 

A: 

.184312E+01 
-.313929E+00 
.855003E+00 

•.743289E+00 
•.430620E+00 
.122103E+01 

.184424E+01 
•.316663E+00 
.813575E+00 

•.927566E+00 
•.778576E+00 
.152566E+01 

-.206025E+01 
-.252696E+00 
.179431E+00 

.220577E+01 
-.133593E+00 

-.206392E+01 
-.251641E+00 
.192040E+00 

.215649E+01 
-.560354E-02 

.723997E+00 .722456E+00 .120954E+00 .459444E-02 
-.413312E-01 -..384946E-02 -.355184E-03 
-.446502E+00 

.228865E+00 
-.118946E-01 .384787E-03 

.727583E+00 .717714E+00 .119446E+00 .449841E-02 
-.410008E-01 -.380452E-02 -.348849E-03 
-.716945E+00 

-.612899E+00 

E = 19.9500 eV 
Elastic 
ao-as: 
bi-b8: 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b2: 

A: 

E = 25.1200 eV 
Elastic 
ao-as: 
bi-b6: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b2: 

A: 

.184468E+01 
-.309466E+00 
.753086E+00 

-.167949E+01 
-.760925E+00 
.129031E+01 

.887881E+00 
-.233843E+00 
.101898E+01 

-.172081E+01 
-.609557E+00 
.912753E+00 

-.204016E+01 
-.256099E+00 
.209794E+00 

.263845E+01 
-.217813E-01 

-.163058E+01 
-.315747E+00 
.379776E-01 

.372025E+01 
-.134141E-01 

.706012E+00 
-.434291E-01 
-.901818E+00 

-.432423E+00 

.712001E+00 .119128E+00 .445546E-02 
-.415443E-02 -.368595E-03 

.773226E+00 .645857E+00 .107979E+00 .449996E-02 
-.940158E-01 -.157612E-01 -.150368E-02 -.481218E-04 
-.433524E-01 

-.441642E+00 

E = 31.6200 eV 
Elastic 
a0-a5: 
bi-b6: 

A,B,C: 
Spin Exchange 

ao-a4: 
bi-b4: 

A: 

E = 39.8100 eV 
Elastic 
ao-as: 
bi-b6: 

A,B,C: 
Spin Exchange 

a0-a2: 
bi-b2: 

A: 

.883885E+00 
-.238717E+00 
.936938E+00 

-.228726E+01 
-.425563E+00 
.14.6566E+01 

•883435E+00 
-.247830E+00 
.880359E+00 

-.287560E+01 
-.845151E+00 
.240908E+01 

-.164765E+01 
-.313366E+00 
.744149E-01 

.268983E+01 
-.203361E+00 

-.166420E+01 
-.309924E+00 
.935448E-01 

.408527E+01 
.269159E-01 

.790441E+00 .657144E+00 .109549E+00 .449460E-02 
-.912527E-01 -.150128E-01 -.142073E-02 -.440465E-04 
-.467656E+00 

.590046E+00 
-.210707E-01 

.807050E+00 
-.879309E-01 
-.815035E+00 

-.991269E+00 

-.254530E-01 
-.399169E-03 

-. 797264 E-02 

.658372E+00 .108385E+00 .437447E-02 
-.141854E-01 -.132666E-02 -.401807E-04 
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E = 50.1200 eV 
Elastic 
ao-as: 
bi-bg: 

A,B,C: 
Spin Exchange 

ao-a3: 
bi-b3: 

A: 

E = 63.1000 eV 
Elastic 
ao-a5: 
bi-b6: 

A,B,C: 
Spin Exchange 

ao-a3: 
bi-b3: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield <7„,-

.889605E+00 -.172323E+01 .853474E+00 .656029E+00 .102469E+00 .383956E-02 
-.284247E+00 -.298640E+00 -.749509E-01 -.108685E-01 -.940312E-03 -.231281E-04 
.839130E+00 .108703E+00 -.900000E+00 

-.341079E+01 .377715E+01 .809852E-02 -.329547E-01 
-.679205E+00 -.885225E-01 -.169009E-02 
.880382E+00 

Warning: Fitted elastic differential cross section does not accurately yield crvi 

.732679E+00 -.189256E+01 .105579E+01 .766248E+00 .120953E+00 .509383E-02 
-.332429E+00 -.272124E+00 -.511712E-01 -.585671E-02 -.562746E-03 -.188375E-04 
.765932E+00 .278672E+00 -.100000E+01 

-.320492E+01 .360335E+01 .578404E-02 -.257045E-01 
-.674806E+00 -.923114E-01 -.247726E-02 
.691629E+00 

E = 79.4300 eV 
Elastic 
ao-a5: 
bi-b 5 : 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b2: 

A: 

E- 100.0000 eV 
Elastic 
a0-a5: 
bi-b5: 

A,B,C: 
Spin Exchange 

ao-a2: 
bi-b2: 

A: 

-.641763E+00 
-.445076E+00 
.769066E+00 

-.412585E+01 
•.763898E+00 
.195360E+01 

-.637484E+00 
-.412973E+00 
.874480E+00 

-.451440E+01 
-.851799E+00 
.172079E+01 

-.181530E+01 .176647E+01 .861930E+00 .109111E+00 .362654E-02 
-.236531E+00 -.319924E-01 -.286350E-02 -.221990E-03 
.727071E-01 -.263681E+00 

.466863E+01 -.389240E+00 
-.239016E-01 

.177753E+01 .169782E+01 .864904E+00 .112285E+00 .363307E-02 

.256056E+00 -.423773E-01 -.447812E-02 -.326621E-03 
-.444105E-01 -.750000E+00 

.607133E+01 
.407036E-01 

-.140130E+01 
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T + T -»"T + T T + T -»"T + T 
EOM - 0-1 eV E0M = 0.1995 eV 
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Scattering Angle in Center of Mass System (rad) 
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r + T -»r + T r + T -> r + T 
ECM = 0.5012 eV 

a 
• D 
"B 
• o 

E 
"co 

eg 
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103 

102 

101 • 
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r + T -»r + T r + T -* r + T 
ECM = 1.995 eV ECM = 5.012 eV 

a 
• o 

15 

"co 103 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I • I I 

10« 

CM 10* 

101 

10c 

10"1 

10'2 

10-3 

10"4 

10"5 

10H 

Fit to Elastic 
Elastic 

— Fit to Spin Exchange 
Spin Exchange 
i i i 3 

• 

' ' ' 
0 1 0 

Scattering Angle in Center of Mass System (rad) 
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r + T - » r + T T+ + T - ^ T + + T 
ECM = 10eV ECM = 19.95 eV 
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r + T -> r + T r+T->r+T 

10 
E0M = 50.12 eV 

M J i m m 11111^ 11 I I M J 11 I I I ^ i i 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.4 D+ + H 
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1.4 

D+ + H —-• D+ + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

7.449604E+02 
6.079957E+02 
4.951782E+02 
4.147870E+02 
3.733031E+02 
3.247309E+02 
2.977436E+02 
2.602216E+02 
2.107009E+02 
1.987761E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
1.349296E+02 
1.094143E+02 
8.170152E+01 
5.827841E+01 
2.722145E+01 
1.068126E+01 
5.357048E+00 
2.595368E+00 
8.053113E-01 
2.599860E-01 

Viscosity 
(a.u.) 

8.561294E+01 
6.961182E+01 
5.622976E+01 
4.784666E+01 
3.382021E+01 
1.355308E+01 
7.061116E+00 
3.620417E+00 
1.227168E+00 
4.554337E-01 

Charge Transfer 
(a.u.) 

2.149052E+02 
2.142085E+02 
1.706419E+02 
1.667182E+02 
1.540242E+02 
1.375501E+02 
1.257923E+02 
1.143309E+02 
9.973192E+01 
8.931968E+01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.\i. = a2

0 = 2.80028E-17 cm2). 

ao-a3: 
a.j * 

.435780E+03 

.570472E+00 

Fitting parameters 

Elastic 
.746975E+02 .101096E+02 -.359200E+01 

ao-a3 
a«j-a5 

bi-b4 

Momentum Transfer 
.567348E+02 .101040E+02 .473627E+01 .240589E+01 
•.223482E+01 .286804E+00 
.106360E+01 .996137E+00 .502251E+00 .680474E-01 

Viscosity 
ao-a3: .453792E+02 -.116818E+02 -.666765E+00 
b r b 3 : .172622E+00 .110036E+00 .357938E-01 

.273888E+00 

ao-a3i 

a '̂. 
.162993E+03 
.985187E-01 

Charge Transfer 
.189320E+02 .909941E+00 -.472744E+00 
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D+ + H -> D+ + H 

1 0 3 • •" — 

10"1 10° 101 102 

Energy in Center of Mass System (eV) 
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1.4 

D+ + H —> D+ + H 

Elastic and Charge Transfer Differential Cross Sections 

Analytic fitting function 

da. 
27rsin{d)^f-(9) =[A + £(1 - cos{9)) + Csin2{0)] 

exp 

dQ 

\i=0 J V j=l 
a.u. 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2, srad -1 

= 2.80028E-17 cm2 srad - 1). Note that for the charge transfer (ct) differential cross section, B 
and C are zero. 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b6: 

b7: 
A: 

.402277E+01 
.934373E-01 
.106973E+01 

.381085E+01 
-.484610E-02 
.439184E-06 
.118434E+01 

.398015E-01 
-.531083E-01 
.889842E-01 

.637344E+00 
-.532227E-01 

.257932E+00 -.411667E+00 -.470156E-01 -.133532E-02 
-.369791E-01 -.183937E-02 
-.448367E-01 

-.957124 E-01 
-.961919E-02 .903878E-03 .291603E-03 .204595E-04 

E = .1259 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
b!-b6: 

b7: 
A: 

E = 1585 eV 
Elastic 

a0-a5: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
b]-b6: 

A: 

.400355E+01 
-.551785E-01 
.103505E+01 

.392311E+01 
-.595098E-01 
-.402208E-05 
.112994E+01 

.401939E+01 
-.313577E+00 
.104363E+01 

.387429E+01 
-.301808E+00 
.111646E+01 

.512616E+00 
-.833763E-01 
.684491E-02 

.111092E+01 
-.761662E-01 

.176198E+01 

.162528E+00 
.660017E-01 

.166649E+01 
-.957533E-01 

.220855E+00 
-.430511E-01 
.174736E-01 

.149392E+00 
-.454292E-01 

.512722E+00 
-.331611E-01 
-.321466E-02 

.192846E+00 

.137453E-02 

.434740E+00 -.381355E-01 
-.117265E-02 

.541252E-03 

.129179E-01 -.194706E-02 -.143245E-03 

.198364E+00 .772120E-01 .639884E-02 
.539194 E-02 

.458927E-02 .579847E-03 .212543E-04 
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E = .1995 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i -b 6 : 

A: 

E = .2512 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2." 
b i - b s : 

A: 

E = .3162 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 6 : 

A: 

E = .3981 eV 
Elastic 
ao-as: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 6 : 

A: 

E = .5012 eV 
Elastic 
ao-as: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2-" 
b i -b 6 : 
b7-bs: 

A: 

E = .6310 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-ao: 
b! -b 6 : 

b - : 
A: 

.394113E+01 
-.435225E-01 
.105113E+01 

.387907E+01 
-.955108E-01 
.112140E+01 

.399298E+01 
-.707815E-01 
.108734E+01 

.370171E+01 
-.127033E+00 
.116482E+01 

.388472E+01 
-.465990E-01 
.110159E+01 

.367335E+01 
-.190211E+00 
.115218E+01 

.388477E+01 
-.730300E-01 
.960809E+00 

.371698E+01 
-.309118E+00 
.106230E+01 

.376860E+01 
-.296398E+00 
.101729E+01 

.358835E+01 
-.231171E+00 
-.235132E-04 
.106341E+01 

.368074E+01 
-.450240E+00 
.105946E+01 

.359944E+01 
-.477774E+00 
-.380861E-05 
.102856E+01 

-.399127E+00 
-.103301E+00 
.854592E-01 

-.119238E+01 
-.659043E-01 

-.112213E+01 
-.877230E-01 
-893013E-01 

-.118908E+01 
-.758231E-01 

-.790809E+00 
-.991870E-01 
.165767E+00 

-.139656E+01 
-.850920E-01 

-.904017E+00 
-.104611E+00 
.110500E+00 

-.193100E+01 
-.135797E+00 

-.149442E+01 
-.160094E+00 
-.284204E-01 

-.165845E+01 
-.112920E+00 
-.568722E-06 

-.256168E+01 
-.192891E+00 
.278660E+00 

-.255872E+01 
-.192989E+00 

-.452367E+00 
-.460858E-01 

-.189357E+00 

-.143882E+00 
-.158707E-01 

-.377753E+00 
-.127571E-01 

-.183943E+00 

-.144573E+00 
-.161645E-01 

-.437831E+00 
-.293574E-01 
-.305279E+00 

-.153818E+00 
-.818136E-02 

-.437435E+00 
-.292863E-01 

-.110268E+00 

-.201640E+00 
-.239417E-01 

-.433022E+00 
-.428508E-01 
-.585438E-01 

-.171524E+00 
-.360117E-01 

-.472805E+00 
-.144958E-01 

-.316959E+00 

-.243059E+00 
-.452858E-01 

-.488130E+00 
-.166173E-02 

-.134591E-02 

-.164788E-01 
.318791E-02 

-.119377E-02 

-.239421E+00 
-.242140E-03 

.144127E-02 

-.228795E+00 

-.100701E-02 

-.335444E+00 

-.118808E-01 

.147653E+00 
.731543E-02 

-.848777E-02 

-.464340E-01 

-.446336E-04 

.548162E-01 

-.291814E-04 

-.754477E-02 

.249288E-03 

-.293960E-02 

.656457E-04 

-.766087E-02 

-.288916E-02 

.135171E+00 

-.133510E-02 

-.966757E-03 

-.411705E-06 

.389109E-02 

.544961E-03 

.978883E-05 

.814886E-03 

.451792E-05 

.100792E-02 

-.374386E-03 

.858185E-02 

-.115762E-03 
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E = .7943 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b6: 

A: 

E = 1.0000 eV 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b6"-

A: 

E = 1.2590 eV 
Elastic 
ao-a-j: 
b!-b6: 

A,.B,C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

E = 1.5850 eV 
Elastic 
a0-a5: 
bi-bs: 

A,B,C: 
Charge Transfer 

ao-a2: 
b!-b5: 

A: 

E = 1.9950 eV 
Elastic 
ao-as: 
bi-bs: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-bs: 

A: 

E = 2.5120 eV 
Elastic 
ao-as: 
bj-bs: 

A,B,C: 
Charge Transfer 

a0-a2: 
bi -b 4 : 

A: 

.367686E+01 
-.419122E+00 
.982807E+00 

.351732E+01 
-.139808E+00 
.103506E+01 

.368429E+01 
-.469767E+00 
.108059E+01 

.368543E+01 
-.627889E+00 
.115362E+01 

.361660E+01 
-.206466E+00 
.101387E+01 

.348853E+01 
-.553856E+00 
.106414E+01 

.353762E+01 
-.310972E+00 
.102584E+01 

.339790E+01 
-.527523E+00 
.106352E+01 

.337170E+01 
-.442167E+00 
.951043E+00 

.343592E+01 
-.516461E+00 
.990583E+00 

.316760E+01 
-.519874E+00 
.922743E+00 

.313505E+01 
-.476110E+00 
.104080E+01 

-.238605E+01 
-.186415E+00 
.202242E+00 

-.132854E+01 
-.103512E+00 

-.240104E+01 
-.243129E+00 
.455645E+00 

-.306122E+01 
-.160380E+00 

-.166232E+01 
-.355199E+00 
-.473864E-01 

-.292115E+01 
-.189253E+00 

-.228312E+01 
-.299892E+00 
-.261898E+00 

-.295734E+01 
-.174842E+00 

-.302907E+01 
-.267984E+00 
-.369401E+00 

-.322472E+01 
-.122001E+00 

-.348478E+01 
-.253831E+00 
-.303172E+00 

-.293067E+01 
-.157831E+00 

-.454899E+00 
-.188277E-01 
-.264693E+00 

-.138681E+00 
-.273692E-01 

-.748232E+00 
-.416881E-01 
-.531124E+00 

-.289663E+00 
-.199943E-02 

-.133439E+01 
-.107981E+00 
.231605E+00 

-.263292E+00 
-.271386E-01 

-.109990E+01 
-.614833E-01 
.455662E+00 

-.264108E+00 
-.243638E-01 

-.771887E+00 
-.298046E-01 
.683233E+00 

-.249947E+00 
-.949029E-02 

-.474475E+00 
-.131919E-01 
.638451E+00 

-.251994E+00 
-.221241E-01 

.766323E-01 

.563472E-02 

-.324570E-02 

-.178343E+00 

.454506E-02 

-.267226E+00 
-.143700E-01 

-.120651E-02 

-.572283E-01 
-.424617E-02 

-.990705E-03 

.301116E+00 
.292975E-02 

.468058E-03 

.550897E+00 
.600265E-02 

-.962954 E-03 

.105894E+00 

-.202034E-03 

.137868E-01 

.551979E-03 

-.128867E-01 
-.102226E-02 

.320886E-01 
-.243456E-03 

.592944E-05 

.140556E+00 
-.179215E-03 

.378762E-04 

.197132E+00 
-.159824E-03 

.688209E-02 

-.547427E-05 

.163400E-02 

.189312E-04 

-.287319E-04 

.210141E-02 

.788649E-02 

.105808E-01 
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E = 3.1620 eV 
Elastic 
ao-as: 
b i - b 8 : 

A, B, C: 
Charge Transfer 

ao-aj: 
b i -b 4 : 

A: 

E - 3.9810 eV 
Elastic 
ao-as: 
bi-bj : 

A,B,C: 
Charge Transfer 

ao-a2-' 

b i -b 5 : 
A: 

E = 5.0120;eV 
Elastic 
ao-as: 
b i -b 5 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i - b 4 : 

A: 

E = 6.3100 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b ! - b 2 : 

A: 

E = 7.9430 eV 
Elastic 
ao-as: 
b i - b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b2: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
b i - b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 2 : 

A: 

.296517E+01 
-.573863E+00 
.916764E+00 

.295994E+01 
-.438139E+00 
.105497E+01 

.269670E+01 
-.546479E+00 
.919385E+00 

.274263E+01 
-.371574E+00 
.113361E+01 

.239958E+01 
-.516323E+00 
.936656E+00 

.244526E+01 
-.350251E+00 
.114207E+01 

.225669E+01 
-.587127E+00 
. 982371E+00 

.138742E+01 
-.171155E-01 
.143369E+01 

.200436E+01 
-.528898E+00 
.102124E+01 

.144958E+01 
-.863465E-01 
.123823E+01 

.198800E+01 
-.577419E+00 
.992847E+00 

.143749E+01 
-.569965E-01 
.102857E+01 

-.386801E+01 
-.260035E+00 
-.783939E-01 

-.288680E+01 
-.143917E+00 

-.373335E+01 
-.267205E+00 

.826139E-02 

-.287428E+01 
-.100295E+00 

-.359373E+01 
-.283611E+00 

.415152E-01 

-.264056E+01 
-.132357E+00 

-.389351E+01 
-.185322E+00 
.502022E+00 

-.235570E+01 
.408378E-02 

-.359506E+01 
-.177797E+00 
.483667E+00 

-.280407E+01 
-.205052E-02 

-.372991E+01 
-.183134E+00 
.386977E+00 

-.273314E+01 
.168851E-02 

-.247815E+00 
-.187537E-02 
.372989E+00 

-.244134E+00 
-.200055E-01 

-.979498E-01 
-.104660E-01 
.271702E+00 

-.254996E+00 
-.811008E-02 

.542727E-01 
-.207732E-01 
.224231E+00 

-.233591E+00 
-.197181E-01 

.331223E+00 
.162783E-01 

-.355223E+00 

-.188083E+00 

.349467E+00 
.684019E-02 

-.433667E+00 

-.224848E+00 

.480310E+00 
.972117E-02 

-.683124E+00 

-.212490E+00 

.832249E+00 
.821401E-02 

-.862698E-03 

.819715E+00 
.536586E-02 

.478819E-03 

.838581E+00 
.242935E-02 

-.947660E-03 

.827905E+00 
.772565E-02 

.677015E+00 
.489600E-02 

.761513E+00 
.550177E-02 

.259086E+00 
-.187465E-03 

.228347E+00 
-.225835E-03 

.573346E-04 

.205471E+00 
-.284868E-03 

.197735E+00 

.144450E+00 

.160547E+00 

.134247E-01 

.114436E-01 

.981463E-02 

.949842E-02 

.667034E-02 

.734239E-02 

125 



E - 12.5900 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 
Charge Transfer 

a0-a2: 
b!-b2: 

A: 

E = 15.8500 eV 
Elastic 
a0-a5: 
bi-b5: 

A,B,C: 
Charge Transfer 

ao-a2: 
b r b 2 : 

A: 

.190244E+01 
-.430619E+00 
.878933E+00 

.107864E+01 
-.675979E-01 
.101915E+01 

.190955E+01 
-.396854E+00 
.808024E+00 

.620367E+00 
.309309E-01 
.127464E+01 

•.309738E+01 
•.281732E+00 
.193137E+00 

.173042E+00 
-.383696E-01 
-.568295E+00 

-.293753E+01 -.224837E+00 
.622217E-03 

.296353E+01 

.279579E+00 
.651587E-01 

.231051E+01 
.744338E-02 

.904825E-01 
-.422761E-01 
-.582976E+00 

-.170655E+00 

.635886E+00 .124552E+00 .532583E-02 
-.238465E-02 -.297590E-03 

.552216E+00 .104370E+00 .433949E-02 
-.325041E-02 -.292914E-03 

E = 19.9500 eV 
Elastic 
a0-a5: 
bi-b4: 

A,B,C: 
Charge Transfer 

a0-a2: 
bi-b2: 

A: 

E = 25.1200 eV 
Elastic 
a0-a5: 
bi-b4: 

A,B,C: 
Charge Transfer 

a0-a2: 
b!-b3: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield crmt and avi 

.198495E+01 -.353030E+01 .413939E+00 .636250E+00 .125202E+00 .551200E-02 
-.541346E+00 -.183132E+00 .195569E-02 .367634E-02 
.830737E+00 .261427E+00 -.800000E+00 

.497409E+00 -.306173E+01 -.233685E+00 
-.747749E-01 -.245573E-02 
.113087E+01 

Warning: Fitted elastic differential cross section does not accurately yield o~mt and o~vi 

.178327E+01 -.334064E+01 .368791E+00 .522456E+00 .920468E-01 .388615E-02 
-.514129E+00 -.190625E+00 -.634778E-02 .194401E-02 
.808290E+00 .425195E+00 -.800000E+00 

.150377E+01 -.330804E+01 -.164314E+00 
-.444685E+00 -.101508E+00 -.884401E-02 
.111535E+01 

E = 31.6200 eV 
Elastic 
a0-a5: 
b!-b4: 

A,B,C: 
Charge Transfer 

a0-a2: 
bi-b3: 

A: 

E = 39.8100 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 
Charge Transfer 

a0-a2: 
bi-b3: 

A: 

Warning: Fitted elastic differential cross section does not accurately yield crm< and av, 

.177402E+01 -.336070E+01 .412648E+00 .542938E+00 .946099E-01 .395478E-02 
-.526145E+00 -.192788E+00 -.609737E-02 .198186E-02 
.777818E+00 .381688E+00 -.800000E+00 

.504000E+00 -.310576E+01 -.147138E+00 
-.263333E+00 -.570961E-01 -.537226E-02 
.113324E+01 

.191668E+00 -.352731E+01 -.113082E+01 
-.448558E-01 -.659446E-01 -.880146E-02 
.115830E+01 .267798E+01 -.260359E+01 

-.312661E-01 -.287198E+01 -.158351E+00 
.142792E+00 -.303719E-01 -.293324E-02 
.126085E+01 

-.163720E+00 -.618583E-02 
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E = 50.1200 eV 
Elastic 
ao-cuj: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a3: 
A: 

.188465E+00 -.351990E+01 
-.521427E-01 -.661367E-01 
.105161E+01 .311472E+01 

•.889611E+00 -.322569E+01 
.136969E+01 

.110078E+01 
-.867960E-02 
.300000E+01 

-.157775E+00 -.590540E-02 

-.352106E+00 -.952677E-02 

-.107307E+01 
-.850065E-02 
-.280000E+01 

-.121782E-01 

.150895E+00 -.553539E-02 

E — 63.1000 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and ov 

Elastic 
ao-a-j: .185049E+00 -.351492E+01 
b!-b3: -.586482E-01 -.664324E-01 

A,B,C: .987696E+00 .290143E+01 
Charge Transfer 

a0-ai: -.105514E+01 -.226482E+01 
bi-b3: -.348583E+00 -.118336E+00 

A: .189612E+01 

E = 79.4300 eV Warning: Fitted elastic differential cross section does not accurately yield amt and avi 
Elastic 

.180717E+00 -.350940E+01 -.103965E+01 -.142176E+00 -.505794E-02 
-.664048E-01 -.668385E-01 -.826856E-02 
.934918E+00 .217225E+01 -.240000E+01 

ao-a^: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a4: 
bi-b3: 

A: 

E = 100.0000 eV 
Elastic 
ao-a^: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a3: 

-.112037E+01 -.298841E+01 
-.280370E+00 -.491928E-01 
.112316E+01 

-.180110E+01 -.463838E+01 
.597707E-01 -.493927E-01 
.128142E+01 .601706E+01 

.311557E+00 
-.206160E-02 

.155933E+01 
-.664411E-02 
.519793E+01 

.107952E+00 .534409E-02 

.193950E+00 -.673668E-02 

•.223948E+01 -.386573E+01 -.400469E+00 -.101270E-01 
.800663E+00 
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D+ + H ^ D + + H D+ + H->D+ + H 
ECM = 0-1eV ECM = 0.1995 eV 

10* r 

10* p 

r ^fi 

/ 

- / */ 
• / V 

'• / f 
' X 7 

r / 
• / / 

*/ 
r f 
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mil J 

1 

• 

10' 
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10" 

-J Q ' I -J -J -J -J -« ' I ' -1 - 1 -^ - 1 • " 1 M J • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

104 t 

10 -1 

Fit to Elastic 
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Fit to Charge Transfei 
Charge Transfer 

• 1 1 • 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

• 0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + H -> D+ + H D+ + H -> D+ + H 
ECM = 0.5012 eV ECM = 1 eV 

10" r 

10° p 

KT r 

10' 

10" ? 

S 1 0 

§ 1 0 " 2 

"D 
CD 10' 
C 

"co 

CM 

102 

101 

10"5 10"4 10"3 10"2 10"\ 10° 10"5 10"4 10"3 10"2 10"1 10° 
Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

10 r 

10" r 

1 Q * ' • . . . i . . . • i .1 * i . . . . . . . . . i . . . . J . . . . i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + H -> D+ + H D+ + H -» D+ + H 
ECM = 1.995 eV ECM = 5.012 eV 

D 

© 10' 

"co 

10"5 10"4 10"3 10"2 10"1 10° 10"3 10" 10"° 10" 10" 10u 

CM 

10' 

1(T 

101 

10u 

10 

10" 

-1 

10" 

Scattering Angle in Center of Mass System (rad) 
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D+ + H -> D+ + H D+ + H -» D+ + H 
EOM = 10eV ECM=19.95eV 

10' 

103 

102 
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10° 

^ l O " 

§io"3 

"D 
? 104 

"co 
K 103 

CvJ 

102 

10"5 10"4 10'3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
Fit to Elastic 
Elastic 
Fit to Charge Transfer] 
Charge Transfer 

101 

10u 

10 

10" 

10" 

-1 

3 0 
Scattering Angle in Center of Mass System (rad) 
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D+ + H -» D+ + H D+ + H -> D+ + H 
ECM = 50.12 eV 

• iiiuq i niuq i luuaj i I I I I H | i niuq 

ECM = 100eV 

13 

a 

• D 

<x> 
c 

"co 

C\J 
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10° 
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10"3 
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I I I 11 11 I I I I 111 I I I I I I I I 11 I I 
Fit to Elastic 
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Charge Transfer 

* * * 
0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.5 T+ + H 



1.5 

T+ + H —• T+ + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

7.533973E+02 
6.111616E+02 
4.669621 E+02 
4.377685E+02 
3.953034E+02 
3.390490E+02 
2.929173E+02 
2.713201E+02 
2.204086E+02 
2.045364E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
1.362397E+02 
1.120474E+02 
8.076053E+01 
5.724423E+01 
2.664142E+01 
1.044210E+01 
5.394374E-f00 
2.640552E+00 
8.095862E-01 
2.916766E-01 

Viscosity 
(a.u.) 

9.239922E+01 
7.448604E+01 
5.564854E+01 
4.785246E+01 

3.380351E+01 
1.356073E+01 
7.050082E+00 
3.620970E+00 
1.219685E+00 
4.541530E-01 

Charge Transfer 
(a.u.) 

1.920092E+02 
2.001291E+02 
1.814902E+02 
1.692308E+02 
1.563663E+02 
1.396883E+02 
1.277445E+02 
1.162133E+02 
1.015457E+02 
9.105410E+01 

Analytic fitting function 

<Tei,mt,vUE) = (Y,ai(ln(E)y) / ( 1 . + 5 > j ( M W ] a-u-> 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 — 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

bi: 

ao-a-3: 
8 4 ; 

b!-b4 : 

ao-a.3: 
bi-b3 : 

ao-a2: 
bi : 

.443222E+03 

.228133E+00 

.539473E+02 

.301573E+00 

.868214E+00 

.462137E+02 

.153958E+00 

.165133E+03 

.469060E+00 

Elastic 
.213026E+02 -.671354E+01 

Momentum Transfer 
-.783829E+00 .360031E+01 

.685113E+00 .174344E+00 

Viscosity 
-.118627E+02 .267252E+00 
.162870E+00 .569412E-01 

Charge Transfer 
.614800E+02 -.744003E+01 

-.256806E+01 

.118770E-01 

.820400E-01 
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r + H -> r + H 
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1.5 

T+ + H —-» T+ + H 

Elastic and Charge Transfer Differential Cross Sections 

Analytic fitting function 

2„ - S t n (0 )^£(0 ) = \A + B{\ - cos(0)) + Csin2(0)] 
nil i •> 

exp E # g / l.lEbi(Mf a.u. 

where A, 5 , C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2, srad -1 

= 2.8002815-17 cm2 srad -1). Note that for the charge transfer (ct) differential cross section, B 
and C are zero. 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a^j: 
b ! -b 3 : 

A,B,C: 
Charge Transfer 

ao-ELj: 

bi -b 3 : 
A: 

E = .1259 eV 
Elastic 
ao-a^: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 5 : 

A: 

E = .1585 eV 
Elastic 
ao-a<i: 
b i -b 3 : 

AtB,C: 
Charge Transfer 

ao-a2: 
b i -b 6 : 

A: 

.412705E+01 

.155558E+00 

.103781E+01 

.417123E+01 

.214435E+00 

.108212E+01 

.399676E+01 
.465372E-01 
.100619E+01 

.372202E+01 
-.376543E-02 
.122083E+01 

.412699E+01 

.131328E+00 

.103979E+01 

.391035E+01 
-.651573E-02 
.112672E+01 

.322134E+00 
-.175534E-01 
.296666E-01 

.455786E+00 
-.235179E-01 

-.698949E-01 
-.440782E-01 
.210509E+00 

-.669150E+00 
-.687449E-01 

.367764 E-01 
-.283059E-01 
.153338E+00 

-.716132E+00 
-.302469E-01 

-.276395E+00 
-.308628E-01 
.809473E-01 

-.448194E+00 
-.120088E-01 

-. 364781E+00 
-.408739E-01 

-.116819E+00 

-.100467E+00 
-.221940E-01 

-.432526E+00 
-.280110E-01 

-.224228E+00 

-.100899E+00 
-.333167E-02 

-.444633E+00 

-.172605E+00 

-.569310E+00 

-.231568E-02 

-.414665E+00 

.880097E-03 

-.300071E-01 

-.125500E-01 

-.384552E-01 

-.810381E-04 

-.270494E-01 

.143058E-03 
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E = .1995 eV 
Elastic 
ao-a,}: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b5: 

A: 

E = .2512 eV 
Elastic 
ao-a^: 
bi-b3: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-b s : 

A: 

E = .3162 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-aj: 
bi-b5: 

A: 

E = .3981 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-b5: 

A: 

.403334E+01 .410130E+00 -.400156E+00 

.177288E+00 -.220769E-01 -.275770E-01 

.105198E+01 .368974E-01 -.844119E-01 

.415365E+00 -.270841E-01 

.374714E+01 
-.644261E-01 
.113991E+01 

-.840444E+00 -.110261E+00 
-.817783E-01 -.214572E-01 

.389098E+01 .146833E+00 

.238258E+00 .230701E-01 

.104144E+01 .598796E-01 

.373829E+01 .558932E-01 

.191634E+00 .250604E-02 

.111423E+01 

.380909E+01 
-.358839E+00 
.102635E+01 

.370581E+01 

.158103E+00 

.109265E+01 

.383416E+01 
-.382484E+00 
.102676E+01 

.366623E+01 
-.232564E+00 
.105354E+01 

.203225E+01 

.163603E+00 
.585365E-01 

-.867015E-02 
-.115490E-01 

.213569E+01 

.169453E+00 
.700421E-01 

.162148E+01 

.118782E+00 

.589645E-01 

.686450E-02 

.785573E-01 

.277964E-01 

.687297E-02 

-.197877E-02 -.629939E-04 

.113923E+00 -.773650E-02 

-.906644E-03 -.345862E-04 

.412509E+00 -.749188E-01 .886716E-01 
-.257045E-01 .540780E-02 
.555432E-02 

.644380E-02 

-.292013E-01 
-.801806E-02 .837106E-03 -.270590E-04 

.518154E+00 -.611775E-01 .105588E+00 .750286E-02 
-.232994E-01 .654712E-02 
-.433381E-01 

.170328E+00 
-.238932E-01 .176167E-02 -.432157E-04 

E = .5012 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-be: 

A: 

E = .6310 eV 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-as: 
bi-b3: 

A: 

.375922E+01 
-.504208E+00 
.103146E+01 

.361094E+01 
-.165987E+00 
.105905E+01 

.371181E+01 
-.281377E+00 
.109170E+01 

.364227E+01 
•.383828E+00 
.105019E+01 

.269356E+01 

.201835E+00 
.771449E-01 

. 144861E+01 

.114511E+00 

-.173154E+01 
-.168933E+00 
.246372E+00 

-.234279E+01 
-.147048E+00 

.454191E+00 .593619E-01 .105698E+00 .696045E-02 
-.213604E-01 .570509E-02 
-.526677E-01 

.155755E+00 
-.326680E-01 -.426869E-02 -.287945E-03 -.806805E-05 

.474969E+00 -.123021E+00 .111095E-01 .125213E-02 
-.308979E-01 
.439443E+00 

.194371E+00 .117288E+00 .229689E-01 .111981E-02 
-.141207E-01 
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E = .7943 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i -b 5 : 

A: 

E = 1.0000 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i -b 6 : 

A: 

E = 1.2590 eV 
Elastic 
ao-a5: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 

b r b 5 : 
A: 

E = 1.5850 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
bx-be". 

b 7 : 
A: 

E = 1.9950 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-be: 

b 7 : 
A: 

E = 2.5120 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

a0-a2: 
b i -b 6 : 

A: 

.357123E+01 
.270822E-01 
.108715E+01 

.355481E+01 
- .381901E+00 
.102196E+01 

.369755E+01 
- .526402E+00 
.106878E+01 

.371387E+01 
- .592479E+00 
.108292E+01 

.374128E+01 
- .435794E+00 
.993240E+00 

.350482E+01 
- .551463E+00 
.104886E+01 

.363708E+01 
-.405608E+00 
.957357E+00 

.344355E+01 
- .522642E+00 
-.411676E-05 
.104225E+01 

.346241E+01 
-.418165E+00 
.958670E+00 

.332129E+01 
-.491145E+00 
-.508913E-05 
.104466E+01 

.322670E+01 
- .547188E+00 
.930248E+00 

.318951E+01 
-.469025E+00 
.105661E+01 

-.854717E+00 
-.449958E-01 
.365939E-01 

-.217068E+01 
-.163297E+00 

-.282268E+01 
-.243101E+00 
.667434E+00 

-.301929E+01 
-.176215E+00 

-.262024E+01 
-.220922E+00 
.372673E+00 

-.291998E+01 
-.197698E+00 

-.270753E+01 
-.206363E+00 
-.785516E-01 

-.298764E+01 
-.168155E+00 

-.303031E+01 
-.197011E+00 
-.218066E+00 

-.300175E+01 
-.147775E+00 

-.370138E+01 
-.192245E+00 
-.175874E+00 

-.297838E+01 
-.143379E+00 

.171171E+00 .159049E+00 .793282E-01 .463812E-02 

.252190E-02 .413733E-02 

.128840E+00 

.204863E+00 
-.295509E-01 -.203899E-02 -.465797E-04 

.750367E+00 .471540E-01 .937819E-01 .599825E-02 
-.257019E-01 .443026E-02 
.642714E+00 

.284866E+00 
-.201345E-01 -.225389E-04 .108331E-03 .376472E-05 

.100440E+01 -.942863E-01 .722023E-01 .506384E-02 
-.275354E-01 .384999E-02 
.159494E+00 

•.262226E+00 
-.316642E-01 -.187615E-02 -.314315E-04 

-.100980E+01 -.582562E-01 .764487E-01 .513890E-02 
-.2307O0E-01 .402711E-02 
.358973E+00 

-.248011E+00 
-.349817E-01 -.765822E-02 -.139517E-02 -.125319E-03 

-.870881E+00 .138834E+00 .113973E+00 .676495E-02 
-.113912E-01 .560029E-02 
.488705E+00 

-.234140E+00 
-.334971E-01 -.895189E-02 -.172964E-02 -.155555E-03 

-.473448E+00 .540065E+00 .213307E+00 .116524E-01 
.109825E-01 .104446E-01 
.508732E+00 

-.266655E+00 
-.185641E-01 -.971964E-03 -.568144E-04 -.374415E-05 
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E = 3.1620 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

E = 3.9810;eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

.303214E+01 
-.607499E+00 
.924322E+00 

.295143E+01 
-.429248E+00 
.110531E+01 

.280262E+01 
•.598938E+00 
.948640E+00 

.270147E+01 
-.376611E+00 
.111859E+01 

.400344E+01 

.188126E+00 
.231185E-01 

.283564E+01 

.140757E+00 

-.401763E+01 
-.189275E+00 
.302293E+00 

-.267309E+01 
-.133880E+00 

•.193750E+00 .718049E+00 .238848E+00 .125889E-01 
.193524E-01 .113107E-01 
.240083E+00 

•.240679E+00 
-.195195E-01 -.845837E-03 

-.480977E-01 .766490E+00 .224139E+00 .113831E-01 
.186797E-01 .991263E-02 
.101439E+00 

.230840E+00 
-.192274E-01 -.881066E-03 

E = 5.0120 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b2: 

A: 

E - 6.3100 eV 
Elastic 
ao-a-j: 

bi-b3: 
A,B,C: 

Charge Transfer 
ao-a2: 
bi-b2: 

A: 

E = 7.9430 eV 
Elastic 
ao-as: 
bi-b4: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-b2: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

.253863E+01 
-.638098E+00 
.968852E+00 

.184784E+01 
-.754831E-02 
.125089E+01 

.265601E+01 
-129287E+00 
.106161E+01 

.155967E+01 
.717604E-02 
.134947E+01 

.198920E+01 
-.560956E+00 
.105130E+01 

.149958E+01 
-.738242E-01 
.108870E+01 

.188727E+01 
-.472037E+00 
.908625E+00 

.180462E+01 
-.288161E+00 
.117504E+01 

-.413106E+01 
-.195403E+00 
.539247E+00 

-.218001E+01 
.520103E-02 

-.255403E+01 
-.103448E+00 
.108026E+01 

-.214876E+01 
.597009E-02 

-.359609E+01 
-.190523E+00 
.519440E+00 

-.279372E+01 
-.274933E-03 

.321864E+01 

.292933E+00 
.173975E-01 

.298333E+01 
-.597090E-01 

.229165E+00 .886379E+00 .227794E+00 .111431E-01 
.205656E-01 .942033E-02 

-.357516E+00 

•.176000E+00 

-.123469E+01 
-.197182E-01 
-.129124E+01 

-.169889E+00 

-.317125E+00 -.155712E-01 

.458302E+00 .685503E+00 .134033E+00 .596174E-02 
.333492E-02 .400329E-02 

-.523747E+00 

-.219843E+00 

.290977E+00 .732469E+00 .144324E+00 .620185E-02 
-.372440E-01 -.197715E-02 -.319041E-03 
-.152873E+00 

-.181688E+00 
-.532755E-02 
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E = 12.5900 eV 
Elastic 
&0-B.5: 

bi-b5: 
A,B,C: 

Charge Transfer 
ao-a2: 
bi-b3: 

A: 

E = 15.8500 eV 
Elastic 
a0-a5: 
bi-b5: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

• 189642E+01 
-.458874E+00 
.883517E+00 

.123514E+01 
-.104569E+00 
.117565E+01 

.189846E+01 
-.451952E+00 
.815056E+00 

• 119327E+01 
-.210911E+00 
.114780E+01 

-.314728E+01 
-.286733E+00 
.889049E-01 

-.253595E+01 
-.218388E-01 

-.311698E+01 
-.286206E+00 

.478616E-01 

-.286879E+01 
-.448490E-01 

•257439E+00 
-.380752E-01 
-.494203E+00 

-.164167E+00 
-.236864E-02 

.240028E+00 
-.390392E-01 
-.594307E+00 

-.165300E+00 
-.427757E-02 

.671038E+00 
-.231599E-02 

.651187E+00 
-.251822E-02 

-.297191E-03 

.123907E+00 .517951E-02 
-.296301E-03 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield <rmt and av 

Elastic 

ao-a-j: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

.187089E+01 -.295587E+01 
-.160283E+00 -.902279E-01 
.114918E+01 .165410E+01 

• 109436E+01 -.317947E+01 
-.314763E+00 -.673999E-01 
• 108021E+01 

-.925188E+00 -.153759E+00 
-.113553E-01 
-.150000E+01 

-.153405E+00 
-.619615E-02 

.611760E-02 

E = 25.1200 eV Warning: Fitted elastic differential cross section does not accurately yield Cmt and o~v{ 
Elastic 
ao-a4: .860761E+00 -.287120E+01 -.671072E+00 -.764707E-01 -.244727E-02 
b r b 3 : -.551599E-01 -.514037E-01 -.583634E-02 

A,B,C: .123570E+01 .113333E+01 -.120000E+01 
Charge Transfer 

a0-a2: .275756E+00 -.362164E+01 -.273169E+00 
bi-b2: -.131432E+00 -.638719E-02 

A: .948299E+00 

E = 31.6200 eV 
Elastic 
ao-a-j: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
b2-b3: 

A: 

E = 39.8100 eV 
Elastic 
ao-a2: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b2: 

A: 

.5O9649E+00 
-.273952E-01 
.118355E+01 

-271150E+00 
-.205963E+00 
.137364E+01 

-.116817E+00 
--299822E+00 
• 122308E+01 

-.301976E-01 
-.981694E-01 
• 119899E+01 

-.303228E+01 
-.494193E-01 
.108737E+01 

-.301561E+01 
-.420096E-01 

-.297539E+01 
-.735099E-01 
.999953E+00 

-.324266E+01 
-.748622E-02 

.793738E+00 -.986329E-01 
-.612279E-02 
.144423E+01 

.171417E+00 
-.364482E-02 

-.111753E-01 
-.749716E-02 
-.688459E+00 

-.249220E+00 

-.339149E-02 
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E - 50.1200 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i : 
A: 

E = 63.1000 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2-" 
b i : 
A: 

E = 79.4300 eV 
Elastic 
ao~a4: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 4 : 

A: 

E = 100.0000 eV 
Elastic 
ao-a2: 
b ! -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 3 : 

A: 

-.558883E+00 
-.136411E+00 
.122358E+01 

-.165363E+01 
-.408934E-01 
.206100E+01 

-.559333E+00 
-.136003E+00 
.113152E+01 

-.158255E+01 
-.507653E-01 
.214010E+01 

-.919295E+00 
-.182986E+00 
.131201E+01 

-.179688E+01 
-.103587E+00 
.135711E+01 

-.149162E+01 
-.173522E+00 
.118978E+01 

-.209079E+01 
-.102606E+00 
.111277E+01 

-.275549E+01 
-.373816E-01 
.235647E+00 

-.327442E+01 

-.275925E+01 
-.369206E-01 
-.573326E-01 

-.330208E+01 

-.389988E+01 
-.885530E-01 
.691421E+01 

-.286902E+01 
-.547083E-01 

-.272266E+01 
-674065E-01 
.941672E+00 

-.343717E+01 
-.189043E-01 

-.744372E-01 
-.415592E-02 
.696920E-02 

-.234960E+00 

-.754491E-01 
-.406600E-02 
-.528201E+00 

-.235807E+00 

-.897364E+00 -.996815E-01 -.284670E-02 
-.875662E-02 
-.601069E+01 

-.172186E+00 
-.859226E-02 -.331030E-03 

-.539349E-01 
-.930858E-02 -.245167E-03 
-.881137E+00 

-.184715E+00 
-.203002E-02 
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T+ + H ^ T + + H r + H • -> r + H 
ECM = 0.1 eV ECM = 0.1995 eV 

10* 

10J 

1(f 

10' 

10u 

10" 

^ 10' 

"D '0 

-2 

10"5 10"4 10"3 10'2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10 4 k-

"CO 1 Q 3 

^ 2 

102 

101 

10L 

10 

10" 

-1 

Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

• 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 

•A Q u I » I . . • I .1 I I I I .1 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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r + H -> r + H r + H -> r + H 
ECM = 0.5012 eV ECM = 1 eV 

1<T 

10 J 

Itf 

10' 

10L 

10" 

S 1 0 

§io"3 

i r 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

CD 10 

c 
"CO 1 Q 3 

10 2 

10n 

Fit to Elastic 
Elastic 
Fit to Charge Transfer] 
Charge Transfer 

10u 

10" 

10"' 

10" 
0 

Scattering Angle in Center of Mass System (rad) 
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r + H -> r + H r + H -> r + H 
ECM = 1.995 eV ECM = 5.012 eV 

10< 

10-

10' 

101 

10 r 

10"1 r 

-J Q I -1 -1 -1 -1 -1 ' J ' -̂  -1 -1 -1 -1 

10"5 104 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10« 

10J 

itf 

10 t 

10L 

10'1 t 

Fit to Elastic 
Elastic 
Fit to Charge Transf er| 
Charge Transfer 

_2 
1 Q ' ' ' ' •• ' * ' ' • 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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r + H ^ r + H r + H -> T + H 
EOM = 10eV 

I m m i m m i IIIWJ i i m i i m i l i 

E C M = 19.95 eV 

-D 10 

10* 

•-5 10 10 10 10 10 10 105 10 10 10 10 10 

•D 

<x> 
c 
"co 

CM 

102 

101 

Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

10L 

10 

10" 

-1 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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r + H - » T + H T + H -* T + H 
E„, = 50.12 eV E_ = 100eV 

* • ' * ' ' ' ' * * ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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1. Hydrogen-ion-hydrogen-atom elastic collisions 

1.6 D + + T 



1.6 

D+ + T —-> D+ + T 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

8.672548E+02 
6.670955E+02 
5.399606E+02 
4.691163E+02 
4.123259E+02 
3.644273E+02 
3.185143E+02 
2.924760E+02 
2.414730E+02 
2.063987E+02 

Cross Section 
Momentum Transfer 

(a.u.) 

1.319053E+02 
1.074907E+02 
7.968074E+01 
5.736055E+01 
2.669889E+01 
1.047040E+01 
5.367555E+00 
2.649529E+00 
8.039348E-01 
2.869096E-01 

Viscosity 
(a.u.) 

8.817523E+01 
7.348085E+01 
5.388417E+01 
4.779304E+01 
3.378882E+01 
1.355377E+01 
7.055443E+00 
3.629282E+00 
1.220078E+00 
4.495648E-01 

Charge Transfer 
(a.u.) 

2.358051E+02 
2.078981E+02 
1.952198E+02 
1.789976E+02 
1.654311E+02 
1.481418E+02 
1.358626E+02 
1.239920E+02 
1.089305E+02 
9.814641E+01 

Analytic fitting function 

*ei.m*,«,a(£) = (^(WE))^ I (1. + YlHWEW j a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a3: 
bi: 

ao-a3: 
£14'. 

bi-b4: 

ao-a3: 

b r b 3 ' . 

.471504E+03 

.262682E+00 

.533588E+02 

.285075E+00 

.107098E+01 

.451693E+02 
-.286737E-01 

Fitting parameters 

Elastic 
.365157E+02 -.627433E+01 

Momentum Transfer 
.106246E-I-02 .128002E+01 

.790105E+00 .254874E+00 

Viscosity 
-.195159E+02 .296614E+01 
.106775E+00 .325094E-01 

-.449853E+00 

-.247325E+01 

.336792E-01 

-.153491E+00 

Charge Transfer 
ao-a3: .175116E+03 -.195844E+02 .305023E+01 -.571867E+00 
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D+ + T -» D + T 

£>«, " 
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^ 
^ \ 
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Momentum Transfer 
Viscosity 
Spin Exchange 

o Computed from fit to C 
Computed from fit to T 
1 1 Ml I I 1 

\j\\ 
Wifr-

t\Q* 
\ \ \ ^ 

)CS 
cs 
T 

L 
^ 

9 

> « 

><M> 

Ui--

V 
I \\ 

\ ° 

10 10 10 10' 
Energy in Center of Mass System (eV) 
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1.6 

D+ + T —• D+ + T 

Elastic and Charge Transfer Differential Cross Sections 

Analytic fitting function 

27rsin(e)^^-(9) =\A+ B(l - cos(0)) + Csin\9)} 
ail L J 

exp 
W=0 3=1 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 srad-1 

= 2.80028E-17 cm2 srad -1). Note that for the charge transfer (ct) differential cross section, B 
and C are zero. 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 5 : 

A: 

E = .1259 eV 
Elastic 
ao-a-j: 
bj-ba: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

E = .1585 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

.423265E+01 

.116374E+00 

.100169E+01 

.397988E+01 
-.753339E-01 
.117933E+01 

.415932E+01 
.935793E-01 
.100473E+01 

.396636E+01 

.251778E+00 

.112606E+01 

.408478E+01 

.189494E+00 

.997897E+00 

.398553E+01 
.470640E-01 
.109100E+01 

.504273E-01 
-.317472E-01 
.145673E+00 

-.962172E+00 
-.616017E-01 

.607436E-01 
-.438557E-01 
.195712E+00 

.262806E+00 
.313960E-01 

.354969E+00 
-.627535E-02 
.193631E-02 

-.488914E+00 
-. 229694 E-01 

-.429793E+00 
-.264243E-01 
-.137735E+00 

-.125055E+00 
-.144016E-01 

-.521934E+00 
-.317308E-01 
-.237823E+00 

-.766727E-02 
.885196E-03 

-.244475E+00 
-.171291E-01 
.272100E-01 

-.776861E-01 
-.635517E-02 

-.404083E+00 

-.112866E-02 

-.485303E+00 

-.298852E-04 

-.270942E+00 

-.338579E-03 

-.250516E-01 

-.294520E-04 

-.299662E-01 

-.168689E-01 

150 



E = .1995 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2-. 
b i -b 4 : 

A: 

E = .2512 eV 
Elastic 
ao-a4: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2--

bi -b 4 : 
A: 

E = .3162 eV 
Elastic 
ao-a^: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 4 : 

A: 

E = .3981 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i -b 4 : 

A: 

E = .5012 eV 
Elastic 
ao-a4'. 
b i -b 4 : 

A, B, C: 
Charge Transfer 

ao-a2: 
b i -b 4 : 

A: 

E = .6310 eV 
Elastic 
ao-a^: 
b i -b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 4 : 

A: 

.407544E+01 

.228781E+00 

.992010E+00 

.368626E+01 
-.551747E+00 

.126121E+01 . 

.396606E+01 

.205144E+00 

.102797E+01 

.400367E+01 
-.597185E+00 
.100526E+01 

.390169E+01 

.132700E+00 

.104388E+01 

.383076E+01 
-.316568E+00 
.104147E+01 

.384600E+01 
-.820546E-01 
.104741E+01 

.391629E+01 
-.428173E+00 
.100758E+01 

.378545E+01 
.308190E-02 
.106371E+01 

.374351E+01 

.110870E+00 

.103953E+01 

.369178E+01 
-.115785E+00 
.107296E+01 

.364587E+01 

.279563E+00 

.108992E+01 

.289908E+00 
.364510E-02 
.506556E-01 

-.281838E+01 
-.205391E+00 

.257430E+00 
.123796E-02 

-.950583E-02 

-.303284 E + 0 1 
-.177212E+00 

.459043E-03 
-.184811E-01 
.724199E-02 

-.198084E+01 
-.125411E+00 

-.101730E+01 
-.931769E-01 
-.204703E-01 

-.241339E+01 
-.136416E+00 

-.592439E+00 
-.812276E-01 
.339587E-01 

-.463745E+00 
.909387E-03 

-.105048E+01 
-.119522E+00 

.840351E-01 

.193985E+00 
.458958E-01 

-.277856E+00 
-.116149E-01 
-.417557E-01 

-.278575E+00 
-.345747E-01 

-.213196E+00 
-.118071E-01 
-.442768E-01 

-.299394E+00 
-.223080E-01 

-.290902E+00 
-.160411E-01 
-.889514E-01 

-.193944E+00 
-.196102E-01 

-.369353E+00 
-.170748E-01 
.686167E-02 

-.237759E+00 
-.182942E-01 

-.409695E+00 
-.215785E-01 

-.165210E+00 

-.657270E-01 
-.252790E-02 

-.370984E+00 
-.249136E-01 
-.245638E+00 

-.929848E-02 
.356290E-02 

-.203237E+00 

-.174362E-02 

-.194640E+00 

-.820575E-03 

-.246524E+00 

-.904311E-03 

-.787202E-01 
.118662E-02 

-.735466E-03 

-.175450E+00 
-.652591E-03 

-.154665E-03 

-.122884E+00 
-.997722E-03 

.111709E-03 

-.122283E-01 

-.118637E-01 

-.148897E-01 

.244193E-01 .188157E-02 

-.102594E-01 

-.724273E-02 
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E = .7943 eV 
Elastic 
ao-cLj: 

bi-b4: 
A,B,C: 

Charge Transfer 
ao-a2: 
bi-b4: 

A: 

E = 1.0000 eV 
Elastic 
ao-a4: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b s : 

A: 

E = 1.2590 eV 
Elastic 
ao-a4: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b6: 

A: 

E = 1.5850 eV 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
b r b 4 : 

A: 

.359969E+01 
-.190219E+00 
.105430E+01 

.364574E+01 
-.164497E+00 
.100936E+01 

.372926E+01 
-.451069E+00 
.100096E+01 

.365575E+01 
-.572257E+00 
.101557E+01 

.371141E+01 
-396607E+00 
.952665E+00 

.381511E+01 
-.639922E+00 
.106578E+01 

.362277E+01 
-.366954E+00 
.933585E+00 

.377875E+01 
-.541643E+00 
.950212E+00 

.136638E+01 

.140747E+00 
.685020E-01 

.140349E+01 
-.850247E-01 

-.234214E+01 
-.236708E+00 
.609614E+00 

-.297512E+01 
-.201877E+00 

-.232355E+01 
-.220634E+00 
.256336E+00 

-.325597E+01 
-.121637E+00 

.245596E+01 

.203976E+00 

.151078E+00 

.346402E+01 

.108932E+00 

.344923E+00 
-.266776E-01 
.197600E+00 

.140233E+00 
-.140923E-01 

.801550E+00 
-.435439E-01 
.598074E+00 

.269522E+00 
-.329934E-01 

.964296E+00 
-.416220E-01 
-.915041E-02 

.291600E+00 

.187207E-01 

-.100905E+01 
-.337437E-01 
.451891E+00 

-.295465E+00 
-.834499E-02 

.939617E-01 -.562045E-02 

.117263E-02 

.670954E-03 

.248325E+00 
-.154107E-02 

.140301E-01 

-.225399E-02 -.535911E-04 

.295773E+00 -.162298E-01 
-.131094E-02 

.851405E-02 .892108E-03 .298418E-04 

-.222584E+00 .679580E-02 .115106E-02 

-.888410E-04 

E = 1.9950 eV 
Elastic 
ao-a5: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b4: 

A: 

E = 2.5120 eV 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 
Charge Transfer 

a0-a2: 
bi-b2: 

A: 

.346613E+01 
-.335207E+00 
953282E+00 

.319855E+01 
-.463260E+00 
.114143E+01 

.329740E+01 
-.302291E+00 
.993021E+00 

.241634E+01 
-.416064 E-01 
.118558E+01 

.254039E+01 

.193781E+00 

.340269E+00 

.276458E+01 

.158115E+00 

.261522E+01 

.184686E+00 

.255833E+00 

.220853E+01 
.201588E-02 

-.974604E+00 
-.295725E-01 
.572612E+00 

-.241873E+00 
-.221666E-01 

-.943650E+00 
-.257709E-01 
.350088E+00 

-.184938E+00 

-.159826E+00 .110196E-01 .117042E-02 

-.997198E-03 

-.987648E-01 .153874E-01 .120801E-02 

152 



E = 3.1620 eV 
Elastic 
acras: 
bi-b3 : 

A,B,C: 
Charge Transfer 

ao-a3: 
A: 

E = 3.9810[eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

.308275E+01 
-.307483E+00 
.102312E+01 

.222282E+01 

.122278E+01 

.278043E+01 
-.568933E+00 
.100009E+01 

.236132E+01 
-.188493E+00 
.127854E+01 

-.271547E+01 
-.181332E+00 
-.108882E+00 

-.817423E+00 
-.231605E-01 
.107913E+00 

-.308896E-01 .203807E-01 .128340E-02 

-.221327E+01 -.296838E+00 -.912788E-02 

-.384321E+01 -.130250E-01 .642945E+00 .163716E+00 .777501E-02 
-.188168E+00 .879995E-02 .625983E-02 
.247219E+00 -.153572E+00 

-.243893E+01 -.167523E+00 
-.387874E-01 -.347658E-02 

E = 5.0120 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

E = 6.3100eV 
Elastic 
ao-as: 
b r b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

.250790E+01 
-.548149E+00 
.106607E+01 

.243251E+01 
-.280868E+00 
.113126E+01 

.224095E+01 
-.536815E+00 
.114410E+01 

.185950E+01 
-.122788E+00 
.117488E+01 

-.363911E+01 
-.198189E+00 
.407464E+00 

-.278734E+01 
-.573094E-01 

-.351112E+01 
-.200603E+00 
.518746E+00 

-.246457E+01 
-.240505E-01 

.116514E+00 .574091E+00 .122238E+00 .548912E-02 
-.425378E-03 .367463E-02 
•.427344E+00 

•.173964E+00 
-.498733E-02 

.267264E+00 
-.382443E-02 
-.689921E+00 

-.166607E+00 
-.241341E-02 

.573286E+00 
.248755E-02 

.105380E+00 .448517E-02 

E = 7.9430 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 
Charge Transfer 

ao-a2t 
b!-b2: 

A: 

E = 10.0000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi-b3: 

A: 

.215599E+01 
-.429891E+00 
.956121E+00 

.168066E+01 
-.295713E-'01 
.106183E+01 

.249083E+01 
-.576643E+00 
.878400E+00 

.171093E+01 
-.212727E+00 
.108376E+01 

-.311231E+01 
•.289622E+00 
.176765E+00 

-.241180E+01 
.188007E-02 

•.372192E+01 
•.198719E+00 
.393434E+00 

•.274366E+01 
-.445047E-01 

.347266E-01 .591152E+00 .118173E+00 .493566E-02 
-.414922E-01 -.277238E-02 -.304626E-03 
-.376466E+00 

-.187613E+00 

.212131E+00 
.124895E-02 

-.982149E+00 

-.154512E+00 
-.415758E-02 

.623994E+00 
.394246E-02 

.130671E+00 .576890E-02 
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E = 12.5900 eV Warning: Fitted elastic differential cross section does not accurately yield amt and <7„,-
Elastic 
ao-as: 
b r b 4 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b i -b 3 : 

A: 

E = 15.8500 eV 
Elastic 
ao-a-j: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b! -b 3 : 

A: 

E = 19.9500 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a3: 

A: 

E = 25.1200 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a3: 
A: 

E = 31.6200 eV 
Elastic 
a0-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a3: 
A: 

E - 39.8100 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

a0-a2: 
b r b 3 : 

A: 

.249032E+01 
-.567715E+00 

842600E+00 

.170870E+01 
-.213754E+00 
.104374E+01 

.153683E+01 
-.206019E+00 
.118669E+01 

.109842E+01 
-. 149718E+00 
.116636E+01 

.853768E+00 
-.265058E+00 
.121086E+01 

.479301E+00 

.115756E+01 

.857744E+00 
-.266621E+00 
.110715E+01 

.468671E+00 

.112488E+01 

.837470E+00 
-.261219E+00 
.106205E+01 

.450624E+00 

.107464E+01 

.353295E+00 
-.329811E+00 
.111788E+01 

.492403E+00 
-.411493E+00 
.936071E+00 

-.366719E+01 
-.200057E+00 
.436133E+00 

-.273677E+01 
-.443479E-01 

-.297131E+01 
-.827741E-01 
.169383E+01 

-.276817E+01 
-.280809E-01 

-.270968E+01 
-.645305E-01 
.532596E+00 

-.283482E+01 

-.271304E+01 
-.644294E-01 
.403764E+00 

-.281781E+01 

-.270264E+01 
-.627926E-01 
.204749E+00 

-.279344E+01 

-.283916E+01 
-.777593E-01 
.776639E+00 

-.340459E+01 
-.838255E-01 

.191976E+00 
-.891951E-03 
-.900000E+00 

-.151536E+00 
-.407680E-02 

-.569729E+00 
-.824659E-02 
-.200303E+01 

-.169193E+00 
-.256015E-02 

-.148657E-01 
-.651634E-02 
-.412678E+00 

-.319252E+00 

-.139276E-01 
-.646563E-02 
-.676557E+00 

-.313177E+00 

-.130281E-01 
-.624515E-02 
-.877476E+00 

-.302385E+00 

.226875E-01 
-.760303E-02 
-.100000E+01 

-.714669E-01 
-.747127E-02 

.592811E+00 .122058E+00 
.349033E-02 

-.642581E-01 -.179172E-02 

-.864066E-02 

-.834064E-02 

-.775152E-02 

.533303E-02 
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E = 50.1200 eV 
Elastic 
ao-aj: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a3: 

b i : 
A: 

E = 63.1000 eV 
Elastic 
ao-a2: 
b i -b 3 : 

A,B,C: 
Charge Transfer 

ao-a2: 
b r b 2 : 

A: 

Warning: Fitted 

.341576E+00 
-.901063E-01 
.101706E+01 

-.879359E+00 
-.170226E+00 
.100715E+01 

-.917934E+00 
-.279965E+00 
.142298E+01 

-.104700E+01 
-.416358E-01 
.136403E+01 

! elastic differential cross section 

-.261375E+01 
-.238178E-01 
.246238E+00 

-.375613E+01 

-.331925E+01 
-.610401E-01 
.417669E+01 

-.310201E+01 
-.303327E-02 

-.114352E+00 
-.241062E-02 
-.100000E+01 

-.631261E-01 

-.100688E+00 
-.505977E-02 
-.367762E+01 

-.223783E+00 

does not aca 

.123599E-01 

E = 79.4300 eV Warning: Fitted elastic differential cross section does not accurately yield crmt an 
Elastic 

-.100221E+01 -.210203E+01 
-.240680E+00 -.150657E+00 -.309061E-01 -.245171E-02 -.778068E-04 
.918631E+00 -.450000E+00 .270564E+01 

ao-ai: 
bi-b5: 

A,B,C: 
Charge Transfer 

ao-ai: 
b!-b3: 

A: 

-.162817E+01 
-.230878E+00 
.271715E+01 

.211008E+01 
-.814444E-01 -.862445E-02 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b3: 

A,B,C: 
Charge Transfer 

ao-a2: 
bi: 

A: 

•.187447E+01 -.255446E+01 
.236713E+00 -.710240E-01 -.682369E-02 
.126882E+01 -.568792E+00 .204187E+01 

•.292694E+01 
-.479894E-01 
.175346E+01 

-.372483E+01 -.248222E+00 
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D+ + T -> D+ + T D+ + T -> D+ + T 

ECM = 0.1 eV ECM = 0.1995 eV 

10" 

103
 r 

102 r 

101 

10° 
• 

% 10"2 

<x> 1 ° 4 \ 

K 103 

CM 

102 

101 

10° 

10"1 

>-2 

"* -* -* -1 ~* * 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

•j Q I I I I I I I I I I I I I I I I I I I I 1 I I I I i i i i i I il I ' * » ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + T ^ D + + T D+ + T ^ D + + T 
ECM = 0.5012 eV ECM = 1 eV 

O 
" O ri-rr 

O 10 
c 

" W 3 
K 1 0 

C\J 

102 

101 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"1 10"3 10"2 10"1 10° 
— — Fit to Elastic 

Elastic 
Fit to Charge Transfer] 
Charge Transfer 

1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10° r 

10" 

.-2 "| Q *" I i i i 11 i i i i I i i i i i i i i 1111 i 11 11 11 I I I I i . • • • i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + T -» D+ + T D+ + T -» D+ + T 
ECM = 1.995 eV ECM = 5.012 eV 

• • • — * -* •* - 1 " * • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

i o"~ * ' * ' •* * * * * 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D+ + T->D+ + T D+ + T ^ D + + T 
EGM = 10eV ECM= 19.95 eV 

10' 

10J • 

10* r 

101 

10u 

S10"2 

% 10* 

inwq i uiuq i innq i luuq iiiiiaj i. 

•* ' •••—* - 1 —' • • • • " - » 

10"5 10"4 10"3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10"1 10' 

1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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D+ + T -» D+ + T D+ + T -» D+ + T 
E0M = 50.12 eV ECM = 100eV 

104 r S 
JIIIH| I IIIMq I I I I 

10* 

102 

101 

10° . 

10"1 • 

10 
-2 

3 

a 
• a 
CD 

"co 

CM 

^-3 
10' 

10" 

10 
-5 

^ - r * fc " " " ^ i " j ] 

10"5 10"4 10'3 10"2 10"1 10° 10"6 10"4 10"3 10"2 10"1 10° 

I I I I I I j I I 1 1 I I I I 1 1 I I I I I I • I I I I 

10* 

103 

102 

101 

10° 

10'' • 

10"2 • 

10-3 • 

Fit to Elastic 
Elastic 
Fit to Charge Transfe 
Charge Transfer 

10" 

10 
•5 • 

1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.1 H+ + H2 
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2.1 

H+ + H2 H+ + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.778452E+03 

.675857E+03 

.523936E+03 

.420996E+03 

.338864E+03 

.267759E+03 

.221530E+03 

.178201E+03 

.144591E+03 

.132202E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.192634E+03 
.147005E+03 
.112769E+03 
.820252E+02 
.503173E+02 
.104435E+02 
.247040E+01 
.803974E+00 
.115788E+00 
.323259E-01 

Viscosity 
(a.u.) 

.122679E+03 

.897459E+02 

.666549E+02 

.533666E+02 

.428905E+02 

.180934E+02 

.402170E+01 

.111824E+01 

.207854E+00 
.631328E-01 

Analytic fitting function 

Vei,mtAE) = (J2*ME)A I h . + YlHHE)y) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2: .416955E+03 .132513E+03 -.178991E+02 
b r b 2 : .598580E+00 .755960E-01 

ao-a3: 
b!-b4: 

b5: 

.841830E+02 
.324975E-03 
.293031E-01 

Momentum Transfer 
.396599E+02 .794799E+01 
.175412E+00 .203844E+00 

-.690359E+00 
.129582E+00 

ao-aa: 
bi-b4: 

b5: 

.485674E+02 
.244595E-01 
.387591E-01 

Viscosity 
.890642E+01 
.248285E+00 .329301E-01 .136541E+00 
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H + H2 ̂  H + H2 
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2.1 

H+ + H2 

Elastic Differential Cross Sections 

Analytic fitting function 

da ei 

H+ + H2 

2irsin{d)^-(0) =[A + 5(1 - cos{6)) + Csin\6)\ 

exp 

da 

w=o / V j= i i 
a.u. 

where A, B, C, a,-, and by are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .468579E+01 
bi-b4: -.209566E+00 

A,B,C: .100512E+01 

E = .1259 eV 
Elastic 
a0-a5: .442886E+01 
bi-b4: .136428E-01 

A,B,C: .103059E+01 

E = .1585 eV 
Elastic 
a0-a5: .432328E+01 
bx-b4: -.247830E+00 

A,B,C: .995804E+00 

E = .1995 eV 
Elastic 
a0-a5: .421519E+01 
b!-b4: -.182738E+00 

A,B,C: .997183E+00 

E = .2512 eV 
Elastic 
ao-a^: .409809E+01 
bi-b3: .310518E+00 

A,B,C: .104732E+01 

E = .3162 eV 
Elastic 
a0-a5: .405948E+01 
bi-b4: -.160361E+00 

A,B,C: .998416E+00 

-.192646E+01 
-.156303E+00 
.165209E+00 

.714970E+00 
-.640326E-01 
.872602E-01 

•-179211E+01 
.149680E+00 
.100160E+00 

-.154711E+01 
-.118879E+00 
.681865E-01 

-.102653E+01 
.127376E-01 

-.195721E+00 

.302251E+00 
-.147380E-01 
.131915E+00 

.588727E+00 
-.183866E-01 
-.672792E-01 

.376500E+00 
-.127854E-01 
-.566383E-01 

.704531E+00 .173467E+00 
.472598E-01 -.659498E-02 
.208836E-01 -.118217E+00 

-.129536E+01 -.448903E+00 
-.126888E+00 -.141855E-01 
.552084E-01 -.376970E-01 

.299118E+00 .459772E+00 .339026E-01 
.330851E-01 

-.654638E-01 .952995E-01 .759793E-02 
.696945E-02 

-.130919E-01 .242105E+00 .182843E-01 
.172833E-01 

.497212E-01 .168881E+00 .123674E-01 

.114466E-01 

.975290E-01 -.813516E-02 

.286582E-01 .144868E+00 .103933E-01 

.945495E-02 
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E = .3981 eV 
Elastic 
a0-a5: .396597E+01 
bi-b4: -.281197E+00 

A,B,C: .992309E+00 

E = .5012 eV 
Elastic 

-.187984E+01 -.400879E+00 .761237E-01 .142083E+00 
-.150866E+00 -.150890E-01 .891258E-02 
.858727E-01 -.426110E-01 

.100199E-01 

ao-as: 
bi-b 4 : 

A,B,C: 

.391314E+01 
-.142148E+00 
.100189E+01 

E = .6310 eV 
Elastic 
ao-as: 
b!-b4: 

A,B,C: 

.371591E+01 
-.123534E+00 
.998621E+00 

E = .7943 eV 
Elastic 
ao-as: 
bi-b 4 : 

A,B,C: 

.366675E+01 
-.391886E+00 
.973447E+00 

E = 1.0000 eV 
Elastic 
ao-as: 
bi-b 4 : 

A,B,C-

.372742E+01 
-.415247E+00 
.972762E+00 

-.125262E+01 
-.115872E+00 
.789750E-01 

-.127642E+01 
-.925499E-01 
.127141E+00 

-.241086E+01 
-.179681E+00 
.349780E-01 

-.233323E+01 
-.204888E+00 
.696601E-01 

-.358491E+00 .581197E-01 .108463E+00 .750511E-02 
-.119335E-01 .659272E-02 
-.819262E-01 

-.138835E+00 .210027E+00 .125514E+00 .799754E-02 
-.104478E-02 .713654E-02 
-.139515E+00 

-.404909E+00 .314806E+00 .194227E+00 
-.225810E-02 .109961E-01 
.837218E-01 

.122840E-01 

.559611E+00 .114104E+00 .127686E+00 .840674E-02 
-.180320E-01 .701187E-02 
.118359E-01 

E = 1.2590 eV 
Elastic 
a0-a5: .326875E+01 
bi-b4: -.249442E+00 

A,B,C: .985130E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .339982E+01 
bi-b4: -.362312E+00 

A, B, C: .980078E+00 

-.156679E+01 -.324358E-01 .163495E+00 
-.134061E+00 -.124231E-01 .400326E-02 
.290695E-01 .819683E-01 

.844874E-01 .521023E-02 

E = 1.9950 eV 
Elastic 
ao-as: 
bi-b 4 : 

A,B,C: 

.353288E+01 -
-.910207E-01 -
.987035E+00 

E = 2.5120 eV Warning: 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

.312193E+01 
-.155171E+01 
-.990808E-01 
-.136180E-07 
.967008E+00 

E = 3.1620 eV 
Elastic 
a0-ai : 
b i -b 6 : 
by-bio: 

bi3-
.4, B, C: 

.391949E+01 
-.205453E+01 
-.195272E+00 
-.162517E-07 
.951459E+00 

-.189526E+01 -.439325E+00 -.643886E-01 .384397E-01 .294471E-02 
-.197119E+00 -.314787E-01 .150967E-02 
.138844E+00 .540391E-01 

.104727E+01 -.723006E+00 -.301760E+00 -.290954E-01 -.759702E-03 

.133585E+00 -.344673E-01 -.164437E-02 

.300277E-01 .142649E+00 

Fitted elastic differential cross section does not accurately yield o~mt and o~vi 

-.414631E+01 
-.334792E+00 .892378E+00 .704686E+00 .233124E-01 -.182543E+00 
-.265064E-01 -.424635E-02 -.425651E-03 -.262215E-04 -.909587E-06 

-.450000E+00 .141909E+01 

-.666816E+01 
.953730E+00 .215425E+01 .743304E+00 
-.447954E-01 -.646646E-02 -.598673E-03 

-.340531E+00 .537119E+00 

-.456008E+00 
-.345809E-04 

.487880E+00 
-.113662E-05 
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E = 3.9810 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-b>i2: 

bi3: 
A,B,C: 

.411952E+01 
-.207774E+01 
-.282043E+00 
-.105558E-07 
.927203E+00 

-.118869E+02 
.344224E+01 .334893E+01 .905786E-01 
-.560159E-01 -.712447E-02 -.583400E-03 

.139830E+00 .240484E+00 

-.131041E+01 
-.297132E-04 

-.860801E+00 
-.854330E-06 

E = 5.0120 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bio: 
A,B,C: 

.214688E+01 
-.172034E+01 
-.250168E-01 
.892549E+00 

E = 6.3100 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bio: 
A,B,C: 

-.629843E+00 
-.332174E+00 
-.284062E-02 
.909757E+00 

-.169694E+02 .104350E+02 
.459725E+01 -.695538E-01 
-.211750E-02 -.975197E-04 
.716526E+00 .853662E-01 

-.146685E+02 .120829E+02 
.367715E+01 -.133866E+01 
-.762936E-04 -.385470E-06 
.652229E+00 -.433804E+00 

-.144886E+01 
-.187218E-05 

-.717210E+00 -.174745E+00 

.135439E+01 

.824502E-08 
.367833E+00 -.459217E-01 

E - 7.9430 eV 
Elastic 
a.Q-a.2-
bi-b6: 
b7-bio: 
A,B,C: 

-.289964E+01 
.956330E+00 
.206062E-01 
.903055E+00 

E = 10.0000 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bn: 
A,B,C: 

•.297195E+01 
.141445E+01 
.137104E-01 
.933163E+00 

•.820612E+01 
.166325E+01 
.226733E-02 
.551620E+00 

•.372832E+01 
.603471E+00 
.102886E-02 
.166738E+00 

.920102E+01 
-.199698E+01 
.123038E-03 

-.643835E+00 

.524973E+01 
-.171020E+01 
-.199454E-06 
.707960E-01 

-.907853E+00 .297145E-01 .857801E-01 
.266824E-05 

-.641094E+00 .594593E-01 .690688E-01 
-.386496E-05 -.143089E-06 

E = 19.9500 eV 
Elastic 
&0" &5'-

a6: 
bi-b5: 

A,B,C: 

-.197134E+01 
-.752238E-02 
.309070E+00 
.896321E+00 

.321721E-01 .261324E+01 -.109220E+01 -.911558E+00 -.178739E+00 

E = 50.1200 eV 
Elastic 

ao-aj: 
bi-b6: 
b7-bio: 

A,B,C: 

.328480E+01 
.273364E-01 
.288437E-02 
.104426E+01 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bg: 

A,B,C: 

-.735526E+01 
.338091E+00 
.321419E-03 
.102247E+01 

• 149050E+00 
.353752E+00 

.285447E+01 

.284091E+00 

.221391E-03 

.278820E-01 

-.473776E+01 
.112946E+00 
.177767E-04 
.202043E+00 

•.417893E+00 -.136990E+00 -.145055E-01 
.586817E+00 

.288161E-02 .166664E+00 .886174E-01 .214891E-01 

.912450E-05 .156993E-06 
-.764747E-01 

-.299265E-01 .786790E-02 .106850E-01 .277667E-02 
.382957E-06 

-.502322E+00 
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H+ + H2 -> H+ + H2 H+ + H2 -> H+ + H2 

itf 
ECM = 0.1eV ECM = 0.1995 eV 

10J r 

10' 

10' r 

-j Q " I - 1 - 1 • ••••-« - I ~J • ! ' • • • • - J •"* - 1 • " — ^ " I 
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1 0 L I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I U L I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I 

10* J 
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10L 

Fit to Elastic 
Elastic 

• . . i • . . . . . • • 1.1 * » • * * 

0 3 0 
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ECM = 0.5012 eV 

H+ + H2 -> H+ + H2 

ECM = 1 eV 

10* r 

1 Q ' - 1 - 1 "* - 1 ~* •' ' ** - * ••••—* - * -^ • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10 ' 

10° 

I I I I I I I I I I I II I I I • • I I 

Fit to Elastic 
Elastic 

10 r 

101 r 

10u 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

* * * * ** * • • ' * * ^ 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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H+ + H2 -> H+ + H2 

ECM = 1.995 eV 

H+ + H2 -» H+ + H2 

ECM = 5.012 eV 

10 

10"' 

10 
-3 I I I I I I I J i m i n i i innrf i mnrf i m i d l i ' ^ -J ••••—J -» • ....~J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1(T 

1 0 J 

1tf 

101 
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Scattering Angle in Center of Mass System (rad) 
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H+ + H2->H+ + H2 

ECM=10eV 

H+ + H2 -> H+ + H2 

ECM = 19.95 eV 

1<T 

10J 

10' 

10' 

10u 

10" 

g- i t r 
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^ I O " 4 • • • " - J - J - J ~» - ^ • ' 
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I I I I I I I I I I I I I I I I U I I I I I I I I I • I I II 

Fit to Elastic 
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-

* * * * *' * ' ' 

• 1 1 1 1 1 1 1 1 1 1 g 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 3 0 
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H+ + H2 -» H+ + H2 H+ + H2 -> H+ + H2 

ECM = 50.12 eV ECM = 100eV 

a 

• o 

CO 

CM 

10" 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

• i i i i i i | i i i i i i i • • | i i i i i i i i i | ; 

1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.2 D + + H2 



2.2 

D+ •+ H2 —» D+ + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.986339E+03 

.806662E+03 

.560659E+03 

.477968E+03 

.378978E+03 

.303106E+03 

.255804E+03 

.203762E+03 

.156734E+03 

.138703E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.182321E+03 
.150694E+03 
.110716E+03 
.829729E+02 
.503894E+02 
.125666E+02 
.320801E+01 
.868343E+00 
.119187E+00 
.651367E-01 

Viscosity 
(a.u.) 

.114715E+03 

.918266E+02 

.662421E+02 

.510964E+02 

.444365E+02 

.200753E+02 

.526033E+01 

.137779E+01 

.219191E+00 
.718754E-01 

Analytic fitting function 

<rei,nt,vi{E) = (jL^iHE))1) / (1. + Ebi(K^))Jj a-u-, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 
bi-b2: 

ao-a3: 
cLj! 

b r b 4 : 

b5 : 

ao-aj: 
bi-b4: 

b5 : 

.468920E+03 

.133156E+00 

.845619E+02 

.478905E+00 
-.148287E+00 
.164119E-01 

.489052E+02 
.611894E-01 
.319489E-01 

Elastic 
-.760649E+02 .383130E+01 
-.636916E-02 

Momentum Transfer 
-.519899E+02 .201297E+02 

.251315E+00 .165373E+00 

Viscosity 
-.906261E+01 
-.219040E+00 .131682E-01 

-.492783E+01 

.896005E-01 

.111375E+00 
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D+ + H2 -> D+ + H2 
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2.2 

D+ + H2 

Elastic Differential Cross Sections 

Analytic fitting function 

D+ + H2 

2*sin(9)^£{6) =\A+ B{\ - cos(e)) + Csin\6) 
oil L 

exp 
W=0 / \ j = l y 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .444995E+01 
bi-b4: .104941E+00 

A,B,C: .102633E+01 

E = .1259 eV 
Elastic 
a0-a5: .436632E+01 
bi-b4: -.452864E-01 

A,B,C: .100606E+01 

£ = .1585eV 
Elastic 
a0-a5: .427724E+01 
bi-b4: .162585E+00 

A, B, C: .104254E+01 

E= .1995 eV 
Elastic 
a0-a5: .421669E+01 
bi-b4: -.144878E+00 

A,B,C: .100893E+01 

E= .2512 eV 
Elastic 
ao-a^: .418674E+01 
bi-b3: .234657E+00 

A,B,C: .102032E+01 

E = .3162 eV 
Elastic 
a0-a5: .405036E+01 
bi-b4: -.106766E+00 

A,B,C: .100585E+01 

.205621E+00 
-.352298E-01 
.717878E-01 

.888530E+00 
-.775355E-01 
.638834E-01 

.184169E+00 
-.178326E-01 
.113892E-01 

.165099E+00 
-.172430E-01 
.123829E+00 

-.134275E+00 .471939E-01 .415780E-02 
.366108E-02 

.226640E+00 -.993510E-01 .812465E-01 .642919E-02 
-.200861E-01 .568480E-02 
-.878368E-01 

-.494876E-01 
-.203419E-01 
-.846435E-01 

-.1.94189E+00 
-.259104E-03 

-.118219E-01 .159124E-03 

-.131709E+01 -.350511E+00 .408899E-01 .121139E+00 .840315E-02 
-.115641E+00 -.138302E-01 .744423E-02 

.181271E-01 -.190372E-01 

.473374E+00 
.139685E-01 
.104891E+00 

-.109514E+01 
-.105606E+00 

.640832E-01 

-.625482E-01 
-.159737E-01 
-.232792E+00 

-.232492E+00 -.162337E-01 

-.299662E+00 .864603E-02 .754690E-01 .523227E-02 
-.152761E-01 .432195E-02 
-.777736E-01 

176 



E = .3981 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.402790E+01 
-. 286064 E+00 
.976807E+00 

E = .5012 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.381126E+01 
-.256669E-02 
-.412226E+00 
.968720E+00 

E = .6310 eV 
Elastic 
ao-as: 

a6: 
bi-b4: 

A,B,C: 

.373914E+01 
.223721E-03 

-.385465E+00 
.964426E+00 

E = .7943 eV 
Elastic 
a0-a5: .366820E+01 
bi-b4: -.303448E+00 

A,B,C: .968963E+00 

E - 1.0000 eV 
Elastic 
ao-a5: 

a6: 
bi-b5: 

A,B,C: 

.345886E+01 
-.387524E-02 
-.380809E+00 
.960491E+00 

E = 1.2590 eV 
Elastic 
ao-a5: 
bi-b4: 

A,B,C: 

.331424E+01 
.468811E-01 
.960393E+00 

E = 1.5850 eV 
Elastic 
ao-ai: 
bi-b6: 

b7: 
A,B,C: 

.324498E+01 
-.723700E+00 
.613044E-05 
.995874E+00 

E - 1.9950 eV 
Elastic 
a0-a4: .339479E+01 
bi-b4: -.498625E+00 

A,B,C: .974419E+00 

E = 2.5120 eV 
Elastic 

-.195150E+01 -.521592E+00 .180930E+00 .174093E+00 .112259E-01 
-.159806E+00 -.746261E-02 .101107E-01 
.635007E-01 -.195662E-01 

-.223627E+01 -.412137E+00 -.168452E+00 -.155168E+00 -.468098E-01 

-.272756E+00 -.704677E-01 -.158203E-01 -.276806E-02 
.101651E-01 .419985E-01 

-.219884E+01 -.761581E+00 -.217886E-01 .528881E-01 .677871E-02 

-.302412E+00 -.621069E-01 -.262618E-02 
.103866E-01 .731634E-01 

-.180133E+01 -.332834E+00 .338551E-01 .635815E-01 .417289E-02 
-.168206E+00 -.222230E-01 .285951E-02 
.204913E-01 .682850E-01 

-.179930E+01 -.849590E-01 -.305526E+00 -.299731E+00 -.758387E-01 

-.242915E+00 -.768469E-01 -.242093E-01 -.405696E-02 
-.395488E-01 .118148E+00 

.480491E+00 .177979E+00 .162532E+00 .539806E-01 .300238E-02 
-.327565E-01 -.499392E-03 .240900E-02 
.173018E-01 .829383E-01 

•.282564E+01 
•.186093E+00 .376274E-01 .231093E-01 .357744E-02 .242731E-03 

.120254E+00 .550146E-01 

.224754E+01 -. 538851E+00 -.177950E+00 -.108420E-01 

.253405E+00 -.459319E-01 -.182131E-02 

.183063E+00 .465367E+00 

ao-ai: 
b i -b 6 : 
b 7 -b i 2 : 

bi3 : 

A,B,C: 

.343967E+01 
-.106489E+01 
-.259283E-01 
-.240230E-08 
.943326E+00 

-.343858E+01 
-.127847E+00 .465773E+00 .311950E+00 
-.649634E-02 -.969827E-03 -.906907E-04 

-.323298E+00 .541930E+00 

.276354 E-01 
-.522702E-05 

-.489292E-01 
-.170245E-06 
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E = 3.1620 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and <rv 

Elastic 
ao-aj: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

.368737E+01 
-.130594E+01 
-.721760E-01 
-.449012E-08 
.934057E+00 

E = 3.9810 eV 
Elastic 
ao-a2-. 
bi-b6: 

b7: 
A,B,C: 

.315370E+01 
-.112247E+01 
-.909775E-04 
.987612E+00 

E = 5.0120 eV 
Elastic 
ao-a2: 
bi-b6: 
b7-bio: 
A,B,C: 

.181748E+01 

.606827E+00 
-.451027E-01 
.904784E+00 

E = 6.3100 eV 
Elastic 
ao-ai: 
bi-be: 
b7-bi2: 

bn : 
A,B,C: 

.301846E+00 

.272075E+01 
-.326842E+00 
-.230063E-07 
.900051E+00 

-.481593E+01 
.506665E+00 
-.154842E-01 

-.450000E+00 

-.740031E+01 
.944189E+00 

.114205E+01 

-.112432E+02 
.490233E+01 
-.399521E-02 
.427355E+00 

-.474939E+01 
.458922E+01 
-.665397E-01 

.245654E+00 

.968958E+00 
-.211504E-02 

.126170E+01 

.253510E+01 

.118999E+00 

.222546E+00 

.747442E+01 
-.580441E+00 
-.191788E-03 
-.185791E+00 

.132313E+01 
-.907691E-02 

-.232026E+00 

.236022E+00 
-.186572E-03 

-.890506E-01 

-.224837E+01 
-.384090E-05 

-.178953E+01 
-.822220E-03 

-.230600E+00 
-.103175E-04 

-.276926E-01 -

-.115339E+01 

-.205923E+01 
-.474431E-04 

-.197965E+00 
-.325853E-06 

.271441E-02 

-.298650E+00 

-.105290E+01 
-.157775E-05 

E = 7.9430 eV Warning: Fitted elastic differential cross section does not accurately yield amt and crVi 
Elastic 
a0-a2: -.219574E-01 -.380938E+01 -.289435E+00 
bi-b2: -.624011E-01 -.126708E-02 

A,B,C: .680224E+00 .600000E+00 .134461E+02 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield amt <md a„i 
Elastic 
a0-a5: .345886E+01 -.179930E+01 -.849590E-01 -.305526E+00 -.299731E+00 -.758387E-01 

a6: -.387524E-02 
bi-b5: -.380809E+00 -.242915E+00 -.768469E-01 -.242093E-01 -.405696E-02 

A,B,C: .960491E+00 -.395488E-01 .118148E+00 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield amt and cr„,-
Elastic 

-.224754E+01 -.538851E+00 -.177950E+00 -.108420E-01 
-.253405E+00 -.459319E-01 -.182131E-02 
-.183063E+00 .465367E+00 

ao-a*: .339479E+01 
bi-b4: -.498625E+00 

A,B,C: .974419E+00 

E = 50.1200 eV 
Elastic 
a0-a i : -.289105E+01 -.253061E+01 
bi-b6: -.779622E+00 .569233E-01 
b7-b12: -.444455E-01 
A,B,C: .955415E+00 

-.737185E-02 
.395589E+00 .996420E+00 

.764802E+00 .151297E+00 
-.749862E-03 -.463525E-04 

.232241E+00 
-.160281E-05 

.154044E+00 
-.238273E-07 

E = 100.0000 eV 
Elastic 
a0-a i : -.411844E+01 
bi-b6: .709939E+00 
b7-b12: .580699E-01 

b13: .410953E-08 
A,B,C: .911604E+00 

-.261544E+01 
.166602E+00 
.132545E-01 

-.485303E+00 -.260527E+00 
.187493E-02 .168699E-03 

.106104E+00 
.942390E-05 

.140744E+00 
.298652E-06 

.116935E+00 -.856601E-01 
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D+ + H2 -> D+ + H2 

ECM = 0.1 eV 

D+ + H2 -> D+ + H2 

ECM = 0.1995 eV 

10" 

10J 

1(T 

101 

10u 

10" 

i inwq i n i u q i i I I I H | • uiuq i I••••^ 

' • • • • ^ - * * * * • * • — * ' 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

• I I I I I I I I I I • I I I I I I I I I I • I I I I I 

104 r 

10° t 

10" 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 * 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 
* * * •* * i . . . . . . . . . i 

1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + H2 -» D+ + H2 

E0M = 0.5012 eV 

D+ + H2 -> D+ + H2 

ECM = 1 eV 

-J Q I -J . . . . — J - I - I . . . . — J • 

10"5 10"4 10"3 10"2 10"1 10° 

i i mm i m m i I I IMJ i una; i nmq 

10"5 10"4 10"3 10"2 10"1 10° 

10 4 I-

I I I I I I I I 11 11 I I I I I 11 I I I I I I 111 11 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 Q * • ' ' ' • ' ' ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + H2 -> D+ + H2 

ECM = 1.995 eV 

D+ + H2 -^ D+ + H2 

ECM = 5.012 eV 

10* 

10° r 

1tf 

101 

10L 

10 -1 

.-2 

i inuq i inuq I uinq i mia| imuq 

J -J - 1 -1 -1 • 
5 ., «-* -• r»-3 -.. «-2 ., «-1 A #-.0 „ „-5 ., „-4 ., «-3 ., „-2 ., „-1 u n0 

"| Q ' • ••—•J -^ 

104 

• • • ^ - 1 • 

10 10 10 10 10 10 10 10 10 10 10 10 
I I I I I I I I I I I I I I I I I I 11 11 I I I I I I I I 

10J 

itf 

101 

10u 

10" 

10 
-2 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

E • 

0 

Scattering Angle in Center of Mass System (rad) 
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D+ + H2 -^ D+ + H2 D+ + H2 -> D+ + H2 

ECM = 10eV ECM = 19.95 eV 

10* 

103 

102 

101 fr 
10° 

10'1 fr 

10'2 • 

13 

a 

<x> 

CM 

10 

10" 

10'! 

10" 

10' 

•3 

' -* - J ••'•—* -J . . . . ~ J . 

10'5 10" 10"3 10'2 10"' 10° 10"5 Iff4 10"3 10"2 10"' 10° 

10* 

£ io3 

102 

101 

10° 

10" 

10'2 

10" 

IO-4 

N-5 

I I I I I I I I I I I I I I I I 11 I I I I I I I I 

10 • 

10"6 • 

10 -7 

1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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D+ + H2 -> D+ + H2 D+ + H2 -> D+ + H2 

ECM = 50.12 eV ECM=100eV 

D 
"O c~ 
<X> 104 

"co 1 0
3 

C\J 102 

101 

10° 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 

10 

10": 

10 -

-2 

10" 

Fit to Elastic 
Elastic 

' i i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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2 • Hydrogen-ion-hydrogen-molecule elastic collisions 

2.3 T+ + H2 
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2.3 

T+ + H2 —> T + + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.101668E+04 

.819593E+03 

.626313E+03 

.484541E+03 

.397244E+03 

.316107E+03 

.262942E+03 

.215541E+03 

.166735E+03 

.142162E+03 

Cross Section 
Momentum Transfer 

(a.u.) 

.182284E+03 

.149865E+03 

.110620E+03 

.836732E+02 

.500380E+02 

.125258E+02 

.316878E+01 

.794480E+00 

.132421E+00 
.289152E-01 

Viscosity 
(a.u.) 

.115744E+03 

.912183E+02 

.663867E+02 

.513946E+02 

.445729E+02 

.205331E+02 

.560962E+01 

.137369E+01 

.242365E+00 
.518292E-01 

Analytic fitting function 

Vd,mtAE) = ( E ^ M W ) / (1- + Y,hi(HE)y) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 
bi-b2: 

ao-a3: 
b r b 4 : 

b s : 

ao-ai: 
b rb 4 - . 

b5: 

.493399E+03 

.480835E+00 

.835974E+02 
-.556269E-01 
.860197E-02 

.490504E+02 
.762487E-01 
.312770E-01 

Elastic 
.844750E+02 -.881013E+01 
.670987E-01 

Momentum Transfer 
-.454470E+02 .898971E+01 
.167470E+00 .151915E+00 

Viscosity 
-.908131E+01 
-.209816E+00 .501831E-02 

-.646227E+00 
.618490E-01 

.105491E+00 
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T + H2 -» r + H2 

m 3 < 

m 2 « 

10' 

10° 

IT' 

n"2 

F^s; s = f ^ S 

^ 

s ^ E — 

^ H ^ 

Eli 
Mc 

! s^*KS 

\l 
\ j 

astic 
)mentum Transfer 

Viscosity 
o Computed from fit to D 

Cc imputed from fil ttoTl 

« * ? ! = 
C^j 

\ \ < 
\ V 

nc> 
U o 

JS 

> 
) 

\ k-
\ 

> v 
N 
V v 

w 
\-\* 

10" 10L 10' 10' 
Energy in Center of Mass System (eV) 
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2.3 

T+ + H2 —• T+ + H2 

Elastic Differential Cross Sections 

Analytic fitting function 

dcrei 27rsin{9)^(0) =\A + B{\ - cos(9)) + Csin2{6)] 
ail L J 

exp E#W/ (i. + EW))' 
\i=0 .7=1 

a.u., 

where A,B,C, â , and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .442748E+01 
bi-b4: .351889E-01 

A,B,C: .102605E+01 

E - .1259 eV 
Elastic 
a0-a5: .436624E+01 
bi-b4: .130253E-01 

A,B,C: .102402E+01 

E = .1585 eV 
Elastic 
a0-a5: .424738E+01 
bi-b4: -.910411E-01 

A,B,C: .102964E+01 

E = .1995 eV 
Elastic 
a0-a5: .420775E+01 
bi-b4: -.377574E-01 

A,B,C: .103814E+01 

E = .2512 eV 
Elastic 
a0-a5: .416495E+01 
bi-b4: -.810683E-01 

A,B,C: .995510E+00 

E = .3162 eV 
Elastic 
a0-a5: .410606E+01 
bi-b4: -.275889E+00 

A,B,C: .980974E+00 

.371568E+00 -.110077E+00 -.356456E+00 -.497353E-01 -.174401E-02 
-.570855E-01 -.374816E-01 -.243164E-02 
.671104E-01 -.131310E+00 

.565780E+00 -.183039E+00 -.160756E+00 .236393E-01 .248532E-02 
-.647600E-01 -.231879E-01 .178194E-02 
.436050E-01 -.858782E-01 

.909489E+00 -.210219E+00 -.215737E+00 .721400E-02 .157622E-02 

.101003E+00 -.321665E-01 .621317E-03 

.293312E-01 -.894880E-01 

.656768E+00 -.281189E+00 -.239750E+00 -.130794E-01 .212328E-03 
-.933592E-01 -.314180E-01 -.657779E-03 
.710085E-01 -.159092E+00 

.101089E+01 -.342994E+00 .221578E-01 .928601E-01 .631420E-02 
-.983020E-01 -.124057E-01 .549064E-02 
.456444E-01 -.444343E-01 

-.183908E+01 -.529953E+00 .533844E-01 .121692E+00 .810912E-02 
-.162343E+00 -.168961E-01 .695418E-02 
.948292E-01 -.853425E-01 
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E = .3981 eV 
Elastic 
ao-as: 
t>i-b4: 

A, B, C: 

.400888E+01 
-.368601E+00 
.982746E+00 

E - .5012 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A, B, C: 

.383988E+01 
-.251404E-02 
-.412234E+00 
.958858E+00 

E = .6310 eV 
Elastic 
a0-a5: .378861E+01 
bi-b4: -.332398E+00 

A,B,C: .957084E+00 

E = .7943 eV 
Elastic 
a0-a5: .367951E+01 
bi-b4: -.121993E+00 

A,B, C: -944995E+00 

E = 1.0000 eV 
Elastic 
a0-a4: .364109E+01 
bi-b3: .246403E+00 

A, B, C: .992084E+00 

E = 1.2590 eV 
Elastic 
a0-as: .339859E+01 
b!-b4: -.193354E+00 

A, B, C: .957976E+00 

E = 1.5850 eV 
Elastic 
a0-as: .333041E+01 
bi-b4: -.497381E+00 

A,B,C: .957422E+00 

.228524E+01 -.498429E+00 .114562E+00 .114598E+00 .725192E-02 

.189814E+00 -.180155E-01 .583342E-02 

.812782E-01 -.397099E-01 

.230042E+01 -.429245E+00 -.931091E-01 -.124521E+00 -.449247E-01 

.265163E+00 -.620255E-01 -.135212E-01 -.270220E-02 

.189143E-01 .480056E-01 

.214113E+01 -.357665E+00 .203218E+00 .126736E+00 .763229E-02 

.166538E+00 -.100629E-01 .636560E-02 

.981177E-01 -.220864E-01 

-.127654E+01 -.133385E+00 .208019E+00 :990974E-01 .575412E-02 
-.925975E-01 -.182112E-02 .490802E-02 
-.847261E-02 .127084E+00 

.358856E+00 .186367E-01 -.826204E-01 
.223920E-01 -.517112E-02 
.195575E-01 -.296082E-01 

.555683E-02 

-.130395E+01 -.145116E+00 .245840E-01 .306388E-01 .194478E-02 
-.128438E+00 -.194107E-01 .828173E-03 
.607189E-01 .596184E-01 

-.234584E+01 -.374185E+00 -.223473E-01 .294660E-01 .202687E-02 
-.236141E+00 -.350791E-01 .274814E-03 
.828228E-01 .150913E+00 

E = 1.9950 eV 
Elastic 
ao-a^: 
b i -b 3 : 

A, B, C: 

.354177E+01 
.805533E-01 
.920447E+00 

E = 2.5120 eV 
Elastic 
ao-aj: 
bi -b 6 : 
b 7 -b i 2 : 

b i3: 
A,B,C: 

.352632E+01 
-.927587E+00 
-.328030E-01 
-.229261E-08 
.941016E+00 

E = 3.1620 eV 
Elastic 
ao-aj: 
bi -b 6 : 
b 7 -b i 2 : 

bn : 
A,B,C: 

.418882E+01 
-.207110E+01 
-.405847E+00 
-.348771E-07 
.913477E+00 

-.746167E+00 
-.578419E-01 
.235566E+00 

-.335444E+01 
.314069E-02 
-.736727E-02 

-.215133E+00 

-.639685E+01 
203069E+01 

-.916639E-01 

.291002E+00 

-.885158E+00 
-.199298E-01 
.260901E+00 

.408841E+00 
-.103459E-02 

.417462E+00 

.344638E+01 
-.132203E-01 

.343319E-01 

-.336826E+00 

.163252E+00 
-.929075E-04 

.694694E+00 
-.123243E-02 

-.184223E-01 

-.694642E-01 
-.519907E-05 

-.126700E+01 
-.720116E-04 

.823143E-01 

.165505E-06 

-.106751E+01 
-.240089E-05 
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E = 3.9810 eV 
Elastic 
ao-ai: .392133E+01 
bi-b6: -.420755E+00 
b7-bi2: -.361840E+00 

b1 3 : -.941902E-08 
A,B,C: .975411E+00 

E = 5.0120 eV 
Elastic 
a0-a2: .136144E+01 
bi-b6: .130065E+01 
b7-b9: -.132525E-01 

A,B,C: .926801E+00 

-.904455E+01 
.525257E+01 
-.655654E-01 

.364521E+01 
-.773059E-02 

-.109197E+01 
-.593847E-03 

-.233184E+01 
-.286641E-04 

.124503E+01 
-.788682E-06 

.455447E+00 .377445E-01 

-.867295E+01 .563965E+01 
.358703E+01 -.128515E+01 -.190239E+01 -.713948E+00 
-.693324E-03 -.148070E-04 
.483178E+00 -.733578E+00 

.131886E+00 

E — 6.3100 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt and <7„; 
Elastic 
a0-a2: .117035E+01 -.328005E+01 -.229090E-01 
bi-b6: .422617E+00 .273230E+00 -.311331E+00 -.260465E+00 -.789324E-01 -.123548E-01 
b7-b9: -106932E-02 -.487147E-04 -.914535E-06 

A,B,C: .910571E+00 -.450000E+00 .431800E+01 

E = 7.9430 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and avi 
Elastic 
a0-a i : .608635E+00 -.268989E+01 
bj-bg: .361920E+00 -.202133E+00 -.423983E+00 -.681694E-01 .699861E-01 .372156E-01 
b 7 - b n : .833616E-02 .103659E-02 .745515E-04 .291128E-05 .479036E-07 

A,B,C: .905690E+00 -.450000E+00 .406667E+01 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield amt and avi 
Elastic 
a0-ai: -.753419E+00 -.250459E+01 
bi-b6: .522627E+00 -.142483E+00 -.439201E+00 -.206465E+00 -.450092E-01 -.528621E-02 
b7-b9: -.340332E-03 -.110564E-04 -.135559E-06 

A,B,C: .968506E+00 -.450000E+00 .162393E+02 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield o-mt and <T„,-
Elastic 

-124099E-01 -.102059E-02 
ao-ai: 
bi-b6: 
b7-bg: 

A.B.C: 

-.172907E+01 
.266936E+00 
-.419902E-04 
.101580E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-be: 
b7-bi2: 
A,B,C: 

-.272600E+01 
-.151747E+01 
-.108970E+00 
.107307E+01 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

-.656752E+01 
.175405E+00 
-.108362E-01 
.933574E+00 

-.200726E+01 
-.251471E+00 
-.667632E-06 
-.500000E+00 

-.267006E+01 
.547562E+00 
-.186734E-01 
-.798367E-01 

-421017E+01 
.763076E+00 
-.104277E-02 
-132633E+00 

-.250995E+00 

.153889E+02 

.169258E+01 
-.197534E-02 
.395188E+00 

.265994E+00 
-.560805E-04 
.193430E+00 

-.794818E-01 

.221094E+00 
-.127381E-03 

-.241092E+00 
-.148725E-05 

.578770E+00 
-460083E-05 

-.370986E+00 
-.714514E-07 

.204105E+00 -.644010E-01 
-.130298E-07 
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r + H2 -> r + H2 

ECM = 0.1 eV 

r + H2 -> r + H2 

ECM = 0.1995 eV 

10' r 

10' p 

10' 

10' 

io° v 

Hiwq i i I I I I i i iiwj i i m i i inwq i 

"| Q" I i Mind! i imd i 11 lid l i m y i i mid il I ......J . ...—i . . . . -J - i ~i . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I 

10< 

10J 

10' -

101 

10L 

10 
-1 

Fit to Elastic 
Elastic 

0 
• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i i * * • * • 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

3 0 
Scattering Angle in Center of Mass System (rad) 
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ECM = 0.5012 eV 

r + H2 -> r + H2 

ECM = 1 eV 

10 -* - j ' 
10"5 10"4 10'3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10'1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1 0 H • 

10J 

10' 

10' r 

10 u 

•J Q ' ' ' ' •' ' • • • ' • ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 

192 



r + H2 -> r + H2 

ECM = 1.995 eV 

r + H2 -> r + H2 

ECM = 5.012 eV 

i r 

10~5 10'4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

10 

10 

10" 

-1 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 11 * 1 1 1 1 1 1 • 1 1 1 1 

-j Q I I I I . 

0 1 2 3 0 
* ' * * 

2 3 1 
Scattering Angle in Center of Mass System (rad) 
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T* + H2-»"T + H2 

EOM = 10eV 

T* + H2 - » r + H2 

ECM= 19.95 eV 
in iwq I I I I I I i I I IMQ i i iwq i 1 I I H | i 

^ l O " 4 fc-

"O p-r 

CD 104 • 

• •••-* -J "J - 1 -J 
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I I I I I I I I I I I I I I I I I I I I I I I I I I 

CO 10" 

^ i n 2 

CM 10 

101 

10° 

10"1 

10"2 

10"3 

10"4 

10' 

Fit to Elastic 
Elastic 

• 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 * 1 1 1 1 1 1 1 1 • 1 1 

1 Q l i i i 1 1 i i i » I i i i i i 1 1 1 1 I 1 1 i i i 1 1 i i 

0 1 2 3 0 1 . 2 

Scattering Angle in Center of Mass System (rad) 
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r + H2 -> r + H2 

ECM = 50.12 eV 

r + H2 -» r + H2 

E C M = 1 0 0 e V 

10" 

103 V 

10" 

101 

13 

a 

<x> 

"co 

CM 

10u 

10-1 t 

10"2 • 
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10"5 fr 

10-6 

10 ** • • • • • - * - * -J -J * -7 
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2. Hydrogen-ion—hydrogen-molecule elastic collisions 

2.4 H+ + D2 

197 



2.4 

H+ + D2 —* H+ + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.871045E+03 

.748509E+03 

.518114E+03 

.409034E+03 

.354010E+03 

.270771E+03 

.208306E+03 

.171608E+03 

.142851E+03 
'.134009E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.174063E+03 
.146615E+03 
.110584E+03 
.737841E+02 
.528267E+02 
.774839E+01 
.145028E+01 
.611859E+00 
.103534E+00 
.376540E-01 

Viscosity 
(a.u.) 

.113384E+03 

.869048E+02 

.583454E+02 

.421373E+02 

.456857E+02 

.135422E+02 

.264065E+01 

.811386E+00 

.198875E+00 
.699064E-01 

Analytic fitting function 

crei,mtAE) = fea^(£))S) / (1. + y£bj{ln(E))i\ a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 
bx-b2: 

ao-a3: 
2,4! 

bi-b4: 
b5: 

ao-aj: 
bx-b4: 

b5: 

.423561E+03 

.476955E+00 

.788463E+02 
-.406869E+00 
-.707779E-01 
.526019E-01 

.436554E+02 
.677788E-02 
.590703E-01 

Elastic 
.634945E+02 -.679846E-K01 
.698382E-01 

Momentum Transfer 
-.343641E+02 -.936751E+00 

-.871676E-01 .263825E+00 

Viscosity 
-.631418E+01 
-.371030E+00 .632143E-01 

.297766E+01 

.232030E+00 

.216109E+00 
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H+ + D2 -> H+ + D2 

io 3« 

102 < 

m1 

m° 
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* * * = = 
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3 t i i v — * 

^ * = 3 
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Tjfrffrftjfy* 

J ^ _ 
3 ! 

astic 
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1!) 
^ 

th W 
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n o 
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\ 
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\ 

N; 
V 

1\\ 
N " < > 

10" 10 L 10' 10' 
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2.4 

H+ + D2 —- H+ + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

2irsin(6)^(6) =\A + 5(1 - cos{6)) + Csin2(6)\ 
ail L J 

exp 
^!=0 / \ j = l J 

a.u., 

where A, £?, C, a;, and bj are coefficients depending on the center of mass collision energy (£ , 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a\ 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .444619E+01 
bi-b4: .630354E-01 

A,B,C: .103064E+01 

£ = . 1 2 5 9 e V 
Elastic. 
a0-a5: .444732E+01 
bi-b4: -.329579E-01 

A,B,C: .101114E+01 

£ = . 1 5 8 5 e V 
Elastic 
ao-eui: .423363E+01 
bi-b3: .305801E+00 

A,B,C: .101641E+01 

E = .1995 eV 
Elastic 
ao-a^: .411611E+01 
bi-b3: .314754E+00 

A, B, C: .105354E+01 

E = .2512 eV 
Elastic 
a0-a5: .408984E+01 
b r b 4 : -.111752E-01 

A,B,C: .102263E+01 

E - .3162 eV 
Elastic 
a0-a2: .376590E+01 
bi-b5: -.261944E+00 

A,B,C: .106538E+01 

.347741E+00 
-.498043E-01 
.664798E-01 

•.101297E+01 
-.840243E-01 
.106043E+00 

.762565E+00 
.433643E-01 
.419542E-01 

.225571E+00 -.257865E+00 .368330E-01 
-.280167E-01 .368604E-02 
.125661E+00 

.423189E-02 

.473495E+00 .689595E-01 .178851E+00 .128200E-01 
-.476486E-02 .121523E-01 
.139057E+00 

.148733E+00 
-.122833E-01 
-.802940E-01 

.175245E+00 -.137197E-01 

.807354E+00 .265945E+00 -.986645E-01 
.520043E-01 -.706991E-02 

-.111313E-01 -.979495E-01 

-.850041E-02 

-.487305E+00 -.209333E+00 -.283367E+00 -.246758E-01 
-.807927E-01 -.341109E-01 -.111131E-02 
.539694E-01 -.869671E-01 

-.183022E+01 -.145292E+00 
-.195767E+00 -.473695E-01 -.437733E-02 -.143298E-03 
-.128880E+00 .405632E+00 

-.333858E-03 
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E = .3981 eV 
Elastic 
a0-a5: .393894E+01 
bi-b4: -.865191E-01 

A, B, C: .996091E+00 

E = .5012 eV 
Elastic 
a0-a5: .372148E+01 
b!-b4: -.175207E+00 

A, B, C: .982329E+00 

E = .6310 eV 
Elastic 
ao-a5: 
bi-b4: 

A,B,C: 

.372363E+01 
-.330851E+00 
.974141E+00 

E = .7943 eV 
Elastic 
ao-as: 
bx-b4: 

A,B,C: 

.345744E+01 
-.187616E+00 
.971580E+00 

E = l.OOOOeV 
Elastic 
ao-34: .335314E+01 
bi-bs: .299556E+00 

A,B,C: .103038E+01 

E = 1.2590 eV 
Elastic 
a0-a5: .330300E+01 
bi-b4: -.132751E+00 

A,B,C: .977926E+00 

E= 1.5850 eV 
Elastic 
a0-a5: .335914E+01 
bj-b4: .272717E-01 

A, B, C: .984956E+00 

E = 1.9950 eV 
Elastic 
ao-ai: 
b!-b6: 

b7: 
A,B,C: 

.339330E+01 
•.811845E+00 
.119560E-04 
.100736E+01 

E = 2.5120 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b 7 -b i 0 : 
A,B,C: 

•336988E+01 
-.137564E+01 
.716303E-02 
-946817E+00 

E = 3.1620 eV 
Elastic 

ao-ai: 
bj-b6: 
b7-bi2: 

A,B,C: 

.383252E+01 
-.232749E+01 
-.158998E+00 
.950805E+00 

-.872562E+00 -.356036E+00 -.846408E-01 .645488E-01 
-.107109E+00 -.208099E-01 .413936E-02 
.107769E+00 -.100982E+00 

.499660E-02 

-.144676E+01 -.150675E+00 .227063E+00 .145125E+00 .924767E-02 
-.107515E+00 -.178273E-02 .831000E-02 
.746475E-01 -.325806E-01 

-.210210E+01 -.363423E+00 .176077E+00 .130723E+00 .835861E-02 
-.166466E+00 -.113147E-01 .710260E-02 
.306184E-01 .787847E-01 

•.152035E+01 -.531767E-01 .248368E+00 .124749E+00 .761134E-02 
•.106458E+00 -.188423E-02 .662929E-02 
.101832E+00 -.658669E-01 

.531329E+00 .348651E+00 .244211E-01 .107493E-03 
.549211E-01 .122508E-02 

-.378123E-01 -.255285E-01 

-.120189E+01 .168822E-01 .200559E+00 .848033E-01 
-.941570E-01 -.470280E-02 .402619E-02 
-.382773E-02 .112437E+00 

.497820E-02 

.562093E+00 -.879997E-01 .188874E-01 .271567E-01 .178895E-02 
-.568776E-01 -.101010E-01 .114122E-02 
.961499E-01 -.906513E-01 

.304151E+01 
-.856393E-01 .131533E+00 .512600E-01 .741855E-02 .487221E-03 

.223854E+00 .797139E-01 

.434087E+01 

.294737E+00 .468363E+00 .480092E+00 .209981E+00 .507692E-01 

.585563E-03 .256700E-04 .466521E-06 

.299967E+00 .550382E+00 

.744447E+01 
.102603E+01 .216723E+01 .523658E+00 
-.303444E-01 -.351665E-02 -.245368E-03 
-.820565E-01 .393763E+00 

-.587791E+00 
-.949320E-05 

.473170E+00 
-.156620E-06 
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E = 3.9810 eV 
Elastic 
ao-ai: .379954E+01 -.127508E+02 
bi-b6: -.264758E+01 .289502E+01 .335788E+01 .272777E+00 
b7-bi2: -.342569E+00 -.722384E-01 -.975861E-02 -.852614E-03 

bi3: -.198904E-07 
A, B, C: .920833E+00 

-.135208E+01 
-.466957E-04 

.978055E+00 
-.145961E-05 

.186866E-01 .522527E+00 

E = 5.0120 eV 
Elastic 
a0-a i : .175534E+01 -.170537E+02 
bx-b6: -.505361E+00 .558713E+01 .200286E+01 
b7-b12: -.167129E+00 -.243913E-01 -.226777E-02 
A,B,C: .964948E+00 .999202E+00 -.736798E+00 

E = 6.3100 eV 
Elastic 

-.178026E+01 
-.130341E-03 

-.178846E+01 -.719164E+00 
-.421762E-05 -.586808E-07 

ao-ai: 

b i -b 6 : 
by-bn: 

A,B,C: 

-.647295E+00 
.105608E+01 
-.389773E-01 
.940023E+00 

: = 7.9430 eV 
Elastic 
ao-a^ 
b i -b 6 : 
b 7 - b n : 

A,B,C: 

-.133916E+01 
.768568E+00 
-.221133E-02 
.911989E+00 

-.109096E+02 
.296318E+01 
-.434120E-02 
.789032E+00 

-.548660E+01 
.725313E+00 
-.949088E-04 
-.500000E+00 

-.473758E-01 
-.299242E-03 
-.824206E+00 

-.371809E+00 
.188833E-06 

.504050E+01 

-.131349E+01 
-.116598E-04 

-.417727E+00 
.167312E-06 

-J60839E+00 -.221191E+00 
-.196320E-06 

-.141064E+00 -.240305E-01 
.432758E-08 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt 
Elastic 
a0-a2: -.209252E+01 -.422126E+01 .499812E+01 
bi-b6: .324090E+00 .796529E-01 -.122467E+01 -.166845E+00 .218837E+00 .991896E-01 
b7-bi0: .184943E-01 .179489E-02 .894553E-04 .181430E-05 
A,B,C: .935995E+00 .558305E+00 -.102651E+01 

E = 19.9500 eV 
Elastic 
ao-ai: 

b i -b 6 : 
b-7-bg: 

A,B,C: 

-.181043E+01 
.918405E+00 
-.722233E-03 
.101681E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b 7 - b n : 

A,B,C: 

-.389224E+01 
-.445843E+00 
-.250251E-01 
.986695E+00 

E = 100.0000 eV 
Elastic 
ao-ai: 

b i -b 6 : 
b 7-b 9 : 

A,B,C: 

-.640925E+01 
.455396E+00 
.245509E-03 
.101666E+01 

.191587E+01 
-.355354E-02 -.485350E+00 -.265088E+00 
-.305689E-04 -.539913E-06 
.189219E+00 .956741E+00 

.662480E-01 -.915304E-02 

-.384394E+01 
.307518E+00 .492155E+00 
-.334837E-02 -.259786E-03 
-.450000E+00 .115824E+01 

-.422519E+01 
.140196E+00 -.521564E-01 
.141220E-04 .310641E-06 
.111470E-01 .246087E-01 

-.392276E-01 -.217011E+00 
-.109125E-04 -.192281E-06 

-.106151E+00 

-.942295E-02 .551685E-02 .194222E-02 
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H+ + D2 -> H+ + D2 

ECM = 0.1 eV 

H+ + D2 -» H+ + D2 

ECM = 0.1995 eV 

"| Q ' •* • *»••-* • ••••-* . ....-J -J . 1 I i imirf i iinid ininrf i i n i d i iMind i 

10"5 10"4 10"3 10"2 10'1 10° 10"5 Kf1 10"3 10"2 10"1 10° 

i<r 

10J 

1(T r 

10' r 

10L 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+ + D2 -> H+ + D2 

€„, = 0.5012 eV 

H+ + D 2 ^ H + + D2 

ECM = 1 eV 

-j Q I ~l . ...~J ~l -J - I . 1 I .J _J .J -J - I 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

i c r • 

10J 

1( f 

10 1 

10 r 

1 Q ' ' i . . • i .1 * ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+.+ D2 -> H+ + D2 H+ + D2 -» H+ + D2 

ECM = 1.995 eV ECM = 5.012 eV 

a 
• D 

c 
"co 

CM 

• • ••—* - 1 - 1 * • • " - * • • " " J • 

10' 
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I I I I I I I I I I I I I 11 I I I 
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i . . . . . # • . . t . . . i i 
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Scattering Angle in Center of Mass System (rad) 
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H+ + D 2 - *H+ + D2 

ECM = 10eV 

10' 

10J 

10-

101 

10L 

10"1 

10" r 

10̂  

H+ + D2 -> H+ + D2 

ECM = 19.95 eV 
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w 103 | 

102 

101 

10u 

10" 

. I I I I I I I I I 11 I I I I I I I I I I I I I I I 11 I I I 

10 
-2 

Fit to Elastic 
Elastic 
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H+ + D2 -> H+ + D2 H+ + D2 -> H+ + D2 

a 
"a 
o 
CO 

CM 

104 
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10° 

10"' 
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10-3 
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10'5 
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• 
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ECM = 50.12 eV 

> v 

A. 
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\ ' 

V 
m: 

EC M=100eV 

^ 5 ^-3 
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10' 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.5 D + + D2 



2.5 

D+ + D2 D+ + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.100791E+04 

.866827E+03 

.628781E+03 

.486919E+03 

.394979E+03 

.316805E+03 

.255851E+03 

.197780E+03 

.160090E+03 

.139935E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.186097E+03 
.146055E+03 
.106845E+03 
.743698E+02 
.484742E+02 
.109123E+02 
.258382E+01 
.826808E+00 
.152980E+00 
.351786E-01 

Viscosity 
(a.u.) 

.112282E+03 

.896438E+02 

.606211E+02 

.457160E+02 

.424729E+02 

.180013E+02 

.378888E+01 

.109904E+01 

.222197E+00 
.557095E-01 

Analytic fitting function 

**,*«,*(£) = (x>(M£)/) i f i. + EhAHE)y\ a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a2: 
bi-b2: 

ao-a3: 
d^'. 

b r b 4 : 

b5: 

ao-aj: 
b!-b4: 

b5: 

.492458E+03 
-620584E+00 

.783979E+02 
-.834451E-02 
-.153917E+00 
.269817E-01 

.459241E+02 
.247298E-01 
.369066E-01 

Fitting parameters 

Elastic 
.151770E+03 -.215554E+02 
.861089E-01 

Momentum Transfer 
-.492400E+02 .135607E+02 

.907460E-01 .133683E+00 

Viscosity 
-.843499E+01 
-.268607E+00 .294212E-01 

-.135843E+01 

.108122E+00 

.135221E+00 
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D+ + D2 -> D+ + D2 
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2.5 

D+ + D2 —• D+ + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

da-
2nsin{9)^{B) =[A + B(l - cos{0)) + Csin2(ej\ 

exp 
Vi=0 / \ j=l 

a.u. 

where A, B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .426115E+01 
b!-b3: --450093E+00 

A,B,C: .950409E+00 

E = .1259 eV 
Elastic 
a0-a5: .430628E+01 
bi-b3: -.852602E-01 

A,B,C: .102572E+01 

E = .1585 eV 
Elastic 
a0-a5: .424054E+01 
bi-b3: -.143801E+00 

A,B,C: .103856E+01 

E = .1995 eV 
Elastic 
a0-a5: .419476E+01 
bi-b4: -.588731E-02 

A,B,C: .103070E+01 

E= .2512 eV 
Elastic 
a0-a5: .413016E+01 
bi-b4: -.128148E+00 

A,B,C: .990574E+00 

E = .3162 eV 
Elastic 
a0-a5: .404344E+01 
bj-b4: -.320468E+00 

A,B,C: .978785E+00 

-.277176E+01 
-.233239E+00 
.229873E+00 

-.877820E+00 
-.101704E+00 
.333262E-01 

-.119698E+01 
-.118284E+00 
.536095E-01 

-.655452E+00 
-.755797E-01 
.462818E-01 

-.114145E+01 
-.117787E+00 
.877248E-01 

-.209938E+01 
-.169240E+00 
.741880E-01 

-.387409E+00 -.169339E+00 .223565E-01 .248789E-02 
-.528336E-01 
.350933E-01 

.220828E+00 -.266566E+00 -.466223E-02 .972216E-03 
-. 357594 E-01 
-.822195E-01 

-.264765E+00 -.215220E+00 .376106E-03 .106492E-02 
-.340421E-01 
-.115230E+00 

.227051E+00 -.833771E-01 .303496E-01 .247704E-02 
-.185117E-01 .170709E-02 
.101720E+00 

-.378969E+00 -.803549E-01 .582710E-01 .434657E-02 
-.219774E-01 .339326E-02 
-.942088E-01 

.435289E+00 .105689E+00 .115971E+00 .742730E-02 
-162456E-01 .614270E-02 
-.343833E-01 

212 



E = .3981 eV 
Elastic 
a0-a5: .394227E+01 
bi-b4:' -.349429E+00 

A, B, C: .963890E+00 

E = .5012 eV 
Elastic 
a0-a5: .377166E+01 
bi-b4: -.291276E+00 

A,B,C: .959973E+00 

E = .6310 eV 
Elastic 
a0-a5: .377101E+01 
bi-b4: -.138252E+00 

A, B, C: .949272E+00 

E = .7943 eV 
Elastic 
a0-a5: .354308E+01 
bi-b4: .124389E+00 

A, B, C: .967389E+00 

E = 1.0000 eV 
Elastic 

ao-as: 
bi -b 4 : 

A,B,C: 

.350106E+01 
-.310896E-01 
.979238E+00 

E = 1.2590 eV 
Elastic 
a0-a5: .328139E+01 
bx-b4: -.240473E+00 

A, B, C: .973483E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .330787E+01 
bi-b4: -.498096E+00 

A, B, C: .963077E+00 

E = 1.9950 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi0: 
A,B,C: 

.325088E+01 
-.861892E+00 
-398393E-03 
.986778E+00 

E = 2.5120 eV 
Elastic 
ao-ai: 
bi-b 6 : 
b7-bx2: 

bi3: 

.363142E+01 
-.142528E+01 
-.363967E-01 
-.231923E-08 

-.214192E+01 -.412895E+00 .659698E-01 .967554E-01 .626748E-02 
-.177695E+00 -.203261E-01 .493449E-02 
.978441E-01 -.451468E-01 

.191899E+01 

.153292E+00 

.692405E-01 

.120738E+01 

.114121E+00 

.457924E-01 

.106008E+00 
-.261418E-01 
.687681E-01 

.750967E+00 
-.850872E-01 
.986489E-01 

-.149813E+01 
-.140688E+00 
.101930E+00 

-.237252E+01 
-.232411E+00 
.951688E-01 

.232932E+00 .126660E+00 .843644E-01 
-.155242E-01 .385115E-02 
.235301E-01 

.512980E-02 

.274634E+00 .949564E-02 .474096E-01 .311445E-02 
-.165706E-01 .215463E-02 
.490646E-01 

.241304E-02 -.152662E-01 .113048E-01 .845217E-03 
-.912455E-02 .354177E-03 
-.139276E-01 

-.215780E+00 
-.177794E-01 
-.346431E-01 

-.588316E-01 .915814E-02 .845382E-03 
.375494E-04 

.101166E+00 .699936E-01 .383986E-01 .226435E-02 
-.189515E-01 .103064E-02 
-.175445E-01 

-.340966E+00 .182366E-02 .319153E-01 .207977E-02 
-.332585E-01 .350134E-03 
.841828E-01 

-.286978E+01 
-.199566E+00 .170271E+00 .112673E+00 .247646E-01 .124164E-02 
-.758154E-04 -.517042E-05 -.127834E-06 
-.221429E+00 .375458E+00 

-.450840E+01 
.725896E-01 .721809E+00 .330737E+00 
-.812915E-02 -.112412E-02 -.991442E-04 

-.413699E-01 -.880394E-01 
-.544705E-05 -.170322E-06 

A,B,C: .956857E+00 .337196E+00 -.446279E-01 

E = 3.1620 eV Warning: Fitted elastic differential cross section does not accurately yield o-mt and <T„,-
Elastic 
a0-a i : .352037E+01 -.450649E+01 
bi-b6: -.130092E+01 -.171332E+00 .414380E+00 .395893E+00 .182247E+00 .491756E-01 
b 7 -b u : .817748E-02 .848666E-03 .536124E-04 .188821E-05 .284512E-07 

A,B,C: .946853E+00 -.450000E+00 .167722E+01 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield amt and <7„,-
Elastic 
ao-ai: .320808E+01 -.465862E+01 
bj-be: -.114047E+01 -.167278E+00 .313477E+00 .361998E+00 .187786E+00 .544924E-01 
b r b n : .949553E-02 .101868E-02 .660389E-04 .237724E-05 .365289E-07 

A, B, C: .946127E+00 -.450000E+00 .274162E+01 

E = 5.0120 eV Warning: Fitted elastic differential cross section does not accurately yield <rmt and <rvt-
Elastic 
ao-ai: .172025E+01 -.329829E+01 
bi-b6: -.390546E+00 -.402460E+00 -.154942E+00 .174891E+00 .164650E+00 .588175E-01 
b7-bn: .114460E-01 .132244E-02 .908249E-04 .343395E-05 .551404E-07 

A,B,C: .907518E+00 -.450000E+00 .753530E+01 

E = 6.3100 eV 
Elastic 
a0-a2: -.204995E+01 
bi-b6: .220698E+01 
b7-b12: -.365628E+00 

A,B,C: .944871E+00 

-.152103E+02 
.910627E+01 
-.616198E-01 
.141491E+00 

.117287E+02 

.105479E+01 
-.663906E-02 
.128208E+00 

-.349978E+01 
-.443388E-03 

.312876E+01 -.137722E+01 
-.167280E-04 -.272549E-06 

E = 7.9430 eV 
Elastic 
a0-a2: -.166354E+01 
bi-b6: .179072E+01 
b7-bi2: -.111127E-01 

-.113671E+01 .976222E+00 
.500047E+00 -.944238E+00 
-.135455E-02 -.114050E-03 

A,B,C: .804269E+00 -.420000E+00 .347018E+01 

-.741420E+00 -.273428E+00 -.653221E-01 
-.621915E-05 -.195996E-06 -.269653E-08 

E = 10.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

-.201581E+01 
.284607E+01 
-.456572E-01 
.113005E+01 

E = 19.9500 eV 
Elastic 
ao-a2: 
bi-b6: 
b7-bn: 

A, B, C: 

-.132589E+01 
.667098E+00 
.182307E-01 
.867354E+00 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-b12: 
A,B,C: 

-.245215E+01 
-.170440E+00 
-.124243E-01 
.982092E+00 

E = 100.0000 eV 
Elastic 
ao-aj.: 
bi-b6: 
b7-b12: 
A,B,C: 

-.566917E+01 
.605253E+00 
.477521E-01 
.963832E+00 

-.352105E+01 
.236588E+01 
-.543463E-02 
.668708E+00 

-.781864E+00 
-.662909E+00 
.246316E-02 

-.214493E+00 

-.206401E+01 
-.179794E+00 
-.225510E-02 
-.351532E-01 

-.379209E+01 
.294354E+00 
.925979E-02 
-.774945E-01 

-.783040E+00 
-.426392E-03 
-.735521E+00 

.487326E+00 
-.759403E+00 
.194996E-03 
.104416E+01 

.264104E+00 
-.240329E-03 
.273492E+00 

-.432662E+00 
.107268E-02 
.647451E+00 

-.164378E+01 
-.213068E-04 

-.598765E-01 
.841864E-05 

.175054E+00 
-.152497E-04 

-.214162E+00 
.742051E-04 

-.871905E+00 -.251928E+00 
-.616236E-06 -.786868E-08 

.153098E-06 

-.107414E-01 -.346113E-01 
-.535267E-06 -.802316E-08 

.132412E+00 .134459E+00 
.283410E-05 .460501E-07 

214 



D+ + D2->D+ + D2 

EOM = 0.1eV 

• • " J •** - 1 . . . . . . J - J 

10"5 10"4 10"3 10"2 1.0"1 10° 

D+ + D2 -> D+ + D2 

ECM = 0.1995 eV 
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D+ + D2 -> D+ + D2 

E0M = 0.5012 eV 

D+ + D 2 - » D+ + D 2 

ECM = 1 eV 
i uiuq i uiuq I I I I U J i ima) i I I I M | i 

10"5 10"4 10"3 10"2 10"1 10° 
..J "* -J -J - 1 • 
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D+ + D2 -> D+ + D2 

ECM = 1.995 eV 

D+ + D2 -> D+ + D2 

ECM = 5.012 eV 
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D+ + D2 -> D+ + D2 D+ + D2 -> D+ + D2 

EOM = 10eV ECM = 19.95eV 

13 
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D+ + D2 -» D+ + D2 

E0M = 50.12 eV 

D+ + D2 -» D+ + D2 

EOM = 100eV 
L i I I IHJ I mm i i nnq i IIIWQ i i IIM^ i. 
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Fit to Elastic 
Elastic 

* * * 
0 

Scattering Angle in Center of Mass System (rad) 

219 





2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.6 T+ + D2 



2.6 

T+ + D2 —> T+ + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.113347E+04 

.906578E+03 

.679705E+03 

.520277E+03 

.427545E+03 

.340598E+03 

.272665E+03 

.220110E+03 

.165769E+03 

.144181E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.180001E+03 
.145998E+03 
.106724E+03 
.756904E+02 
.486107E+02 
.122518E+02 
.273218E+01 
.690993E+00 
.141323E+00 
.459335E-01 

Viscosity 
(a.u.) 

.113914E+03 

.896088E+02 

.625436E-I-02 

.436754E+02 

.427582E+02 

.197634E+02 

.457804E+01 

.111454E+01 

.244621E+00 
.580287E-01 

Analytic fitting function 

<Td,mt,vi{E) = (X>(to(£))* ') I ( l - + E b i ( K ^ ) ) J j a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a?0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 
bi-b2: 

ao-aa: 
bi-b4 : 
b5-b8 : 

ao-ai: 
bi-b4 : 

b 5 : 

.542580E+03 

.452666E+00 

.771155E+02 

.299203E+00 

.102635E+00 

.448139E+02 
.655057E-01 
.406748E-01 

Elastic 
.755952E+02 -.132726E+02 
.566231E-01 

Momentum Transfer 
-.146799E+02 
.774063E-01 .864942E-01 
.223663E-01 -.207351E-02 

Viscosity 
-.755526E+01 
-.304375E+00 -.831580E-02 

.154502E+00 
-.101023E-02 

.136198E+00 
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r + D2 -> r + D2 
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2.6 

T+ + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

T+ + D2 

27rsm(0)^(0) = [A+B{1 - cos(0)) + Csin2(6)} 

exp 

dQ, 

\i=0 / \ j= l 
a.u., 

where A, B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a\ 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a4: .450676E+01 
bi-b3: -225868E+00 

A,B,C: .105801E+01 

E = .1259 eV 
Elastic 
ao-a4: .434934E+01 
bi-b4: -.120113E+00 

AyB,C: .105671E+01 

E=.15$5eV 
Elastic 
a0-a5: .423883E+01 
bi-b4: -.554114E-01 

A,B,C: .100893E+01 

E = .1995 eV 
Elastic 
a0-a4: .418780E+01 
b!-b3: .179621E+00 

A, B, C: .996648E+00 

E = .2512 eV 
Elastic 
a0-a4: .406360E+01 
bi-b3: .355826E+00 

A,B,C: .101988E+01 

E = .3162 eV 
Elastic 
ao-a4: .400734E+01 
bi-b3: .323225E+00 

A,B,C: .990720E+00 

.322822E+00 -.343340E-01 -.207365E+00 
.183167E-01 -.139718E-01 
.111330E+00 -.277755E+00 

.143201E-01 

-.111582E+01 -.304289E+00 -.238959E+00 -.158630E-01 
-.117401E+00 -.349921E-01 -.108745E-02 
.846853E-01 -.182344E+Q0 

-.842559E+00 -.178550E+00 -.155316E+00 .556328E-02 .110230E-02 
-.867778E-01 -.258124E-01 .228418E-03 
.267317E-01 -.192025E-01 

.211014E+00 .147025E+00 -.437973E-01 -.325539E-02 
.685687E-02 -.626467E-02 
-.528077E-01 -.444862E-02 

.916878E+00 .245130E+00 -.931040E-02 -.158746E-02 
.579050E-01 .580231E-03 

-.315054E-01 -.294489E-02 

.774850E+00 .167045E+00 -.453319E-01 -.364860E-02 
.462678E-01 -.202393E-02 
.129838E-01 -.290389E-01 
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E = .3981 eV 
Elastic 
ao-ar. .394808E+01 
bi-b3: .294283E+00 

A, B, C: .980723E+00 

E = .5012 eV 
Elastic 
ao-SL,: .382754E+01 
bi-b3: .285439E+00 

A,B,C: .100347E+01 

E = .6310 eV 
Elastic 
ao-a4: .380273E+01 
bi-b3: .207437E+00 

A, B, C: .980872E+00 

E = .7943 eV 
Elastic 
ao-a^: .359038E+01 
bi-b3: .288363E+00 

A, B, C: .974246E+00 

E = 1.0000 eV 
Elastic 
ao-a,: .348920E+01 
bi-b3: .243261E+00 

A,B,C: .100857E+01 

E = 1.2590 eV 
Elastic 
a0-a5: .325964E+01 
bi-b4: -.346036E+00 

A,B,C: .974025E+00 

.626384E+00 .113608E+00 -.627628E-01 
.375543E-01 -.340367E-02 
.311831E-01 -.609450E-01 

.579796E+00 .138907E+00 -.449183E-01 
.367586E-01 -.251272E-02 
.211715E-01 -.801329E-01 

-.457692E-02 

.345549E-02 

.212585E+00 
.940057E-02 
.852584E-01 

.495285E+00 
.332832E-01 
.604539E-01 

-.671965E-01 
-.782126E-02 
-.127698E+00 

.581661E-01 
-.270735E-02 
-.374646E-01 

-.120872E+00 -.757418E-02 

-.555638E-01 -.378553E-02 

.276155E+00 .539078E-01 -.516483E-01 -.350414E-02 
.244204E-01 -.318835E-02 
.904810E-01 -.161975E+00 

-.183468E+01 -.144482E+00 .282275E-01 
-.177805E+00 -.264737E-01 -.891727E-04 
.100354E+00 .742970E-02 

.227682E-01 .138684E-02 

E- 1.5850 eV 
Elastic 

ao-a<i: 
bi-b4: 

A,B,C: 

.329105E+01 
•.439656E+00 
.983366E+00 

-.206066E+01 
-.221689E+00 
.114372E+00 

-.333826E+00 
-.384612E-01 
.726749E-02 

.100498E+00 
-.169442E-02 

.642897E-02 

E = 1.9950 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bn: 
A,B,C: 

.296798E+01 
-.832395E+00 
.106557E-01 
.953151E+00 

.291892E+01 

.493080E+00 

.122292E-02 

.147762E+00 

.351073E-01 

.847226E-04 
.635523E+00 

.269536E+00 
.326089E-05 

.176289E+00 
.536161E-07 

.567540E-01 

E = 2.5120 eV 
Elastic 
a0-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

.338249E+01 
-.153167E+01 
-.440859E-01 
.103109E+01 

-.414015E+01 
-.498589E-01 
-903043E-02 
.359247E+00 

.975890E+00 
-.108126E-02 
•.168599E+00 

.540358E+00 -.164186E-01 -.107879E+00 
-.766885E-04 -.299158E-05 -.495410E-07 

E = 3.1620 eV 
Elastic 

a0-ai: 
bi-b6: 
br-bij: 

bi3: 
-4.B.C: 

.367779E+01 
-.120988E+01 
-.637135E-01 
-.311831E-08 
.930119E+00 

•.471194E+01 
.537997E+00 
-.129700E-01 

.883205E+00 .147727E+00 -.251636E+00 -.187128E+00 
-.169341E-02 -.143463E-03 -.764698E-05 -.233482E-06 

.450000E+00 .121954E+01 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield cmt and o~v{ 
Elastic 
ao-ai: .301434E+01 -.423840E+01 
bi-b6: -.650761E+00 .163971E+00 .128488E+00 .240412E-01 .518707E-02 .189297E-02 
b7-bi0: .385968E-03 .395640E-04 .199961E-05 .400276E-07 
A,B,C: .932504E+00 -.450000E+00 .275138E+01 

E = 5.0120 eV Warning: Fitted elastic differential cross section does not accurately yield vmt and avi 
Elastic 
ao-ai: .176540E+01 -.327444E+01 
bi-b6: .205190E+00 .226361E+00 -.246933E+00 -.215810E+00 -.661541E-01 -.103760E-01 
b7-b9: -.896566E-03 -.407124E-04 -.761379E-06 

A,B,C: .905457E+00 -.450000E+00 .450797E+01 

E = 6.3100 eV Warning: Fitted elastic differential cross section does not accurately yield amt and o~vi 
Elastic 

.337455E+00 
-.467748E+00 

a0-a2: .353295E+00 
b!-b6: .490275E+00 
b7-b8: -.278888E-03 

A,B,C: .910869E+00 

E = 7.9430 eV 
Elastic 
a0-ai: -.101239E+01 
bi-b6: .209191E+01 
br-bu: -.322318E-01 
A,B,C: .866771E+00 

-.216306E+01 
-.853408E-01 
-.600291E-05 
-.450000E+00 

-.225288E+00 -.476829E-01 -.515048E-02 

.109483E+02 

-.310664E+01 
.144923E+01 
-.369059E-02 
.114839E+01 

-.714736E+00 -.118027E+01 -.613448E+00 
-.260079E-03 -.102807E-04 -.174288E-06 

-.178336E+00 

-.162503E+01 

Warning: Fitted elastic differential cross section does not accurately yield o~mt and av{ E= 10.0000 eV 
Elastic 
a0-a i : -.119408E+01 -.239631E+01 
bi-b6: .136615E+01 .213982E+00 
b7-bi0: -.163901E-02 -.569876E-04 
A,B,C: .756665E+00 .279028E+01 

E = 19.9500 eV 
Elastic 
a0-a2: -.120630E+01 
bi-b6: -.151047E+00 
b7-bi0: .611972E-02 

A, B, C: .656535E+00 

E = 50.1200 eV 
Elastic 
ao-ai: -.244079E+01 
bi-b6: -.729708E+00 
b^biz: -.325924E-01 
A,B,C: .951772E+00 

E = 100.0000 eV 
Elastic 
a0-ar. -.464904E+01 
bi-b6: .561047E+00 
b7-b12: .545894E-01 
bis-bis: -356149E-08 
A, B, C: .933498E+00 

-.301376E+00 
-.993970E+00 
.480807E-03 
.379520E+01 

-.207603E+01 
-.996697E-01 
-.547985E-02 
-.450000E+00 

-.306330E+01 
.376038E+00 
.125621E-01 

.725834E-01 

-.798511E+00 
.363113E-07 

-.250000E+01 

.428985E+00 
-.222134E+00 
.202447E-04 

-.300000E+01 

.654047E+00 
-.560209E-03 
.165620E+01 

-.382574E+00 
.176335E-02 

-.279595E-02 

-.521658E+00 
.374145E-07 

-.144064E+00 -.210227E-01 

.279432E+00 
.355520E-06 

.174041E+00 .442969E-01 

.211447E+00 -.138278E+00 
-.346716E-04 -.119813E-05 

.108747E+00 
-.177827E-07 

-.311113E+00 .602258E-01 
.156229E-03 .855642E-05 

.125570E+00 
.265147E-06 
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r + D2 -> r + D2 

ECM = 0.1eV 

r + D2 -> r + D2 

ECM = 0.1995 eV 

10* r 

10J 

10z r 

10' 

10L 

10 -1 

10*5 10"4 10"3 10'2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I 11 I I I I I • I I I I I I I I I I I 

1 Q ' ' ' ' •' ' ' i . . . . . . . . . i • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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r + D2 -»r + D2 
EC M = 0 .5012 eV 

r + D2 -> r + D2 

E C M = 1 eV 

10* r 

1 0 ' r 

1CT r 

10 : 

=? 10° 

G .1 r 
5 10"5 10 - 4 10"3 10'2 10-1 10° 10"5 1 0 * 10"3 10"2 10-1 10° 
D 

• D 

I 104 

CM 103 

-* *-* - * • • • " - ' " * ' J 

Itf 

101 

10L 

I • I I I I I I I I I I I I I I I I I I I I I I I 11 I I I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \ 1 1 1 1 1 

1 Q ' ' ' 

0 1 2 3 0 
i_Lil ' ' • * 

1 i . 

Scattering Angle in Center of Mass System (rad) 
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r + D2 -> r + D2 

ECM = 1.995 eV 

r + D2 -> v + D2 

ECM = 5.012 eV 

10" 

10" 

10" 

^ I uiuq l 

• • • — J * ^ - * - 1 - 1 • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I • I 11 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

' 

3 0 
Scattering Angle in Center of Mass System (rad) 
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r + D2 -> r + D2 r + D2 -»r + D2 

ECM = 1 0 e V ECM = 19.95 eV 

10"5 • 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10' 

10 

10" 

• i • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

* * * •* 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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r + D2 -> r + D2 

ECM = 50.12 eV 

r + D2 -> r + D2 

ECM = 100eV 

104 • x 

iwf i m m i iiinq i iiwq iinuq i r 

10"5 10"4 10"3 10"2 10"1 10° 10"° 10" 10" 10"' 10*' 1(T 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

• * * * 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.7 H+ + T2 



2.7 

H+ + T2 —* H+ + T2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.978749E+03 

.734747E+03 

.527932E+03 

.439593E+03 

.350848E+03 

.251717E+03 

.204858E+03 

.168587E+03 

.142315E+03 

.135194E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.181345E+03 
.145693E+03 
.967212E+02 
.750002E+02 
.510984E+02 
.564648E+01 
.117948E+01 
.475812E+00 
.107899E+00 
.379283E-01 

Viscosity 
(a.u.) 

.115324E+03 

.884893E+02 

.598374E+02 

.425606E+02 

.434538E+02 

.973391E+01 

.213809E+01 

.720468E+00 

.207769E+00 
.746157E-01 

Analytic fitting function 

<Tei,mtAE) = ( l > ( M W ) / (l- + 5 > j ( M W 1 a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2 = 2.80028E-17 cm2) 

ao-a3: 
bi: 

ao-a3: 
a î 

bi-b4: 
b5: 

ao-a2t 
bi-b4: 

b5: 

.427821E+03 

.372794E+00 

.748286E+02 
-.271168E+00 
-.328465E+00 
.456712E-01 

.441582E+02 
-.126298E+00 
.435377E-01 

Fitting parameters 

Elastic 
.145370E+02 -.339421E+02 

Momentum Transfer 
-.558918E+02 .134182E+02 

-.637796E-01 .196603E+00 

Viscosity 
-.131011E+02 .150304E+01 
-.241609E+00 .135643E+00 

.648822E+01 

.236571E+00 

.191585E+00 

.183678E+00 
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H+ + T2 -> H + T2 

m 3 < 

m 2 < 

101 

m° 

n"1 

n-2 

> ^ 

* * * ? hs; \ j ^ 

^ w * i 

Ela 
Mo 

A 

" T T ^ 

k ^ 
nr j i 

stic 
mentum Transfer 

Viscosity 
o Computed from fit to D 

Co mputed f rom fit to T( 

\ 
^ 

— " ^ NS 

p e 
U o 
^ S 

£ s — 
<. \ > 

\ \ 

V V 
- \ ) 

\ . 

\b 
\ 

10" 10L 10' 10' 
Energy in Center of Mass System (eV) 
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2.7 

H+ + T2 —• H+ + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

2xsin(6)^-(6) =\A + B{1 - cos{9)) + Csin2{0)\ 
ail L J 

exp E ^ ^ W J / U + EbiCnW 
W=0 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = a\ 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .445797E+01 
b!-b4: .193462E-01 

A,B,C: .101564E+01 

E = .1259 eV 
Elastic 
a0-a5: .433183E+01 
bi-b4: .162408E-01 

A,B,C: .101646E+01 

E = .1585 eV 
Elastic 
a0-a5: .425327E+01 
bi-b4: -.144159E+00 

A, B, C: .995623E+00 

E = .1995 eV 
Elastic 
a0-a5: .416501E+01 
bi-b4: -.709821E-01 

A,B,C: .101999E+01 

E = .2512 eV 
Elastic 
ao-a^: .414018E+01 
bi-b3: .230833E+00 

A,B, C: .103148E+01 

£ = . 3 1 6 2 e V 
Elastic 
a0-a5: .400847E+01 
bi-b4: -.215416E+00 

A, B, C: .995684E+00 

-.704208E+00 
-.597840E-01 
.552310E-01 

-.347383E+00 
-.716647E-01 
.323837E-01 

.274697E+00 .132835E-01 .149459E+00 .110065E-01 
-.852390E-02 .103956E-01 
-.626745E-01 

.243878E+00 
-.387329E-01 
-.537022E-01 

.370406E+00 .208336E-02 .215690E-02 

.148858E-02 

-.137874E+01 -.424139E+00 .126455E+00 .206202E+00 .143408E-01 
-.114593E+00 -.592367E-02 .134553E-01 
.292091E-01 -.433073E-02 

.796231E+00 
-.983314E-01 
.709054E-01 

.512785E+00 
.134958E-01 
.960320E-01 

-.278900E+00 -.241682E+00 .191072E-01 .263311E-02 
-.326297E-01 .177214E-02 
-.125342E+00 

-.332757E-01 
-.184101E-01 
-.261992E+00 

.258491E+00 -.184792E-01 

-.151679E+01 -.421209E+00 .381152E-01 .124745E+00 .869049E-02 
-.142202E+00 -.165116E-01 .761661E-02 
.439349E-01 -.856875E-02 
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£ = .3981eV 
Elastic 
a0-a5: .378863E+01 
b r b 4 : -.264179E+00 

A,B,C: .990411E+00 

E = .5012 eV 
Elastic 
a0-a5: .378716E+01 
bi-b3: -.116520E+00 

A,B,C: .101686E+01 

E = .6310 eV 
Elastic 

ao-as: 
a6: 

bi-b3: 
A,B,C: 

.358511E+01 
.168033E-03 

-.399459E+00 
.957738E+00 

E = .7943 eV 
Elastic 
ao-a-t: .343569E+01 
bi-b3: -.571309E+00 

A, B, C: .982946E+00 

E = 1.0000 eV 
Elastic 
a0-a5: .309375E+01 
bi-b3: -.348925E+00 

A, B, C: .988988E+00 

E = 1.2590 eV 
Elastic 
a0-a5: .331858E+01 
bi-b3: -.195955E+00 

A,B,C: .100460E+01 

E = 1.5850 eV 
Elastic 
a0-a5: .335659E+01 
bi-b4: .870775E-01 

A,B,C: .991113E+00 

E = 1.9950 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 

A, B, C: 

.314277E+01 
-.815721E+00 
.804480E-02 
.963659E+00 

E = 2.5120 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bio: 

A, B, C: 

.347001E+01 
-.138039E+01 
.501133E-02 
.983385E+00 

E = 3.1620 eV 
Elastic 

ao-aj: 
bi-b6: 
b7-b9: 

A,B,C: 

.341634E+01 
-.118692E+01 
.255344E-04 
.933736E+00 

-.190569E+01 
-.131533E+00 
.101534E+00 

.972245E+00 

.116530E+00 
.122137E-01 

.197594E+00 .312294E+00 .184377E+00 .116385E-01 
.122679E-02 .105488E-01 
-.971911E-01 

.268387E+00 
-.289344E-01 
-.634684E-01 

.153036E+00 .411301E-02 .101856E-02 

-.211834E+01 -.650430E+00 -.505582E-01 .697448E-01 .738362E-02 

.278968E+00 
-.850438E-02 

.251255E+01 

.202888E+00 
.527094E-01 

.178792E+01 

.189726E+00 
-.725222E-01 

.125591E+01 

.128706E+00 

.193842E-01 

.302733E+00 
-.422940E-01 
.511925E-01 

-.291884E+01 
-.394658E+00 
.930323E-03 

-.284991E+00 

-.451666E+01 
•.213789E+00 . 
.396956E-03 
.216371E+00 

-.549233E+01 
.292727E+00 
-.918677E-06 
.372660E+00 

-.562065E-01 
.194209E+00 

.143671E+00 
-.348272E-01 
-.455599E-02 

.186442E+00 -.112926E-01 

-.421356E-01 .414577E-01 .269710E-01 .173320E-02 
-.308531E-01 
.541353E+00 

-.478781E-01 .772214E-02 .173645E-01 .120757E-02 
-.226037E-01 
-.661135E-01 

.874122E-01 -.397281E-01 .636867E-02 .620111E-03 

.120339E-01 .594950E-04 

.258837E-01 

.297689E-01 .192488E+00 .127828E+00 .421344E-01 

.643870E-04 .245759E-05 .398267E-07 
.488871E+00 

.448155E+00 .397700E+00 .160875E+00 .369277E-01 
.169451E-04 .301057E-06 

-.132424E+00 

.407436E+00 .125486E+00 
-.443211E-07 
.433572E+00 

.174005E-01 .116530E-02 
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E = 3.9810 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bg: 

.266018E+01 
-.890664E+00 
-.450195E-03 

A, B, C: .931856E+00 

E = 5.0120 eV 
Elastic 

ao-ai: 
bi-b6: 
b?-bn: 

A,B,C: 

.137371E+01 
-.296034 E+00 
-.295162E-02 
.919834E+00 

E = 6.3100 eV 
Elastic 

ao-ai 
bi-b6 

b7-bi; 
A,B,C: 

.221669E+00 

.155860E+00 
-.459380E-03 
.917808E+00 

E = 7.9430 eV 
Elastic 
ao-ai-. 
bi-b6: 
b7-bn: 
A,B,C: 

-.497933E+00 
.307709E+00 
.124952E-02 
.929499E+00 

E = 10.0000 eV 
Elastic 
ao-ai: 
bi-b6." 
br-bn: 

-.974853E+00 
.337802E+00 
.335945E-02 

A, B, C: .937744E+00 

E = 19.9500 eV 
Elastic 
ao-aj: 
b i -b 6 : 
b 7 -b i 2 : 
bi3-bi4 : 

-.188941E+01 
-.866596E+00 
-.410403E+00 
-.283877E-06 

A,B,C: .119608E+01 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

A, B, C: 

-.367951E+01 
-.816917E+00 
-.441946E-01 
.979032E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

-.812740E+01 
.281922E+00 
-.625425E-02 
.101819E+01 

-.612995E+01 
.542273E+00 
-.236080E-04 
-.450000E+00 

-.619243E+01 
.769849E+00 
-.265394E-03 
-.450000E+00 

-.549128E+01 
.622988E+00 
.584895E-04 

-.450000E+00 

-.492371E+01 
.438476E+00 
.242317E-03 

-.450000E+00 

-.429701E+01 
.200501E+00 
.457541E-03 

-.450000E+00 

-.310296E+01 
.145576E+00 
-.113838E+00 
-.367778E-08 
303893E+00 

-.372133E+01 
.379859E+00 
-.673724E-02 
-.450000E+00 

-.551487E+01 
.334350E+00 
-.784375E-03 
.179200E+00 

.350432E+00 .356830E-01 
-.487278E-06 
.156178E+01 

.156910E+00 -.153145E+00 
-.152557E-04 -.517341E-06 
.213898E+01 

-.135111E-01 -.403727E-02 

-.871084E-01 -.209415E-01 
-.791497E-08 

-.102321E+00 
.877871E-05 
.233878E+01 

-.207956E+00 
.207011E-04 

.192352E+01 

-.271792E+00 
.340601E-04 

.147989E+01 

.210216E+01 
-.203063E-01 

-.777390E+00 

-.223365E+00 -.759359E-01 -.108090E-01 
.446512E-06 .833597E-08 

-.203900E+00 
.877965E-06 

-.477734E-01 
.150458E-07 

-.128938E-02 

-.143413E+00 -.444181E-02 .113826E-01 
.134272E-05 .220122E-07 

.114894E+01 -.578854E+00 -.846961E+00 
-.241500E-02 -.191028E-03 -.967062E-05 

.843155E+00 .453570E-01 -.301493E+00 -.168365E+00 
-.627514E-03 -.351722E-04 -.108735E-05 -.141862E-07 
.173343E+01 

.776819E-01 -.675233E-01 -.723852E-01 
-.575152E-04 -.229056E-05 -.383332E-07 
.498414E+00 

-.290582E-01 
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H+ + T2 -» H+ + T2 

ECM = 0-1 eV 

H+ + T2->H+ + T2 

ECM = 0.1995 eV 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

• 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10" 

10* r 

10 r 

101 r 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+ + T2 -> H+ + T2 

ECM = 0.5012 eV 

H+ + T2->H+ + T2 

ECM = 1 eV 

104 r 

10J 

1(T r 

10 r 

10u
 r 

10" 

uimq i m m iiuuq i i m i i m m i 

10"5 10"4 10'3 10"2 10"1 10° 10"5 10"4 10'3 10"2 10"1 10° 

104 t 

10J 

ttf 

101 

10L 

.-1 

I I I 11 I I I I I I I I I I I I I I I 11 I I I I I I I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 Q ' ' i . . . i i .1 I i i . • i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+ + T 2 -^H+ + T2 

ECM = 1.995 eV 

H+ + T2 -> H+ + T2 

ECM = 5.012 eV 

1(T 

10J 

10* 

10' 

10L 

10" 

^ 1 ( T 

S10"3 

iio-4 

i m m i m m i IIIHQ i uiuq i ITTW^-T 

i r 

- 1 - J "* - 1 - 1 • 

5 „«-4 „„-3 „n-2 .-.-1 J r t 0 10"J 10" 10"" 10" 10"' 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" ' * ' ' ' ' ' 
0 0 

Scattering Angle in Center of Mass System (rad) 
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H+ + T2 -> H+ + T2 H+ + T2 -> H+ + T2 

ECM = 1 0 e V ECM = 19.95 eV 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10 

1(T 

103 t 

102 

101 

10° 

10"1 

10-2 

10"3 

10' 

r 

r \ 

• 

• 

r 

• 

r 

._, - . r i l IO ClaSlIC 
Elastic 

1 

'• 
• 

N 

\ 

^ V 

\Nv 

\ " 

0 

I I 111 I I I I I I I I I I I I I I I I I 

' ' ' 
0 

Scattering Angle in Center of Mass System (rad) 
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H+ + T2 -> H+ + T2 H+ + T2 -> H+ + T2 

ECM = 50.12 eV ECM = 100eV 
q i imif i III«J i _ 

•3 

CO 
10-4 

10-5 

m"6 

• 

• 

10" 10"3 10"2 10"1 10° 

10H 

I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

•* • • — - J . . . . — J -1 - * • 

10"5 10"4 10"3 10"2 10"1 10° 

' ' • * 

I I I I I I 11 I I 

' ' ' • 

0 3 0 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.8 D + + T2 



2.8 

D+ + T2 —» D+ + T2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.111568E+04 

.914213E+03 

.636639E+03 

.501548E+03 

.415272E+03 

.315203E+03 

.242065E+03 

.195708E+03 

.159010E+03 

.140459E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.175571E+03 
.144472E+03 
.103874E+03 
.768915E+02 
.531336E+02 
.893970E+01 
.193945E+01 
.878654E+00 
.105431E+00 
.514243E-01 

Viscosity 
(a.u.) 

.114743E+03 

.883617E+02 

.623399E+02 

.391255E+02 

.454933E+02 

.151041E+02 

.270254E+01 

.964513E+00 

.189147E+00 
.651938E-01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and 
cross section is in atomic units (1 a.u. = a2

0 — 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bn 

ao-ai.: 
bi-b4: 
b5-b7: 

ao-a!: 
bi-b4: 

b5 : 

.512337E+03 
.655299E-01 

.765934E+02 
.827352E-01 
.105712E+00 

.436193E+02 
.892198E-02 
.391778E-01 

Elastic 
-.140688E+03 .207005E+02 

Momentum Transfer' 
-.179055E+02 
-.958638E-01 .296132E+00 
-.197184E-01 -.855726E-02 

Viscosity 
-.821452E+01 
-.290162E+00 .439168E-01 

-.107251E+01 

.385398E+00 

.148325E+00 

< Due to the behavior of the momentum transfer cross section, this fit was successful only 
to 19.95 eV. 
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D+ + T 2 ^ D + + T2 

icr 

1 0 ( ^ ^ 

cc 

10' 

10L 

10" 

10" 
10" 

Viscosity 
o Computed from fit to DCS 

Computed from fit to TCS 

10L 10' 10' 
Energy in Center of Mass System (eV) 
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2.8 

D+ + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

D+ + T2 

2irsin(6)^{6) = \A+B{1 - cos{6)) + Csin2(6)] 
ail L J 

exp Z«(W))y\i-+j>s(W)Y 
\i=0 

a.u. 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2, 
srad-1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a^: .449935E+01 .547327E+00 
bi-b3: .267002E+00 .180384E-01 

A, B, C: .103125E+01 .994445E-01 

E = .1259 eV 
Elastic 
a0-a5: .434242E+01 
bi-b4: -.884989E-01 

A, B, C: .103270E+01 

E = .1585 eV 
Elastic 
a0-a5: .420163E+01 
bi-b3: -.119556E+00 

A,B,C: .104513E+01 

E = .1995eV 
Elastic 
a0-a5: .418708E+01 
b!-b3: -.110776E+00 

A,B,C: .102896E+01 

E = .2512 eV 
Elastic 
a0-a5: .411988E+01 
bi-b4: -.292882E+00 

A,B,C: .975611E+00 

.100269E+01 
-.992445E-01 
.319088E-01 

.110766E+01 

.108697E+00 
.259887E-01 

.101544E+01 

.115739E+00 
.476810E-01 

.189854E+01 

.166900E+00 
.803611E-01 

.131900E+00 -.253726E+00 -.171478E-01 
-.161859E-01 
.181746E+00 

-.232828E+00 -.218763E+00 -.128580E-02 .955740E-03 
-.318245E-01 .262452E-05 
-.840239E-01 

.194104E+00 
-.292588E-01 
-.733131E-01 

.307976E+00 
-.303277E-01 
.134999E+00 

.152786E+00 .466244E-02 .105380E-02 

-.182802E+00 .324553E-02 .103863E-02 

.483257E+00 .488345E-02 .100363E+00 .677611E-02 
-.219308E-01 .553983E-02 
-.496149E-01 

E = .3162 eV 
Elastic 

a0-a5: 
a6: 

bi-b3: 
A,B,C: 

.401856E+01 
.206954E-03 

-.398964E+00 
.954991E+00 

-.239202E+01 -.889468E+00 .128519E-01 .893061E-01 .880425E-02 

.300061E+00 
-.462575E-02 

-.557788E-01 
.140289E+00 
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E = .3981 eV 
Elastic 
ao-as: 

a6: 
bi -b3: 

A, B, C: 

.392136E+01 
.195431E-03 

-.369110E+00 
.942245E+00 

E = .5012 eV 
Elastic 
a0-a5: .377915E+01 
bi-b5: -.380140E+00 

A, B, C: .949493E+00 

E = .6310 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.341616E+01 
-.434385E-02 
-.424480E+00 
.937287E+00 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

b i -b 3 : 
A,B,C: 

.357660E+01 
.100954E-03 
-.992977E-01 
.937456E+00 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

b i -b 3 : 
A,B,C: 

.326567E+01 
.162403E-03 

-.243934E+00 
.952172E+00 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b3 : 
A,B,C: 

.322011E+01 
:134501E-03 

-.294901E+00 
.948985E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .328359E+01 
bi-b4: -.414879E+00 

A,B,C: .970419E+00 

E = 1.9950 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b7-bi0 : 

A, B, C: 

.297422E+01 
-.939603E+00 
.472205E-02 
.984919E+00 

E = 2.5120 eV 
Elastic 
ao-aj: 
b i -b 6 : 
b7-b1 0 : 
A, B, C: 

.350756E+01 
•.154524E+01 
.204326E-02 
.992459E+00 

.225249E+01 -.785555E+00 .406324E-01 .865980E-01 .834030E-02 

.280951E+00 -.513171E-01 

.185762E-01 .126326E+00 

.198101E+01 -.829101E+00 -.221233E+00 -.205967E-01 -.626157E-03 

.319141E+00 -.782551E-01 -.712898E-02 -.238963E-03 

.126119E-01 .674963E-01 

-.197834E+01 .103456E+00 -.307573E+00 -.345693E+00 -.869258E-01 

-.241512E+00 -.782011E-01 -.267262E-01 -.452285E-02 
.134357E-01 .838711E-01 

.112615E+01 -.372967E+00 .427662E-01 .489075E-01 .448009E-02 

.145697E+00 -.275217E-01 

.413539E-01 .944851E-01 

-.170465E+01 -.199608E+00 .235814E+00 .854662E-01 .702317E-02 

-.202592E+00 -.319611E-01 
-.153621E-01 .158162E+00 

-.182259E+01 -.241376E+00 .186088E+00 .750293E-01 .612013E-02 

-.211046E+00 -.329132E-01 
.213574E-01 .187647E+00 

-.213629E+01 -.251259E+00 .515278E-01 .371619E-01 .220687E-02 
-.200279E+00 -.265809E-01 .653333E-03 
.112057E+00 -.128119E-01 

-.289032E+01 
-.434532E+00 .157009E+00 .270833E+00 .130460E+00 .327111E-01 
.394886E-03 .177861E-04 .334046E-06 

-.241868E+00 .594416E+00 

-.476149E+01 
-.432141E-01 .615652E+00 .390756E+00 .118637E+00 .204836E-01 
.111210E-03 .274725E-05 .143773E-07 
.491254E+00 -.194832E+00 
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E = 3.1620 eV 
Elastic 
a0-a2: .378865E+01 
bi-b6: -.295913E+01 
b7-b12: -.181774E+00 

A, B, C: .980431E+00 

E = 3.9810 eV 
Elastic 
a0-a2: .394675E+01 
bi-b6: -.310606E+01 
b7-bi2: -.236118E+00 

A,B,C: .970010E+00 

E = 5.0120 eV 
Elastic 
a0-a2: .206044E+01 
bi-b6: -.158759E+01 
b7-b12: -.247673E+00 

A, B, C: .947474E+00 

E = 6.3100 eV 
Elastic 
a0-a2: -.948604E+00 
bi-b6: .791633E+00 
b7-b12: -.188715E+00 
A,B,C: .954645E+00 

E = 7.9430 eV 
Elastic 
a0-a2: -.240182E+01 
bj-bg: .187338E+01 
b7-b12: -.103288E+00 

A,B,C: .979358E+00 

E = 10.0000 eV 
Elastic 
a0-a5: -.247027E+01 
ae-an: -.193332E+01 
ai2-ai3: --861052E-06 
A,B,C: .108342E+01 

E = 19.9500 eV 
Elastic 
a0-a2: -.153278E+01 
bi-b6: .133563E+01 
b7-bi2: -.325661E-01 

A,B,C: .103835E+01 

E = 50.1200 eV 
Elastic 
a0-ai: -.295925E+01 
bi-b6: -.438955E+00 
b7-b12: -.250326E-01 

A, B, C: .982556E+00 

E = 100.0000 eV 
Elastic 
ao-ai: -.447480E+01 
bi-b6: .747669E+00 
b7-b12: .618276E-01 

b13: .270693E-08 
A,B,C: .932601E+00 

-.898161E+01 
.232335E+01 
-.317962E-01 
-.645764E-01 

-.156770E+02 
.536828E+01 
-.377803E-01 
.199041E+00 

-.192255E+02 
.733429E+01 
-.402628E-01 
.304700E+00 

-.137085E+02 
.590571E+01 
-.309268E-01 
.334983E+00 

-.714322E+01 
.321407E+01 
-.176350E-01 
.556415E+00 

-.462962E+01 
-.539483E+00 
-.905380E-08 
.661358E-01 

-.165813E+01 
.623259E+00 
-.514229E-02 
-.160685E+00 

-.262078E+01 
-.774227E-01 
-.419899E-02 
-.836979E-01 

-.300307E+01 
.149698E+00 
.130713E-01 

.110792E+00 

.286527E+01 

.267213E+01 
-.342495E-02 
.517922E+00 

.580938E+01 

.329292E+01 
-.377645E-02 
.400019E+00 

.100853E+02 

.212986E+01 
-.415040E-02 
-.668113E-01 

J58149E+01 
.744067E+00 
-.325230E-02 
-.246076E+00 

.382201E+01 
-245923E+00 
-.195140E-02 
-.683290E+00 

.748757E+01 
-.935155E-01 

-.809281E+00 

.776030E-01 
-.360569E+00 
-.527996E-03 
.449491E+00 

.417339E+00 
-.428497E-03 
.535092E+00 

-.589551E+00 
.171797E-02 

-.571504 E-01 

.170589E+00 • 
-.224105E-03 

-.868045E+00 
-.231091E-03 

-.191182E+01 
-.264348E-03 

-.200713E+01 
-.212782E-03 

-.138629E+01 
-.134675E-03 

.638492E+01 
-.105007E-01 

-.580712E+00 
-.339177E-04 

.123365E+00 
-.264622E-04 

-.255871E+00 
.143415E-03 

-.966799E+00 • 
-.818660E-05 

-.179555E+01 
-.793346E-05 

-.210375E+01 
-.950930E-05 

-.173052E+01 
-.789295E-05 

-.974653E+00 
-.526280E-05 

-.163164E+01 
-.762149E-03 

-.361621E+00 
-.123724E-05 

-.113684E+00 
-.912014E-06 

.158092E+00 
.740432E-05 

-.608342E+00 
-.128242E-06 

-.892846E+00 
-.117207E-06 

-.950005E+00 
-.147975E-06 

-.734041E+00 
-.126877E-06 

-.395561E+00 
-.888347E-07 

-.373367E+01 
-.342986E-04 

-.135188E+00 
-.195500E-07 

-.841880E-01 
-.134948E-07 

.164603E+00 
.215641E-06 
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D+ + T2 -> D+ + T2 D+ + T2 -» D+ + T2 

ECM = 0-1 eV ECM = 0.1995 eV 

10* 

10J
 r 

10' r 

10' r 

10 • • * " * ** -1 ^ * * i . . . . . . - i . . . . - J . . . . — J - i . . . . — J . 

10'5 10"4 10"3 10"2 10"1 10° 10"6 10"4 10"3 10"2 10"1 10° 

10' • 

10° r! 

• i i i i I i i • i i i i i i | i i i i i i 11 i | n I i i i i i i i i i | i 11 i i i i i i | i i i i i i i i i | • 

10' 

10' 

Fit to Elastic 
Elastic 

1 Q 111 i 1111 1 1 1 1 1 1 1 i i i 1 1 1 1 1 1 1 1 1 1 1 1 1 ii ' ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + T2 ^ D+ + T2 

ECM = 0.5012 eV 

D+ + T2 -> D+ + T2 

ECM = 1 eV 

10* r 

10J 

10" r 

10' r 

10u 

1 Q ' - J - 1 - 1 - 1 - 1 • * ' • • • • - • J - J - J - * -* • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1 Q ' ' i . . . . . . . . . i .1 * ' i . . . . . . . . . i . 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + T2->D+ + T2 

E0M = 1.995 eV 

D+ + T2 -> D+ + T2 

E0M = 5.012 eV 

J - 1 - ^ - 1 * • * • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I • I I I I I I I I I I I 

-J Q I • . I t I .1 I I I I .1 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + T2 -» D+ + T2 

ECM=10eV 

D+ + T 2 ^ D + + T2 

ECM = 19.95 eV 

10"6 10^ 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 

1CT 

1tf 

101 

10L 

10" 

I I I I I I I I 11 I I I I I I I I I I 11 I I I 11 I I I 

10 
-2 

Fit to Elastic 
Elastic 

i i i i i | i i i i i i i • i | • i i i i i a i i | 

-J Q I . . I I I .1 I I I I .1 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D+ + T2 -> D+ + T2 

ECM = 50.12 eV 

D+ + T2 -> D+ + T2 

ECM = 100eV 

3 

a 
• o 
<x> 

CM 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

,1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

104 t 
Fit to Elastic 
Elastic 

1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion—hydrogen-molecule elastic collisions 

2.9 T + + T2 



2.9 

T+ + T2 T+ + T2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.122445E+04 

.977734E+03 

.706367E+03 

.544863E+03 

.443432E+03 

.352365E+03 

.271448E+03 

.211563E+03 

.166017E+03 

.145767E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.180794E+03 
.145006E+03 
.104390E+03 
.758395E+02 
.490405E+02 
.113712E+02 
.235707E+01 
.686556E+00 
.134992E+00 
.320971E-01 

Viscosity 
(a.u.) 

.114661E+03 

.897668E+02 

.608021E+02 

.371676E+02 

.424995E+02 

.182724E+02 

.356140E+01 

.998684E+00 

.234311E+00 
.506518E-01 

Analytic fitting function 

<rei,mt,vi(E) = fea.-CK^))*') / ( l - + T,WWE))j) a.u, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 — 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bn 

ao-a3: 
a :̂ 

b i - b 4 : 

b5: 

ao-ai: 

bi-b4: 
b5: 

.562916E+03 
.397756E-01 

.764565E+02 
-.257277E+00 
-.197695E-01 
.301265E-01 

.427351E+02 
.631166E-01 
.442475E-01 

Elastic 
-.163825E+03 .259782E+02 

Momentum Transfer 
-.356090E+02 .277271E+01 

-.160865E-01 .148757E+00 

Viscosity 
-.739996E+01 
-.334685E+00 -.117461E-01 

-.204788E+01 

.150867E+01 

.128649E+00 

.147793E+00 
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2.9 

T+ + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

do* 

T+ + T2 

2-Ksin{0)^{6) =[A + 5(1 - cos(e)) + Csin2(6)] 

exp 
W=0 / \ j=l i 

a.u., 

where A, B,C, a;, and b_, are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-eu: .440197E+01 
bi-b4: -.148363E+00 

A,B,C: .106351E+01 

E = .1259 eV 
Elastic 
ao-a^: .433493E+01 
bi-b3: .321809E+00 

A,B,C: .102538E+01 

E = .1585 eV 
Elastic 
ao-a^: .409182E+01 
bi-b3: .335857E+00 

A,B,C: .997712E+00 

E = .1995 eV 
Elastic 
ao-a^: .413562E+01 
bx-bs: .339235E+00 

A, B, C: .998754E+00 

E = .2512 eV 
Elastic 
ao-a^: .410556E+01 
bi-b3: .313873E+00 

A, B, C: .982904E+00 

-.134823E+01 -.171462E+00 -.170222E+00 -.118088E-01 
-.113553E+00 -.319615E-01 -.114794E-02 
.182472E-01 -.102626E+00 

.734780E+00 .655295E-01 -.100942E+00 -.709206E-02 
.421061E-01 -.525829E-02 
.787890E-01 -.126370E+00 

.794071E+00 .416727E+00 .488388E-01 .156675E-02 
.651934E-01 .316859E-02 
-.503711E-01 .167497E+00 

.873713E+00 .241852E+00 -.286166E-01 -.286064E-02 
.543008E-01 -.957796E-03 
-.419756E-01 .544136E-01 

.721175E+00 .903301E-01 
.401755E-01 -.353183E-02 
.345696E-01 -.307101E-01 

-.722249E-01 -.507468E-02 

E = .3162eV 
Elastic 
ao-a,,: .405541E+01 .627748E+00 .309029E-01 
b!-b3: .286678E+00 .303500E-01 -.566002E-02 

A,B,C: .970785E+00 .492257E-01 -.640027E-01 

.101400E+00 -.671111E-02 
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E = .3981 eV 
Elastic 
ao-JL,: .395801E+01 
bi-b3: .282921E+00 

A, B, C: .969433E+00 

E = .5012 eV 
Elastic 
ao-eut: .383739E+01 
bi-b3: .228810E+00 

A,B,C: .971688E+00 

E = .6310 eV 
Elastic 
a0-a5: .363332E+01 
b!-b3: -.548769E+00 

A,B,C: .950611E+00 

E = .7943 eV 
Elastic 
ao-a4: .366210E+01 
bi-b3: .222482E+00 

A,B,C: .966207E+00 

E = 1.0000 eV 
Elastic 
a0-a5: .326720E+01 
bx-b4: -.266885E+00 

A,B,C: .960316E+00 

E - 1.2590 eV 
Elastic 
a0-a5: .315764E+01 
b!-b4: -.161930E+00 

A,B,C: .969814E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .329268E+01 
b!-b3: -.571196E+00 

•A,B,C: .978547E+00 

E = 1.9950 eV 
Elastic 
a0-a4: .367811E+01 
bi-b3: -.165269E+00 

A, B, C: .959385E+00 

E = 2.5120 eV 
Elastic 
ao-a4: .355039E+01 
bi-b3: -.144346E+00 

A,B,C: .910990E+00 

E = 3.1620 eV 
Elastic 
ao-a^ .313304E+01 
bi-b3: -.109146E-01 

A,B,C: .907821E+00 

.602363E+00 .519858E-01 -.842754E-01 
.305711E-01 -.467508E-02 
.700900E-01 -.738466E-01 

.561423E-02 

.362160E+00 
.163449E-01 
.977661E-01 

-.217796E-02 
-.706275E-02 
-.135942E+00 

.110447E+00 -.706807E-02 

-.255261E+01 -.364886E+00 -.125340E+00 .826931E-02 .957260E-03 
-.229432E+00 -.359145E-01 
.663489E-01 -.477915E-02 

.162143E+00 -.196021E+00 -.137450E+00 
.610619E-02 -.782702E-02 
.129968E+00 -.122357E+00 

.796350E-02 

.180448E+01 .763661E-01 .257832E+00 .773921E-01 .397882E-02 

.128888E+00 -.751022E-02 .276911E-02 

.903499E-01 -.540061E-01 

-.125953E+01 .205234E+00 .210458E+00 .516959E-01 .253944E-02 
-.970288E-01 -.760647E-02 .148374E-02 
.143255E-02 .910202E-01 

-.256658E+01 
-188627E+00 
.255155E+00 

.121669E+00 -.559403E-01 
-.223351E-01 
.156270E+00 

-.120159E-02 .297767E-04 

-.166642E+01 -.117049E+01 
-.122370E+00 -.271099E-01 
.136637E+01 -.973899E+00 

-.201722E+01 -.150276E+01 
-.129206E+00 -.277904E-01 
.770821E+00 .310810E+00 

-.416165E+00 -.214817E-01 

.463328E+00 -.231722E-01 

.210042E+01 -.142189E+01 -.355159E+00 
-.876602E-01 -.187497E-01 
.450000E+00 .212534E+01 

.168475E-01 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt and o~V{ 
Elastic 
ao-Ek: .255609E+01 -.223465E+01 -.130565E+01 -.254128E+00 -111724E-01 
bi-b3: .105800E+00 -.487295E-01 -.107633E-01 

A,B,C: .952415E+00 -.450000E+00 .353756E+01 

E = 5.0120 eV 
Elastic 
a0-a2: .151794E+01 -.114523E+02 .586671E+01 
bi-b6: .607596E-01 .335136E+01 -.507201E+00 -.124068E+01 -.520321E+00 -.112216E+00 
b7-bi0: -.143903E-01 -.110359E-02 -.466498E-04 -.833634E-06 
A,B,C: .953710E+00 .203977E+01 -.105113E+01 

E = 6.3100 eV Warning: Fitted elastic differential cross section does not accurately yield ffmt and avi 
Elastic 
a0-ai: .131460E+01 -327547E+01 
b r b 6 : -.306516E+00 .574850E-01 .550699E-01 .116233E-01 .932697E-03 .275462E-04 

A,B,C: .103453E+01 -.450000E+00 .528871E+01 

E = 7.9430 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and avi 
Elastic 
a0-ar. .334202E+00 -.226048E+01 
bi-b6: -.789906E-01 -.823974E-01 -.322042E-01 -.515120E-02 -.410043E-03 -.117626E-04 

A,B,C: .977821E+00 -.450000E+00 .762490E+01 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt and aVi 
Elastic 
a0-a i : -.823656E-01 -.244507E+01 
b r b 5 : -.105085E+00 -.509870E-01 -.114014E-01 -794180E-03 -.320807E-04 

A,B,C: .950485E+00 -.450000E+00 .566557E+01 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield amt and avi 
Elastic 
ao-aj: -.127667E+01 -.146946E+01 
b!-b6: .374323E+00 -.296387E+00 -.327553E+00 -.113024E+00 -.194158E-01 -.179611E-02 
b7-b8: -.857335E-04 -.165834E-05 

A,B,C: .100743E+01 -.450000E+00 .386708E+01 

E = 50.1200 eV Warning: Fitted elastic differential cross section does not accurately yield amt and cv{ 
Elastic 

-.286904E+01 
-.583754E-01 -.816036E-01 -.262196E-01 -.377031E-02 -.251021E-03 

-.450000E+00 .489157E+01 

ao-ai: 
bi-b6: 
b7-b7: 

A,B,C: 

-.310178E+01 
.851929E-01 

-.636844E-05 
.103827E+01 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

-.616240E+01 
.386953E+00 
-.842050E-02 
.946148E+00 

-.409010E+01 
.819702E+00 .139013E+00 -.295843E+00 
-.726086E-03 -.332985E-04 -.632043E-06 
-.391898E+00 .136908E+01 

.196384E+00 -.551902E-01 
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T +T2 —> T +T2 

ECM = 0.1eV 

T+ + T2 -» T+ + T2 

ECM = 0.1995 eV 

10* r 

10J 

10' r 
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10 u 

10"5 10^ 10"3 10"2 10"1 10° 10'5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I 11 I 11 11 I I 

10* • 

10" 

itr r 

101 

10l 

. - 1 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 Q ' ' ' ' • 

0 1 2 3 0 
J L O J • • • • » • • • • •• 

Scattering Angle in Center of Mass System (rad) 
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T+ + T2 —> T + T2 T+ + T2 -> T+ + T2 

ECM = 0.5012 eV ECM = 1 eV 

10* r 

10J 

10 r 

101 

-j Q * • • • • •"J "J • • . • •~J - J - J • I I - I - J • . . . . - I <J • • • • • • J 
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T+ + T2 -^ T+ + T2 

ECM = 1.995 eV 

T+ + T2 -> T+ + T2 

ECM = 5.012 eV 

i r 
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T+ + T2 -» T+ + T2 T+ + T2 -» T+ + T2 

ECM=10eV ECM = 19.95 eV 
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T+ + T2 -^ T+ + T2 

ECM = 50.12 eV 
| i uinq i iiiHq I iimq I I I I W ) i j 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.10 H + + HD 



2.10 

H+ + HD —• H+ + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.899499E+03 

.744843E+03 

.521889E+03 

.418064E+03 

.343388E+03 

.274606E+03 

.222897E+03 

.178074E+03 

.146352E+03 

.130564E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.177382E+03 
.144170E+03 
.110950E+03 
.774333E+02 
.478228E+02 
.102879E+02 
.250590E+01 
.686080E+00 
.112756E+00 
.535251E-01 

Viscosity 
(a.u.) 

.114753E+03 

.892413E+02 

.613818E+02 

.449869E+02 

.439675E+02 

.169348E+02 

.391426E+01 

.112130E+01 

.213720E+00 
.814960E-01 

Analytic fitting function 

aei,mtAE) = (^{ln{E)A I (1. + Y,b3(ln(E)y) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a^ = 2.80028E-17 cm2) 

Fitting parameters 

ao-a3i 
ba-b2: 

ao-a3: 
a<j: 

bi-b4: 

b5: 

ao-aj: 
bi-b4: 

b5: 

.423388E+03 

.576169E+00 

.790498E+02 
-.300807E+00 
.224441E+00 
.257768E-01 

.465893E+02 
.183371E-01 
.408174E-01 

Elastic 
.115381E+03 -.138281E+02 
.800038E-01 

Momentum Transfer 
-.203669E+02 -.687811E+01 

.818809E-01 .217176E+00 

Viscosity 
-.776210E+01 
-.270168E+00 .455135E-01 

-.258902E+00 

.309775E+01 

.129555E+00 

.150089E+00 
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H+ + HD-^H+ + HD 
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2.10 

H+ + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

H+ + HD 

2xsin{6)?j£{e) =\A + 5(1 - cos{9)) + Csin\9)\ 
ail L J 

exp (£*{ln{9)A / \\. + ^bj{ln{6)Y\ a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a\ 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

£ = .1000eV 
Elastic 
ao-fM: .443396E+01 -.245727E+00 -.228742E+00 -.493986E+00 
bi-b4: .427081E-01 -.653652E-01 -.483681E-01 -.667399E-03 

A,B,C: .103094E+01 .777340E-01 -.158540E+00 

E = .1259 eV 
Elastic 
ao-a4: .435958E+01 .910338E+00 .271626E-01 
bi-b3: -338478E+00 .405527E-01 -.141023E-01 

A,B,C: .102843E+01 .323349E-01 -.710664E-01 

-.367175E-01 

.215396E+00 -.160676E-01 

E - .1585 eV 
Elastic 
a0-a5: .422973E+01 -.109304E+01 
bi-b4: -.115967E+00 -.105623E+00 

A, B, C: .996822E+00 .458848E-01 

E - .1995 eV 
Elastic 
a0-a5: .420190E+01 -.848525E+00 
bi-b4: -.738647E-01 -.103379E+00 

A,B,C: .100033E+01 .848231E-01 

E = .2512 eV 
Elastic 
a0-a5: .408807E+01 -.769581E+00 
bi-b4: -.279284E-01 -.697901E-01 

A,B,C: .101716E+01 .438754E-01 

£ '= .3162eV 
Elastic 
a0-a5: .404868E+01 -.139505E+01 
b!-b4: -.158795E+00 -.118296E+00 

A,B,C: .998575E+00 .710639E-01 

.325170E+00 
-.237805E-01 
-.204370E-01 

.402011E+00 
-.279991E-01 
.109110E+00 

-.115217E+00 
.858350E-02 

.118841E+00 .944511E-02 

.197229E+00 .783394E-01 

.595384E-02 
.675992E-02 

.139326E+00 -.547361E-01 .537737E-01 .426121E-02 
-.169857E-01 .353614E-02 
-.891335E-01 

-.377979E+00 .900864E-01 .142154E+00 .979284E-02 
-.982978E-02 .886590E-02 
-.725162E-01 

272 



E = .3981 eV 
Elastic 
ao-at: .396688E+01 
bi-b4: -.161352E+00 

A,B,C: .102915E+01 

E = .5012 eV 
Elastic 
a0-a5: .378074E+01 
bi-b4: -.107584E-01 

A,B,C: .990703E+00 

£ = .6310eV 
Elastic 
ao-a^: .366284E+01 
bj-b4: -.195782E+00 

A,B,C: .102313E+01 

E = .7943 eV 
Elastic 
a0-a4: .363911E+01 
bi-b4: .413329E-01 

A,B,C: .996328E+00 

E = 1.0000 eV 
Elastic 
a0-a5: .350666E+01 
b!-b4: -.428949E+00 

A,B,C: .966020E+00 

-.991473E+00 -.392505E+00 -.320567E+00 -.219168E-01 
-.141776E+00 -.429511E-01 -.111970E-02 
.529508E-01 -.183221E+00 

.800078E+00 -.709475E-01 .214830E+00 .126021E+00 .797345E-02 
-.562481E-01 .382116E-02 .733950E-02 
.576756E-01 -.348011E-01 

.117941E+01 -.202517E+00 

.139465E+00 -.354625E-01 

.399192E-01 -.169287E+00 

.180665E+00 
-.120917E-02 

.126928E-01 

.368011E+00 
-.641408E-01 
-.922190E-02 

-.181820E+00 
-.223356E-01 
.626211E-01 

.157466E+00 -.106505E-01 
-.669853E-03 

E = 1.2590 eV 
Elastic 
ao-34: 

b r b 3 : 
A, B, C: 

.337505E+01 

.299120E+00 

.102593E+01 

E = 1.5850 eV 
Elastic 
ao-a4: .349011E+01 
bj-b4: -.277825E+00 

A, B, C: .990468E+00 

E = 1.9950 eV 
Elastic 
ao-a-,: .356127E+01 
b!-b4: -.299037E+00 

A,B,C: .971671E+00 

E = 2.5120 eV 
Elastic 
a0-a4: .379835E+01 
b!-b3: --487565E-02 

A, B, C: .894156E+00 

E = 3.1620 eV 
Elastic 
a0-a4: .331976E+01 
bi-b3: .539633E-01 

A,B,C: .891783E+00 

-.225556E+01 -.408973E+00 .856339E-01 .104833E+00 .690350E-02 
-.205899E+00 -.225336E-01 .542299E-02 
.766999E-01 .576131E-02 

.510057E+00 .175957E+00 -.266674E-01 -.262186E-02 
.434217E-01 -.144499E-02 
.546577E-01 -.159488E+00 

-.151002E+01 -.587970E+00 -.244082E+00 -.150459E-01 
-.187873E+00 -.404351E-01 -.132950E-02 
.140901E+00 -.507751E-01 

-.165348E+01 -.824200E+00 -.307659E+00 -.182736E-01 
-.203986E+00 -.433048E-01 -.129555E-02 
-.590469E-01 .235326E+00 

-.140364E+01 
-.134309E+00 
.371474E+00 

.201672E+01 

.110372E+00 

.450000E+00 

-.190691E+01 
-.393444 E-01 
.124897E+00 

-.197441E+01 
-.295120E-01 
.155957E+01 

.671723E+00 -.373942E-01 

-.557210E+00 -.293881E-01 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt and avi 
Elastic 
ao-34". .254244E+01 -.237513E+01 -.154583E+01 -.311471E+00 -.147678E-01 
bi-b3: .136897E+00 -.550035E-01 -.132313E-01 

A,B,C: .961420E+00 -.450000E+00 .330421E+01 

E = 5.0120 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

.192893E+01 

.138487E+01 
-.105732E+01 
-.571958E-07 
.905854E+00 

E = 6.3100 eV 
Elastic 
ao-a^ 
bj-b6: 
b7-bi2: 

bi3: 
A,B,C: 

-.528246E+00 
.348787E+01 
-.539766E+00 
-.238625E-07 
.909918E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A, B, C: 

-.846438E+00 
.277505E+01 
-.755144E-01 
.619022E-08 
.875777E+00 

E = 10.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-b12: 

bi3'-
A,B,C: 

-.792371E+00 
.194630E+01 
.646538E-01 
.919075E-08 
.945508E+00 

E = 19.9500 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

-.795499E+00 
.656955E-01 
.145916E-02 
-.123670E-08 
.939189E+00 

E - 50.1200 eV 
Elastic 
ao-aj: 
bi-b6: 
b7-b12: 

bi3: 
A,B,C: 

-.331812E+01 
-.709286E+00 
-.573314E-01 
-.182691E-08 
.985211E+00 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
by-bn: 

A,B,C: 

-.491155E+01 
.392948E+00 
-.385933E-02 
.100655E+01 

-.147653E+02 
.115025E+02 
-.213038E+00 

.357700E-01 

-.802250E+01 
.788044E+01 
-.102878E+00 

-.164665E-01 

-.376199E+01 
.314147E+01 
-.658734E-02 

.932567E-01 

-.203996E+01 
.819289E+00 
.182372E-01 

.166446E+00 

-.132461E+01 
-.801077E+00 
-.127853E-02 

-.450000E+00 

-.326767E+01 
.611895E-01 

-110678E-01 

.404334E-01 

-.333590E+01 
.227125E+00 
-.492931E-03 
-.527807E-01 

.761593E+01 
-.280979E-01 

.223789E+00 

.294349E+01 
-.130187E-01 

.280289E+00 

-.264897E+00 
.640593E-04 

.680186E-01 

-.122620E+01 
.294263E-02 

-.216037E+00 

-.304764E+00 
-.314952E-03 

.850961E+00 

.802508E+00 
-.135203E-02 

-.162829E+00 

.566915E-01 
-.365914E-04 
.150057E+00 

-.252225E+01 
-.242852E-02 

-.292519E+01 
-.108884E-02 

-.195793E+01 
.765358E-04 

-.112409E+01 
.293624E-03 

.213071E+00 
-.364047E-04 

.248842E+00 
-.106466E-03 

-.302659E-01 
-.147058E-05 

-.565013E+01 
-.132719E-03 

-.363510E+01 
-.578983E-04 

-.129315E+01 
.775101E-05 

-.249542E+00 
.179529E-04 

.168036E+00 
-.236321E-05 

-.206615E+00 
-.525569E-05 

-.406514E-01 -
-.247887E-07 

-.329490E+01 
-.416418E-05 

-.182653E+01 
-.177418E-05 

-.419976E+00 
.348990E-06 

.833767E-01 

.618038E-06 

.403844E-01 
-.830828E-07 

-.171825E+00 
-.148279E-06 

.173860E-01 
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H+ + HD -> H+ + HD H+ + HD -> H+ + HD 
ECM = 0.1eV ECM = 0.1995 eV 

104 t 
^ i i i i u q i IHIB| i I I H ^ i i i n ^ i i i mm i i m i i m m i i m i i uiMj i 

-J Q u I . . . .—I - I -1 - I - I . 1 I ......J . . . .—I ....—J -J . . . . . J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 104 10"3 10"2 10"1 10° 

104
 r 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10J 

10' 
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Fit to Elastic 
Elastic 

"1 Q I I I I I I I I I I I I 1 I I I I I I I I I I I I I I I I I I H ' ' ' I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+ + HD -» H+ + HD H+ + HD -> H+ + HD 
ECM = 0.5012 eV ECM=1eV 

10" 

10" r 

13 

CO 

10 r 

101 i 

10"5 10"4 10"3 10"2 10"1 10° 

10L 

1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

- * • • • • * - * - ' • * • 
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H+ + HD -> H+ + HD H+ + HD -» H+ + HD 
ECM = 1.995 eV ECM = 5.012 eV 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
D 
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CO 1 0 3 
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• I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 
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10u 

io-1 

10 
-2 

10 
-3 

' 

i i i i i i i i i | i i • i i i i i i | i i i i • i i i i | 

0 
• ' ' • ' ' ' ' ' • 

2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H+ + HD -» H+ + HD H+ + HD -> H+ + HD 
EOM = 10eV 

4 i I I I I I ^ m i u q I I ^ i I I I I ^ i 

ECM= 19.95 eV 
i innq i iimq I I I I M J i i m i iniMq i l 

* • " - J - 1 " • * - * - 1 

o 
"O 
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4 M l I I I I I I I I I I I • I I I I II 
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Scattering Angle in Center of Mass System (rad) 

278 



H+ + HD -> H+ + HD H+ + HD -> H+ + HD 
ECM = 50.12 eV ECM = 100eV 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.11 D + + HD 
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2.11 

D+ + HD —> D+ + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.107461E+04 

.864846E+03 

.618354E+03 

.478919E+03 

.390074E+03 

.308977E+03 

.254704E+03 

.203835E+03 

.158203E+03 

.140378E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.177876E+03 
.146751E+03 
.109206E+03 
.751119E+02 
.451677E+02 
.115794E+02 
.273149E+01 
.773992E+00 
.121196E+00 
.646078E-01 

Viscosity 
(a.u.) 

.113720E+03 

.904901E+02 

.611015E+02 

.449628E+02 

.427214E+02 

.193324E+02 

.480733E+01 

.119834E+01 

.222876E+00 
.771185E-01 

Analytic fitting function 

*MAE) = ( l > ( / n ( £ ) / ) / f 1- + £b,-(Zn(E))'j a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2, — 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bx-b2: 

ao-a3: 
3 4 ! 

bi-b4 : 

b5 : 

ao-ai: 
bi-b4 : 

b5: 

.492775E+03 

.705817E+00 

.782595E+02 
-.432344E-01 
-.799674E-01 
.853467E-02 

.452535E+02 
.713634E-01 
.398790E-01 

Elastic 
.197326E+03 -.335720E+02 
.890886E-01 

Momentum Transfer 
-.474776E+02 .964606E+01 

.118033E+00 .112162E+00 

Viscosity 
-.754917E+01 
-.285929E+00 -.376647E-02 

.214867E+01 

-.430485E+00 

.523085E-01 

.133478E+00 
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D+ + HD-4D+ + HD 

103 < 

102 < 

101 

m° 

n'1 

n"2 

^ * *s: 
_ & • 

^ 

^ _Z_3 

alkf 

SN 

a< 

*i 

m 

Ela 
Mo 

stic 
mentum Transfer 

Viscosity 
o Computed from fit to D 

Coi Tiputed from fit to T( 

n o 
o o 
JS 

V 
^ 

\h 

10" 10L 10' 10' 
Energy in Center of Mass System (eV) 

283 



2.11 

D+ + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

L da ei 

D+ + HD 

27rsin(0)-j^(0) =[A + 5(1 - cos{9)) + Csin2{9)} 

exp E*.-('nWj/|i- + Ew(M«))i 

\.i=0 
a.u., 

where A, B,C, a*, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-en: .442092E+01 .749967E+00 .105962E+00 
bj-bs: .309061E+00 .418217E-01 -.111356E-01 

A,B,C: .102466E+01 .297479E-01 -.783202E-01 

E= .1259 eV 
Elastic 
ao-a^: .430814E+01 
b r b 4 : .662219E-01 

A,B,C: .103076E+01 

E = .1585 eV 
Elastic 
ao-a4: .421063E+01 
bi-b4: -.663590E-01 

A,B,C: .104721E+01 

E = .1995 eV ' 
Elastic 
a0-a5: .420331E+01 
b!-b4: -.139759E+00 

A,B,C: .101082E+01 

E = .2512 eV 
Elastic 
a0-a5: .412235E+01 
b!-b4: -.256585E-01 

A,B,C: .101132E+01 

E = .3162 eV 
Elastic 
a0-a5: .403722E+01 
bi-b4: -.216327E+00 

A,B,C: .991828E+00 

-.260355E+00 
-.410674E-01 
.120355E-01 

.811434E+00 
-.924393E-01 
.109980E-01 

-.112627E+01 
-.125025E+00 
.956089E-01 

.682315E+00 
-.835693E-01 
.578348E-01 

-.160081E+01 
-.140885E+00 
.636129E-01 

-.125499E-01 
-265036E-01 
-.692671E-01 

-.170806E+00 -.127000E-01 

-.220962E+00 
-.614071E-03 

.140070E+00 
-.321241E-01 
-.942058E-01 

-.378447E+00 
-.336235E-01 
-.137389E+00 

.264479E+00 
-.204378E-01 
-.882030E-01 

-.161912E-01 

.214572E+00 
-.961046E-03 

-.225938E+00 
.141241E-02 

.151444E-01 

.198418E-01 .243923E-02 

-.106102E+00 .310483E-01 .264441E-02 
.186731E-02 

-.385107E+00 .587572E-01 .988568E-01 .649146E-02 
-.159862E-01 .536773E-02 
-.516662E-01 
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E = .3981 eV 
Elastic 
ao-SLj: .397457E+01 
b r b 4 : -.300581E-01 

A,B,C: .101330E+01 

E = .5012 eV 
Elastic 
ao-a4: .374977E+01 
bi-b4: .446579E-01 

A,B,C: .100146E+01 

E = .6310 eV 
Elastic 
ao-^: .362371E+01 
bi-b4: -.438565E+00 

A,B,C: .103211E+01 

E = .7943 eV 
Elastic 
ao-cLj: .359620E+01 
b!-b4: .360897E-01 

A, B, C: .975237E+00 

E = 1.0000 eV 
Elastic 
ao-^: .348546E+01 
bi-b4: -.163694E+00 

A,B,C: .986377E+00 

E = 1.2590 eV 
Elastic 
a0-a5: .330459E+01 
bi-b4: .278848E-01 

A,B,C: .969835E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .334583E+01 
bj-b4: -.451330E+00 

A, B, C: .961268E+00 

E = 1.9950 eV 
Elastic 
a0-a5: .342959E+01 
bi-b4: -.473759E+00 

A,B,C: .946710E+00 

E = 2.5120 eV 
Elastic 
a0-a4: .369282E+01 
bi-b3: -.604523E-01 

A, B, C: .894652E+00 

E = 3.1620 eV 
Elastic 
ao-a4: .330487E+01 
b!-b3: -.188748E-01 

A,B,C: .893113E+00 

.610380E+00 -.244990E+00 -.173994E+00 -.114017E-01 
-.906411E-01 -.265212E-01 -.861393E-03 
.436649E-01 -.125311E+00 

.296335E+00 .349179E-02 -.868140E-01 -.637897E-02 
-.543069E-01 -.185743E-01 -.718450E-03 
.263833E-01 -.659974E-01 

-.219269E+01 
-.252861E+00 
-.943601E-02 

-.413233E+00 
-.598842E-01 
.342412E-01 

-.461751E+00 -.105748E+00 -.672489E-02 
-.464796E-01 -.228108E-02 
-.143594E-01 

-.886621E-01 
-.178482E-01 
.164047E-01 

-.867915E-01 -.592016E-02 
-.697527E-03 

-.113477E+01 -.261937E+00 -.123794E+00 -.794347E-02 
-.133583E+00 -.288861E-01 -.114723E-02 
.101546E+00 -.904950E-01 

.590558E+00 .130435E+00 .155057E+00 .487617E-01 
-.428124E-01 -.213981E-02 .196782E-02 
.132914E-01 .759564E-01 

.262897E-02 

-.223437E+01 -.382241E+00 -.123987E-01 .321856E-01 .215731E-02 
-.220676E+00 -.320479E-01 -518010E-03 
.101823E+00 .726689E-01 

-.233158E+01 -.581236E+00 
-.236728E+00 -.368585E-01 
-.188404E+00 .512475E+00 

•.157457E+01 
•.125970E+00 
.507418E+00 

-.164650E+01 
-.329560E-01 
.937989E-01 

-.967051E-01 .174363E-01 .148367E-02 
-.147723E-03 

-.560704E+00 -.298445E-01 

.224939E+01 -.188122E+01 

.116415E+00 -.273213E-01 

.450000E+00 .161580E+01 

-.512032E+00 -.257805E-01 
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E = 3.9810 eV 
Elastic 
a0-ax: .387425E+01 
bi-b6: -.711122E+00 
br-bn: -.382521E-01 
A,B,C: .939395E+00 

-.715456E+01 
.190395E+01 
-.473209E-02 
.118099E+00 

.862997E+00 
-.349770E-03 
.292411E-01 

-.457906E+00 -.495659E+00 
-.142481E-04 -.246185E-06 

-.185528E+00 

-.314185E-01 -.574483E-02 

E = 5.0120 eV Warning: Fitted elastic differential cross section does not accurately yield amt 

Elastic 
a0-ai: .247109E+01 -.556199E+01 
bi-b6: -.406855E+00 .596885E+00 .177464E+00 -.524592E-01 
b7-b10: -.500831E-03 -.198280E-04 -.150878E-06 .741474E-08 

A,B,C: .930652E+00 -.450000E+00 .229033E+01 

E = 6.3100 eV 
Elastic 
a0-ai: .144643E+01 -.482184E+01 
bi-b6: .197423E+00 .617420E+00 -.864167E-01 -.216182E+00 
b7-b12: -.172997E-02 -.135849E-03 -.851949E-05 -.443505E-06 

A,B,C: .933015E+00 -.450000E+00 .199238E+01 

-.814888E-01 -.152468E-01 
-.158043E-07 -.258497E-09 

E = 7.9430 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and aVi 
Elastic 
ao-ai: -.355260E-01 -.308599E+01 
bi-b6: .673458E+00 .844986E-01 -.509109E+00 -.268077E+00 -.386775E-01 .600545E-02 
b7-bn: .291840E-02 .449536E-03 .356717E-04 .147016E-05 .249847E-07 

A,B,C: .902063E+00 -.450000E+00 .559630E+01 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield cmi and <r„i 
Elastic 
ao-ai: -.513186E+00 
bi-b6: .722162E+00 
b7-b10: -.250831E-03 
A,B,C: .948062E+00 

E = 19.9500 eV 
Elastic 

-.256080E+01 
.278911E-01 
.142348E-04 

.471556E+00 -.258635E+00 -.594733E-01 

.163556E-05 .427049E-07 
.654820E-02 

-.450000E+00 .547766E+01 

ao-ai: 
bi-b6: 
b7-bu: 
A,B,C: 

-.850679E+00 
.205342E+00 
.647810E-02 

-.125785E+01 
-.617889E+00 
.690846E-03 

-.322545E+00 .870375E-01 .1071.11E+00 
.440348E-04 .155417E-05 .234218E-07 

.361146E-01 

.973380E+00 -.450000E+00 .112038E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
b i -b s : 
b7-bj2: 
A,B,C: 

-.270662E+01 
-.831660E+00 
-.463070E-01 
.102112E+01 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

-.435470E+01 
.411341E+00 
-.543732E-02 
.102091E+01 

-.263022E+01 
.131369E-01 

-.806251E-02 
-.381213E-01 

-.282329E+01 
.257007E+00 
-.667528E-03 
.953208E-01 

.803868E+00 
-.858042E-03 
.714770E-01 

.838474E-01 
-.479845E-04 
-.464845E+00 

.227177E+00 .198715E+00 
-.200249E-05 

-.151025E+00 
-.310853E-07 

-.516296E-01 -.638728E-01 -.257269E-01 
-.187812E-05 -.309675E-07 
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D+ + HD -> D+ + HD D+ + HD -» D+ + HD 
ECM = 0.1eV ECM = 0.1995 eV 
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-j Q * ' ' ' •' I . . . . . . . . . I I I • 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D+ + HD->D+ + HD D+ + HD->D+ + HD 
E ^ - 0.5012 eV E « = 1 e V 

i i imq iiiinq i "•••! i i m i i niMq i 

'•* » • • • — * • • • • — J - i • . . . . - I . 

10" 5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 1 0 c 

I I I 11 I I I 11 I I 11 I 11 I I 111 I I I 11 I I 

10 4 - • 

-icr 

itf 

101 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-J Q u I I I I .1 I I I I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + HD -> D+ + HD D+ + HD -> D+ + HD 
ECM = 1.995 eV ECM = 5.012 eV 

10' 

10J
 r 

1(T 

101 

10L 

10"1 r 

10" 

-j Q I -J -J -J - I -J . 1 * J - 1 -* - 1 *•* • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

i r 

1(T 

10J 

10' 

101 

10u 

10" 

10" 

10"3 ^ 

I I I I I 11 I I I I I I I I I 111 I I I 11 I I 

0 

Fit to Elastic 
Elastic 

• r 

1 ' 

Scattering Angle in Center of Mass System (rad) 
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D+ + HD -> D+ + HD D+ + HD -» D+ + HD 
ECM = 10eV ECM = 19.95 eV 

1<T 

10J 

1CT 

10n 

10u 

10" 

SlO"3 

11nun I I I I M J i m m 1ninq I I I I M J i 

J • . . . ~ i - i -* " i • 

10"5 10*4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I 11 I I I I I I II I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

10" * * * 
0 

Scattering Angle in Center of Mass System (rad) 
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D+ + HD -> D+ + HD D+ + HD -> D+ + HD 
ECM = 50.12 eV E C M = 1 0 0 e V 

a 
• a 

c 
"co 

C\] 

10~3 10 " 10"° 10" 10" 10u 10"5 10"4 10"3 10"2 10"1 10° 

10* • 

10' • 

10' 

101 

10 • 

-1 10 

10" • 

10 
-3 

i n * * * • * * •* * • . . . I . . . . . . . . . I . . . . . . . . . I . 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.12 T + + HD 



2.12 

T+ + HD —> T+ + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.108716E+04 

.888089E+03 

.639810E+03 

.511223E+03 

.412481E+03 

.325856E+03 

.273229E+03 

.219395E+03 

.166957E+03 

.148291E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.181282E+03 
.145146E+03 
.108155E+03 
.741532E+02 
.445651E+02 
.115867E+02 
.307847E+01 
.835546E+00 
.161138E+00 
.422207E-01 

Viscosity 
(a.u.) 

.113458E+03 

.887481E+02 

.614379E+02 

.455347E+02 

.418445E+02 

.194057E+02 

.520866E+01 

.129339E+01 

.266307E+00 
.638603E-01 

Analytic fitting function 

<ra,v*AE) = {j2^(ln(E)A / ( l . + ^AHE))J) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 — 2.80028E-17 cm2) 

ao-a3: 
bi-b2 : 

ao-a3: 
a r̂ 

bi-b4 : 

b5 : 

ao-aj: 
b r b 4 : 

b5 : 

.523463E+03 

.531577E+00 

.778141E+02 

.106734E+00 
-.395570E-01 
.206727E-01 

.455448E+02 
.947399E-01 
.343987E-01 

Fitting parameters 

Elastic 
.109725E+03 -.158400E+02 
.736152E-01 

Momentum Transfer 
-.453924E+02 .126616E+02 

.153416E+00 .117886E+00 

Viscosity 
-.766918E+01 
-.238612E+00 -.842281E-03 

.293230E+00 

-.185017E+01 

.850500E-01 

.115430E+00 
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r + HD-»T + HD 

m 3 < 

10 2 < 

m' 

10° 

n"1 

n-2 

^ W l 

H 

^ 
^ 
^ ^ _ 
^ * 3 

Ela 
Mo 

< * 

tl ^ V 
"* •< ! ̂ ^ T 

stic 
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- - - - - Viscosity 
o Computed from fit to D 
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p q 
U D 
JS 

V 

\ 
\ 

\ 

\ \ 
^ v \ 

^ » 
- i 

10' 10L 10' 10' 
Energy in Center of Mass System (eV) 
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2.12 

T+ + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

T+ + HD 

2Trsin{6)^-(8) = A + B{1- cos(0)) + Csin2 

ail L (*)] 

exp Da,-(Zn(̂ )V / L + E b r f 
w=o / \ i=i 

a.u. 

where A,B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

Q 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .436306E+01 
bi-b4: .741617E-02 

A,B,C: .104162E+01 

E = .1259 eV 
Elastic 
ao-a^: .424783E+01 
bi-b4: -.487583E+00 

A,B,C: .103538E+01 

E = .1585 eV 
Elastic 
ao-a4: .424811E+01 
bi-b4: -.156279E+00 

A,B,C: .103604E+01 

E = .1995 eV 
Elastic 
a0-a5: .417678E+01 
bi-b4: -.508381E-01 

A,B,C: .101179E+01 

E = .2512 eV 
Elastic 
ao-a^: 400676E+01 
bi-b3: -318224E+00 

A,B,C: .100674E+01 

E = .3162 eV 
Elastic 
ao-eu,: .403078E+01 
bi-b3: .348335E+00 

A,B,C: .998141E+00 

.610014E+00 .552036E-01 -.182130E+00 -.252860E-01 -.819545E-03 
-.518346E-01 -.267495E-01 -.158276E-02 
.178641E-02 -.550160E-01 

.291432E+01 -.532584E+00 -.118721E+00 -.781158E-02 
•.266837E+00 -.521073E-01 -.266369E-02 
.198242E+00 -.113504E+00 

-.120851E+01 -.267255E+00 -.249857E+00 -.169090E-01 
-.125982E+00 -.374685E-01 -.114216E-02 
.437437E-01 -.143166E+00 

.874647E+00 -.204811E+00 -.620126E-01 .351564E-01 .269656E-02 
-.850105E-01 -.187290E-01 .185537E-02 
.469217E-01 -.732625E-01 

.812527E+00 .380324E+00 .276516E-01 .360856E-03 
.556316E-01 .121337E-02 

-.899427E-01 .906812E-01 

.866169E+00 
.492929E-01 
.182616E-01 

.131242E+00 
-.179642E-02 
-.440209E-01 

.505253E-01 -.387706E-02 
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E = .3981 eV 
Elastic 
ao-JM: .381561E+01 
bi-b4 : -.475214E+00 

A, B, C: .991435E+00 

E = .5012 eV 
Elastic 
a0-a5: .372006E+01 
bi-b4: -.579469E-01 

A,B,C: .946552E+00 

E = .6310 eV 
Elastic 
a0-a5: .364469E+01 
bi-b4: -.951481E-02 

A,B,C: .937688E+00 

E - .7943 eV 
Elastic 
a0-a5: .354928E+01 
bi-b4: .774052E-01 

A, B, C: .947765E+00 

-.245549E+01 
-.273013E+00 
.614996E-01 

-.551365E+00 
-.519779E-01 
.108632E+00 

.137036E+00 -.880285E-02 
-.259072E-02 

.887292E+00 .176102E-01 .934663E-01 .511013E-01 
-.729446E-01 -.908911E-02 .223512E-02 
.167409E-01 .103669E+00 

.305299E-02 

.840244E+00 .529613E-01 .221032E+00 .856603E-01 .476934E-02 
-.499700E-01 .243577E-02 .411967E-02 
.192297E-01 .934243E-01 

.438832E+00 .994961E-01 .151135E+00 .528237E-01 .288417E-02 
-.265242E-01 .500151E-03 .236131E-02 
.179082E-01 .979216E-01 

E = 1.0000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.348562E+01 
-.119091E+00 
.964884E+00 

E = 1.2590 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 

.340304E+01 

.288061E+00 

.997186E+00 

E = 1.5850 eV 
Elastic 
ao-a4: 
b i -b 4 : 

A,B,C: 

.332418E+01 
-.421272E+00 
.981160E+00 

E = 1.9950 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

.355771E+01 
-.828927E+00 
-431436E-03 
.942747E+00 

E = 2.5120 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 

A,B,C: 

.343300E+01 
-.980323E+00 
.620908E-02 
.954984E+00 

E = 3.1620 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2 : 
A,B,C: 

.388811E+01 
-.195052E+01 
-.785672E-01 
.985498E+00 

-.104930E+01 
-.112015E+00 
.766778E-01 

.452567E+00 
.379176E-01 
.670218E-01 

-.203488E+01 
-.217617E+00 
.139134E+00 

-.303057E+01 
-.901421E-03 
-.623765E-04 
.156154E+00 

-.350381E+01 
-.199508E+00 
.648153E-03 

-.386595E+00 

-.620676E+01 
.937032E+00 
-.139677E-01 
-.271018E+00 

-.216972E+00 -.562331E-01 .894863E-02 .817319E-03 
-.214426E-01 -.173582E-03 
.720358E-02 

452567E+00 .131616E+00 -.197566E-01 -.176568E-02 
728377E-03 
883336E-01 

-.364802E+00 -.110485E+00 -.694088E-02 
-.383545E-01 -.166319E-02 
-.295252E-01 

.248779E+00 .105819E+00 .164421E-01 
-.382494E-05 -.889939E-07 
-.231915E-01 

-.180159E-03 

.262192E+00 .281019E+00 .134423E+00 .369585E-01 
.410811E-04 .144938E-05 .218542E-07 
.507492E+00 

.165803E+01 .368682E+00 -.339703E+00 -.252933E+00 
-.151904E-02 -.100102E-03 -.367821E-05 -.579126E-07 
.375831E+00 
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E = 3.9810 eV 
Elastic 

ao-ai: 
bi-b6: 
b?-bi2". 

A, B, C: 

.427802E+01 
-.187848E+01 
-.193504E+00 
.960417E+00 

-.105720E+02 
.345820E+01 .301417E+01 
-.322444E-01 -.335418E-02 
.430060E-01 .674253E-01 

-.269445E+00 
-.213704E-03 

-.128868E+01 -.697829E+00 
-.764194E-05 -.117606E-06 

E = 5.0120 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

.281932E+01 

.105908E+00 
-.745981E-01 
.947095E+00 

E = 6.3100 eV 
Elastic 

ao-ai 
bi-be 
bybji 
A,B,C 

.885241E+00 

.123261E+01 
-.558451E-01 
.955868E+00 

E = 7.9430 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bu: 

A, B, C: 

.206803E+00 

.122085E+01 
-.344556E-01 
.964505E+00 

E = 10.0000 eV 
Elastic 

ao-aj: 
bi-be: 
by-bio: 
A,B,C: 

-.804953E+00 
.152936E+01 
-.800245E-02 
.100243E+01 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

A, B, C: 

-.106077E+01 
.493244E+00 
.786969E-02 
.969321E+00 

E = 50.1200 eV 
Elastic 

ao-aj: 
b!-b6: 
b7-bi2: 

A, B, C: 

-.211338E+01 
-.737535E+00 
-.321540E-01 
.984483E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bi2: 

bi3: 
A,B,C: 

•.541235E+01 
.758128E+00 
.132949E+00 
.116411E-07 
.975084E+00 

•.993791E+01 
.349622E+01 
-.101435E-01 
.374716E+00 

•.819315E+01 
.328386E+01 
-.659183E-02 
.130424E+00 

-.543666E+01 
.182992E+01 
-.417758E-02 
.749619E-01 

-.300681E+01 
.774329E+00 
-.623754E-03 
.619044E+00 

-.145621E+01 
-.455043E+00 
.109689E-02 

-.450000E+00 

-.235127E+01 
.654280E-01 
-.529110E-02 
-.131260E+00 

-.395594E+01 
.822616E+00 
.322060E-01 

.121651E+01 
-.870673E-03 
-.462117E+00 

-.917752E+00 
-.456560E-04 

-.896783E+00 
-.132578E-05 

-.341781E+00 
-.161538E-07 

.516716E+00 -.119745E+01 
-.469829E-03 -.185729E-04 
-.288224E-01 

.345269E-02 -.817920E+00 
-.306566E-03 -.124701E-04 
.900860E-01 

.873171E+00 
-.312758E-06 

.289773E+00 

.535005E+00 -.175714E+00 
-.215699E-06 

.684732E+00 
-.267198E-04 
.110634E+01 

.719269E+00 
-.483400E-06 

-.282072E+00 -.612929E-01 

-.459706E+00 -.488283E-01 .671018E-01 .337327E-01 
.965701E-04 .529289E-05 .165586E-06 .226522E-08 
.142311E+01 

.707401E+00 
-.531803E-03 
.319344E+00 

.769454E+00 
.474622E-02 

.186609E+00 
-.324377E-04 

.154079E+00 
-.110644E-05 

.110851E+00 
-.162276E-07 

-.728261E+00 .102074E+00 .286718E+00 
.441293E-03 .253682E-04 .825333E-06 

.839707E-01 -.205554E+00 
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r + HD -»r + HD r + HD -̂  r + HD 
ECM = 0.1eV ECM = 0.1995 eV 

10" r 

10* r 

10' r 

101 

I n i u q i i i m q i u i « q i m i l i uiMq I I 

-J Q I -J . . . . . -J -J - I -J . 1 I • • . .—J . . . . . -J -J _l • •••—J . 

10"5 10"4 10"3 10"2 10~1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10 

10L 

Fit to Elastic 
Elastic 

. . . . . • • • . i . . . . . . . . . i . . i 

I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | W I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

' ' ' 
0 3 0 

Scattering Angle in Center of Mass System (rad) 
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r + HD^r + HD r + HD-»r + HD 
ECM = 0.5012 eV ECM = 1 eV 

104 t 

10J r 

1(f 

3 10 
CO 

niw| iiiiuq i niwq i inuq I uiuq 

_ _ H n i . . . . - J . . . . — i . . . . . - i - j - j . 

10"" 10"* 10"° 10" 10" 10" 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I 11 I I I I I I I I I I 11 I I I I I I I I 

Fit to Elastic 
Elastic 

I I I I I I t V I | I I I I I I I I I | I I I I I I I I I | 

"| Q * ' ' i J I i i i II 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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r + HD -»r + HD r + HD -> r + HD 
ECM = 1.995 eV ECM = 5.012 eV 

1<T 

10J 

1CT 

10 r 

10L 

10"1 r 

i iiiMq i iiiuq i I I I M | iiuuq i muq i 

•j Q I • •••—J -* ** -* -* • 

10"5 10"4 10"3 10"2 10"1 10° 

T r 

i imm I m « j i i nwq I iimq i m m 

• "—J -1 • •*—J *̂  -1 • 
10"5 10"4 10"3 10"2 10"1 10° 

icr 

10J 

10' 

10 r 

10u 

10"1 r 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • i • i 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 

•j Q 1 1 1 1 11 i i 1 1 1 1 1 1 1 1 11 i 1111 i i i 11 i 11 il l . . . •. i i • 

0 1 2 3 0 - 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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r + HD-^r + HD r + HD^r + HD 
EOM = 10eV E ^ 19.95 eV 

E IIIIMJ I IIIIM| I IIIIBf I l l l l ^ n-* 

10° 

10* 

10' 

10u 

10" 

•Sicf 

§:10- • • * — i - 1 - 1 • * - 1 

. i iiiuq i niwq i m m i niwq imwq i 3 

• * • • • • • - J - * - - 1 • • • • — j • 

10'5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 

10 
-3 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

•j Q I I I I I I I I l I 1 l I I I I I I I I I I I I I I I I I I I ll ' ' ' 

0 1 2 3 0 1 2 3 
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r + HD->r + HD r + HD-̂ r+HD 
EOM = 50.12 eV ECM = 100eV 

10" 

103 

102 

10' 

10° 

-MO" 1 

g 103 

• r 

uuq i i i i iw_i ir iu^ i i m i i m m i. 

. . . . . . . j . . . . . J - i - J . . . . . J J . 

10"5 W4 10"3 10"2 10'1 10° 10"5 10"1 10"3 10"2 10"1 10° 

I 1 1 1 1 I I I 11 I I I I I I I 1 1 1 1 1 1 1 1 1 1 1 1 I I 

Fit to Elastic 
Elastic 

111111111111111111111111111111 

-j Q I | I I I I I I I I I | I I I I I I I I I I I I I I I I I I I II ' J * ' ' 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.13 H + + HT 



2.13 

H+ + HT —• H+ + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.911914E+03 

.750886E+03 

.542538E+03 

.432883E+03 

.350331E+03 

.280519E+03 

.219290E+03 

.179309E+03 

.149317E+03 

.131138E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.173773E+03 
.144598E+03 
.110237E+03 
.758629E+02 
.517996E+02 
.101770E+02 
.232388E+01 
.556746E+00 
.180150E+00 
.432139E-01 

Viscosity 
(a.u.) 

.111832E-(-03 

.880151E+02 

.581967E+02 

.430109E+02 

.448474E+02 

.166259E+02 

.380016E+01 

.976005E+00 

.244412E+00 
.802896E-01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a3: 
b r b 2 : 

ao-a3: 
a<j-a5: 

bj-b4: 
b5: 

ao-ai: 
b r b 4 : 

b5: 

.440938E+03 

.345262E+00 

.785045E+02 

.128548E+01 
.888906E-02 
.319906E-01 

.454394E+02 
.253850E-01 
.500222E-01 

Fitting parameters 

Elastic 
.160426E+02 -.174290E+02 
.169990E-01 

Momentum Transfer 
-.353654E+02 .550416E+01 
-.162813E+00 
.411878E-01 .120094E+00 

Viscosity 
-.613891E+01 
-.329016E+00 .465214E-01 

.249108E+01 

-.272335E+01 

.138207E+00 

.182329E+00 
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H + HT -> H + HT 
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2.13 

H+ + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

, da ei 

H+ + HT 

2xsin(6)^-(6) =\A + 5(1 - cos{6)) + Csin\9)\ 
ail L J 

exp E«*('»Wj/|i- + Ebi(/nW 
Ki=0 

a.u., 

where A, B, C, a,-, and b;- are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. 
srad"1 = 2.80028E-17 cm2 srad"1). 

~< 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .438286E+01 
b!-b4: .112374E+00 

A,B,C: .102511E+01 

E = .1259 eV 
Elastic 
a0-a5: .439586E+01 
bi-b4: -.707539E-01 

A,B,C: .100369E+01 

E = .1585 eV 
Elastic 
a0-a5: .423241E+01 
b r b 4 : .111711E-01 

A,B,C: .100309E+01 

E = .1995 eV 
Elastic 
&0-&4-. .418163E+01 
bi-b3: .306347E+00 

A,B,C: .102482E+01 

E = .2512 eV 
Elastic 
a0-a5: .412323E+01 
bi-b4: .391594E-02 

A,B,C: .101789E+01 

E = .3162 eV 
Elastic 
a0-a4: .410019E+01 
bj-b3: .271278E+00 

A,B,C: .101175E+01 

-.841178E-01 -.939344E-01 -.312128E+00 -.256827E-02 .157977E-02 
-.307747E-01 -.313645E-01 .108990E-02 
.676678E-01 -.937333E-01 

-.105190E+01 
-.983532E-01 
.110924E+00 

-.469533E+00 
-.649694E-01 
.596800E-01 

.770917E+00 
.372043E-01 
.446356E-01 

-.579242E+00 
-.690734 E-01 
.417549E-01 

.454671E+00 -951196E-01 .138007E+00 .106847E-01 
-.194160E-01 .990819E-02 
.107706E+00 

.159899E+00 
-.340306E-01 
-.617606E-01 

.749530E-01 
-.127223E-01 
.130714E+00 

.300486E+00 
.927353E-03 

.340741E-03 .160569E-02 

-.188555E+00 -.141062E-01 

-205664E+00 -.882872E-01 .463826E-01 .381131E-02 
-.181193E-01 .311837E-02 
-.772610E-01 

.683381E+00 -.120734E+00 -.268905E+00 
.145828E-01 -.179139E-01 
.884197E-01 -.184024E+00 

.186299E-01 
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E = .3981 eV 
Elastic 
ao-a4: .392853E+01 .778419E+00 .158798E+00 
bi-b3: .335472E+00 .497200E-01 -.266929E-02 

A, B,C: .104013E+01 .109207E-01 -.941960E-01 

-.537176E-01 -.453132E-02 

E = .5012 eV 
Elastic 
a0-a5: .368754E+01 
bi-b4: -.127794E+00 

A,B,C: .980941E+00 

E = .6310 eV 
Elastic 
a0-a5: .365809E+01 
bi-b4: -.283251E+00 

A,B,C: .972056E+00 

E = .7943 eV 
Elastic 
ao-a4: .361589E+01 
bi-b3: .331285E+00 

A,B,C: .100161E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
bi-b3: 

A,B,C: 

.340870E+01 

.167243E+00 

.103138E+01 

E- 1.2590 eV 
Elastic 
a0-a5: .338142E+01 
bi-b3: -.358726E+00 

A, B, C: .960601E+00 

E = 1.5850 eV 
Elastic 
ao-a-t: .348040E+01 
bi-b4: -.139906E+00 

A, B, C: .995882E+00 

E = 1.9950 eV 
Elastic 
ao-a^: .357714E+01 
bi-b4: -.245516E+00 

A, B, C: .967093E+00 

E = 2.5120 eV 
Elastic 
ao-a*: .367710E+01 
bx-b4: -.398725E+00 

A,B,C: .967358E+00 

E = 3.1620 eV 
Elastic 
ao-a^: .384908E+01 
b!-b4: -.645578E+00 

A,B,C: .961350E+00 

-.121422E+01 -.500009E-01 .198872E+00 .127600E+00 .814525E-02 
-.899946E-01 -.278224E-02 .727283E-02 
.440082E-01 .411820E-02 

-.186279E+01 -.246998E+00 .205089E+00 .139829E+00 .886120E-02 
-.146816E+00 -.800510E-02 .769185E-02 
-.327060E-02 .113840E+00 

.673243E+00 .102129E+00 -.558949E-01 -.430682E-02 
.450900E-01 -.252434E-02 

-.329573E-01 .663169E-01 

-.863615E-02 .151251E+00 .275158E-01 .749824E-02 .457518E-03 
-.519269E-02 -.589805E-02 
.114952E-01 -.870567E-01 

•.203951E+01 
•.210463E+00 
.194503E+00 

-.108396E+01 
-.137867E+00 
.504227E-01 

-.145166E+01 
-.187002E+00 
-.267219E-03 

-.200377E+01 
-.105312E+00 
-.274145E+00 

-.374401E+01 
.535381E+00 
-.193914E-01 

-.302872E+00 
-.299532E-01 
-.492937E-01 

-.472351E+00 
-.309622E-01 
.639561E-02 

-.807147E+00 
-.402481E-01 
.169282E+00 

-.720251E+00 
-.175428E-01 
.391181E+00 

-.707635E-01 
.141689E+00 
.237938E+00 

.665569E-01 .321291E-01 .188295E-02 

-.188709E+00 -.114858E-01 
-.105622E-02 

.298145E+00 
-.118907E-02 

.436217E+00 

.200067E-02 

.175093E-01 

-.240347E-01 

.103757E+01 -.466402E-01 

.210779E-01 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield <rmt and avi 
Elastic 
ao-a4: .277069E+01 -.230957E+01 -.151237E+01 -.316442E+00 -.152474E-01 
bi-b4: .691213E-01 -.824866E-01 -.179738E-01 -.222917E-03 

A,B,C: .947929E+00 -.450000E+00 .240355E+01 

E = 5.0120 eV 
Elastic 

ao-aj: 
bi-b6: 
b7-b12: 

bn : 

.230537E+01 

.715311E+00 
-.101328E+01 
-.741335E-07 

-.121895E+02 
.884442E+01 .670906E+01 
-.216926E+00 -.302226E-01 

.135027E+01 -.457699E+01 
-.274827E-02 -.157529E-03 

-.294197E+01 
-.517076E-05 

A,B,C: .933184E+00 -.503081E-01 .377267E+00 

E = 6.3100 eV 
Elastic 

ao-ai: 
bi-b 6 : 
b7-bi2: 

bi3'-
A,B,C: 

-.268485E+00 
.332612E+01 

-.587403E+00 
-.282274E-07 
.986734E+00 

-.779285E+01 
.784275E+01 .326912E+01 

-.114050E+00 -.146582E-01 

.833001E-01 -.174018E+00 

-.275681E+01 -.372918E+01 -.194086E+01 
-.124288E-02 -.669252E-04 -.207517E-05 

E- 7.9430 eV 
Elastic 
a0-ai': -.470628E+00 -.321185E+01 
bi-b6: .235311E+01 .220560E+01 
b7-b12: -.118536E-01 .456946E-02 

bi3: .658241E-08 
A,B,C: .956488E+00 .218225E+00 -.351401E+00 

.688228E+00 
.131070E-02 

.162766E+01 -.840768E+00 -.193991E+00 

.163759E-03 .113185E-04 .420612E-06 

E = 10.0000 eV 
Elastic 
ao-a2'. 
bi-b6: 
br-bn: 

A,B,C: 

Warning: Fitted elastic differential cross section does not accurately yield umt 

.422799E+00 
.524054E+00 
. 100854 E-01 
.921126E+00 

-.191964E+01 
-.328586E+00 
.122040E-02 

-.450000E+00 

.779335E+00 
-.653714E+00 
.853818E-04 
.270214E+01 

-.114804E+00 
.324538E-05 

.858135E-01 

.520123E-07 
.460739E-01 

E = 19.9500 eV 
Elastic 
ao-a2: 
bi-b6: 
b7-bi2: 
A,B,C: 

-.134457E+01 
.982212E-01 
.111461E-01 
.975755E+00 

-.182914E+01 .453964E+00 
-.663230E+00 -.372631E+00 .149590E+00 .166198E+00 .578741E-01 
.134288E-02 .104431E-03 .511491E-05 .143239E-06 .173353E-08 
-.380855E-02 .100452E+00 

E = 50.1200 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bi2: 
A,B,C: 

-.313980E+01 
.148683E+00 
-.282486E-01 
.100994E+01 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

-.608837E+01 
.319344E+00 
-.741105E-02 
.100261E+01 

-.306049E+01 
.450426E+00 .415764E+00 
-.456299E-02 -.456397E-03 
-.447870E-01 .159084E+00 

-.429840E+01 
.375930E+00 .832414E-01 
-.892619E-03 -.635853E-04 
-.402659E+00 .131386E+01 

.215087E-01 -.186829E+00 -.103396E+00 

.278506E-04 -.952410E-06 -.140148E-07 

.109780E+00 -.991721E-01 -.364919E-01 
-.247917E-05 -.408369E-07 
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H+ + HT -> H+ + HT H+ + HT -> H+ + HT 
ECM = 0.1 eV ECM = 0.1995 eV 

1 Q ' ~* . ...~J - i -J «J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10' 

1 0 4 lr 

10° r 

10̂  

101 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 • • 1 1 1 1 1 1 1 1 • 1 1 1 

-J Q I I . . I 

0 T 2 3 0 
' ' i 

Scattering Angle in Center of Mass System (rad) 
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H+ + HT -» H+ + HT H+ + HT -> H+ + HT 
Em = 0.5012 eV E0M=1eV 

1 Q " ' •** - * - 1 - J - 1 • 

10"5 10"4 10 '3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I • I I I I I I I I 

- I . . . — J . . . . . -J -J 

10"5 10"4 10"3 10"2 10"1 10° 

10J 

1(f 

101 

10L 

Fit to Elastic 
Elastic 

• • * * • • • • * ' * • * 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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H+ + HT -> H+ + HT H+ + HT -» H+ + HT 
ECM= 1.995 eV ECM = 5.012 eV 

•j Q I • • • •~J -J -* -J -* • ! ' J - 1 - 1 - 1 --i"^ * 

10"5 10"4 10"3 10"2 10"1 10° 10~5 10"4 10"3 10"2 10"1 10° 

10 

10J 

10' 

101 

10L 

. I I I I I I I I I 11 I I I I I I I I I I I I I I I 11 I I I 

10' -1 

10 
-2 

10 
-3 

Fit to Elastic 
Elastic 

i r 

• ' ' • 

0 

f i i i i i i i i 11 i i r 111 i i i i i i i i i • i i i 

i . . . i . i .1 

3 0 
Scattering Angle in Center of Mass System (rad) 
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H+ + HT -> H+ + HT H+ + HT -> H+ + HT 
ECM=10eV ECM = 19.95 eV 

10"5 10"4 10"3 10"2 10"1 10° 10" 10" 10"° 10" 10" 1(T 

10" 

103 

102 

101 

10° 

10"1 

10"2 

io-3 

10' 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 

Fit to Elastic 
Elastic 

' ' ' 
0 

Scattering Angle in Center of Mass System (rad) 
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H+ + HT -> H+ + HT H+ + HT -> H+ + HT 
ECM = 50.12 eV ECM = 100eV 

10" 

10J -

3 

a 

"co 

C\J 

10' 

101 -

10 r 

10" 

10"2 b-

10 

10" 

-3 

10 
- 1 ' •"--* - * - 1 • * , J I I I llll J I I Hid IIIIMJ I l l lf l I IIIIMJ 

10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 
I I I I I I I I 11 I I I I I I I I I I 11 I I I I I I I I 

i r 

Fit to Elastic 
Elastic 

10" * ' 

• 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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2. Hydrogen-ion—hydrogen-molecule elastic collisions 

2.14 D+ + HT 



2.14 

D+ + HT —> D+ + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.101051E+04 

.829606E+03 

.592789E+03 

.469135E+03 

.376794E+03 

.297607E+03 

.246704E+03 

.192777E+03 

.152436E+03 

.135478E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.166961E+03 
.134897E+03 
.982897E+02 
.692756E+02 
.445895E+02 
.111603E+02 
.261288E+01 
.696516E+00 
.128354E+00 
.149325E+00 

Viscosity 
(a.u.) 

.106795E+03 

.831432E+02 

.542628E+02 

.414865E+02 

.394469E+02 

.184644E+02 

.460814E+01 

.118075E+01 

.192458E+00 

.116814E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bn 

ao-a3: 
a4-a5: 

bi-b4: 
b5: 

ao-a2: 
bi-b4: 

b5: 

.480369E+03 
-.233506E-01 

.716127E+02 
-.265372E+01 
-.722264E-01 
.103939E-01 

.424443E+02 
-.803954E-01 
.227662E-01 

Elastic 
-.169658E+03 .316968E+02 

Momentum Transfer 
-.429091E+02 -.258176E+01 
.244661E+00 
-.865549E-01 .124510E+00 

Viscosity 
-.163238E+02 .194185E+01 
-.217481E+00 -.538270E-02 

-.264190E+01 

.896582E+01 

.435083E-01 

.789859E-01 
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D+ + HT -» D+ + HT 

( k ® ^ - — ^ s " X i . 
h * | c 

^ r , 
'9* 

^ 
:> 
^< > 

V \ 

1 

Elastic 
Momentum Transfer 
Viscosity 

oCo 
Co 

mputed from fit to D 
mputed from fit to T( 

f&t) 

crj' 

\ \ 

CS 
3S 

> 

\ \ 

V 
^ * \ • " " 

>-1 
10" 10 10 10 

Energy in Center of Mass System (eV) 
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2.14 

D+ + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

D+ + HT 

2-Ksin{d)^{6) =[A + 5(1 - 003(B)) + Csin\9)\ 

exp 

dQ, 

W=0 / \ j=l 
a.u. 

where A,'B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .433241E+01 
bi-b4: .866105E-01 

A,B,C: .102309E+01 

E = .1259 eV 
Elastic 
a0-a5: .426606E+01 
bi-'b4: -.161829E-01 

A,B,C: .102803E+01 

E = .1585 eV 
Elastic 
a0-as: .416038E+01 
b!-b4: .891153E-01 

A, B, C: .103985E+01 

E = .1995 eV 
Elastic 
a0-a5: .409983E+01 
bi-b4: .748923E-01 

A,B,C: .101740E+01 

E = .2512 eV 
Elastic 
. ao-a5: .399965E+01 
bi-b5: -.367451E+00 

A, B, C: .993992E+00 

E = .3162 eV 
Elastic 
a0-a4: .395971E+01 
b!-b4: .442153E-01 

A,B,C: .100658E+01 

.273250E+00 .502608E-02 -.195104E+00 -.162235E-01 -.128558E-03 
-.316317E-01 -.237699E-01 -.702336E-03 
.304967E-01 -.630920E-01 

.629675E+00 
-.758081E-01 
.497954E-01 

.180118E+00 
-.383643E-01 
.177920E-01 

.362217E+00 
-.399439E-01 
.210917E-01 

-.208317E+01 
-.307479E+00 
.299198E-01 

.166066E+00 -.274132E+00 -.222624E-01 -.213272E-03 
-.332710E-01 -.101203E-02 
.111529E+00 

.306374E-01 -.168659E+00 -.151230E-01 -.213103E-03 

.218863E-01 -.811499E-03 

.680256E-01 

.753577E-01 -.281585E-01 .360135E-01 .265926E-02 

.114282E-01 .208584E-02 

.448633E-01 

-.857432E+00 -.200569E+00 .588936E-02 .111964E-02 
-.747548E-01 -.522749E-02 -.232795E-03 
-.889863E-02 

.320412E+00 -.140705E+00 -.157751E+00 -.106321E-01 
-.611109E-01 -.223700E-01 -.691285E-03 
.240274E-01 -.745896E-01 
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E = .3981 eV 
Elastic 
ao-EL,: .388342E+01 
bi-b4: .703496E-01 

A,B,C: .100950E+01 

-.252642E+00 
-.513148E-01 
.176390E-01 

-.101620E+00 
-.181924E-01 
-.623816E-01 

E = .5012 eV 
Elastic 
ao-a4: .363414E+01 .187156E+00 .195601E+00 
bi-b4: .199823E+00 .627261E-02 -.591950E-02 

A,B,C: .101670E+01 .383905E-01 -.109235E+00 

.109700E+00 
-.651924E-03 

.836748E-02 
-.391505E-03 

-.741440E-02 

.523765E-03 

E = .6310 eV 
Elastic 
a0-a5: .345921E+01 
bi-b4: -.691908E-01 

A,B,C: .950513E+00 

E = .7943 eV 
Elastic 
a0-a5: .355130E+01 
bi-b4: .597935E-01 

A, B, C: .948205E+00 

E = 1.0000 eV 
Elastic 
ao-a4: .337839E+01 
b!-b4: -.183941E+00 

A,B,C: .990618E+00 

E - 1.2590 eV 
Elastic 
a0-a5: .322827E+01 
bi-b4: -.539549E-01 

A, B, C: .964377E+00 

E = 1.5850 eV 
Elastic 
ao-a^ .330989E+01 
bi-b4: -.381679E+00 

A,B,C: .987261E+00 

E = 1.9950 eV 
Elastic 
ao-34: .337549E+01 
bi-b4: -.401076E+00 

A, B, C: .964948E+00 

E = 2.5120 eV 
Elastic 
a0-a4: .355895E+01 
bi-b4: -.410325E+00 

A, B, C: .953564E+00 

-.925484E+00 .116047E+00 .166471E+00 .670545E-01 .384205E-02 
-.716478E-01 -.540641E-02 .298629E-02 
-.216265E-01 .174014E+00 

-.496470E+00 -.226446E-01 .836779E-01 .428431E-01 .251583E-02 
-.400766E-01 -.422966E-02 .195189E-02 
-.122080E-02 .120501E+00 

-.119596E+01 
-.139671E+00 
.816238E-01 

-.230039E+00 
-.290033E-01 
-.472925E-01 

-.105023E+00 
-.121503E-02 

-.684707E-02 

.970493E+00 .940356E-01 .215669E+00 .689700E-01 .368518E-02 
-.659860E-01 -.100315E-02 .289433E-02 
.235689E-01 .438463E-01 

•.188663E+01 -.439985E+00 -.141011E+00 -.857944E-02 
•.211467E+00 -.386197E-01 -.159142E-02 
.189690E+00 -.129024E+00 

.196937E+01 -.574303E+00 -.175728E+00 -.102382E-01 

.220859E+00 -.398859E-01 -.154950E-02 

.130331E+00 .343859E+00 

.232930E+01 -.577553E+00 -.239677E+00 -.107289E-01 

.112692E+00 -.108847E-01 .144965E-02 

.134419E+00 .319881E+00 

E — 3.1620 eV Warning: Fitted elastic differential cross section does not accurately yield cmt and <T„,-
Elastic 
ao-a4: .328027E+01 
bi-b5: -.329375E+00 

A,B,C: .948529E+00 

.236506E+01 -.110969E+01 

.218665E+00 -.401873E-01 

.450000E+00 .163501E+01 

.260635E+00 -.132050E-01 
-.170359E-02 -.245466E-04 
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E = 3.9810 eV Warning: Fitted elastic differential cross section does not accurately yield <rmt and <T„,-
Elastic 
ao-JM: .324980E+01 -.507713E+01 -.658973E-01 -.162295E-01 .602477E-02 
b r b 6 : -.886555E+00 .306471E+00 .270690E+00 .620303E-01 .566594E-02 .198427E-03 

A,B,C: .939946E+00 -.450000E+00 .201484E+01 

E = 5.0120 eV Warning: Fitted elastic differential cross section does not accurately yield amt and o~v{ 
Elastic 
ao-a4: .251947E+01 -.465827E+01 -.120602E+01 -.235860E+00 -.555156E-02 
bi-b6: -.213933E+00 .353232E+00 .217018E+00 .462556E-01 .401929E-02 .136757E-03 

A,B,C: .934608E+00 -.450000E+00 .204464E+01 

E = 6.3100 eV 
Elastic 
ao-a4: .162171E+01 
b r b 6 : .257203E+00 

A, B, C: .934767E+00 

•.400880E+01 -.186014E+01 -.357249E+00 -.134754E-01 
.273310E+00 .124843E+00 .248225E-01 .201325E-02 .654559E-04 
-.450000E+00 .221028E+01 

E = 7.9430 eV Warning: Fitted elastic differential cross section does not accurately yield omt 

Elastic 
a0-a i : .329626E+00 -.401661E+01 
b r b 6 : .361903E+00 .220867E+00 -.355667E+00 -.262828E+00 -.742463E-01 -.109422E-01 
b7-b9: -.895798E-03 -.387260E-04 -.692036E-06 

A,B,C: .963797E+00 -.450000E+00 .404380E+01 

E = 10.0000 eV Warning: Fitted elastic differential cross section does not accurately yield Pmt and cvi 
Elastic 
a0-ai: -.193335E+00 -.262416E+01 
b r b 6 : .323578E+00 -.221149E+00 -.354768E+00 -.871507E-01 .139474E-01 .984260&-02 
b7-bi0: .187573E-02 .175810E-03 .831440E-05 .158815E-06 
A,B,C: .957629E+00 -.450000E+00 .'551936E+01 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield <rmt and avi 
Elastic 
ao-ai: 
b i -b 6 : 
b7-bi2: 
A,B,C: 

-.700872E+00 
-.956680E-01 
.836222E-02 
.950085E+00 

-.143616E+01 
-J71236E+00 
.809794E-03 

-.450000E+00 

-.213159E+00 .229143E+00 .169572E+00 
.436440E-04 .974377E-06 -.116128E-07 
.201676E+01 

.506159E-01 
-.704321E-09 

E = 50.1200 eV 
Elastic 
a0-ai: -.339923E+01 
b r b 6 : .243018E+00 
b7-bi2: -.110250E-01 
A,B,C: .100660E+01 

E = 100.0000 eV 
Elastic 
a0-a i : -.300609E+01 
bi-b6: .496576E+00 
b7-bi0: .121906E-02 
A,B,C: .100977E+01 

-.295844E+01 
.180898E+00 .142209E+00 
-.171788E-02 
-.713644E-01 

-.177870E+01 
-.936236E-01 
.911031E-04 
.148674E+00 

838783E-02 -.741716E-01 
-.164063E-03 -.949042E-05 -.305979E-06 
.240433E+00 

-.411960E-01 
-.422633E-08 

-.648404E-01 
.363443E-05 

-.509067E+00 

.532601E-01 

.604195E-07 
.365301E-01 .918141E-02 
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D+ + HT -> D+ + HT D+ + HT -> D+ + HT 
ECM = 0.1 eV ECM = 0.1995 eV 

104 r 

10J 

itf 

101 

I I I IUJ T T n M f l IIIHJ I IIIIMf I I W ^ T i IIIWJ i uiuq I T T I B ^ - ^ I I I M J i uinq i 

-j Q I -J -J -J - i • ...~J .1 I iniiirf i IIIIWI i i IIIMJ i mid i nind L 
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1(T 
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10 r 
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I I • I I I I I I | I I I • I I I l -TTTTTTTTTTTy 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"I Q ' ' • • ' ' J ' ' 
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Scattering Angle in Center of Mass System (rad) 
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D+ + HT -» D+ + HT D+ + HT -> D+ + HT 
Ecu = 0.5012 eV Ec„=1eV 

-J Q I -t . ....-J - I -J - I . I I ^i -J -J - I - I 

10"5 10"1 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
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I • I • I I I I 11 I I I I I I I I I I I I I I I 11 I I I I 

Fit to Elastic 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-J Q I | | | i i i i i i I i i i | | | i i i I i i i i i i t | i I || I ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D+ + HT -> D+ + HT D+ + HT -> D+ + HT 
ECM = 1.995 eV ECM = 5.012 eV 

1CT 
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© 104 
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D+ + HT -> D+ + HT D+ + HT -> D+ + HT 
ECM = 10eV ECM = 19.95 eV 

D 

<X> 10"* t 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

i I i 11 i y i 11 i i i i i i i i i i 11 i i i 11 i i i i 

Fit to Elastic 
Elastic 

Scattering Angle in Center of Mass System (rad) 
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D+ + HT -> D+ + HT D+ + HT -> D+ + HT 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.15 T + + H T 



2.15 

T+ + HT —» T+ + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.114784E+04 

.970548E+03 

.689580E+03 

.543711E+03 

.435607E+03 

.340819E+03 

.283927E+03 

.232859E+03 

.173052E+03 

.152611E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.180900E+03 
.146322E+03 
.107149E+03 
.763093E+02 
.457278E+02 
.119154E+02 
.283244E+01 
.867041E+00 
.130792E+00 
.437752E-01 

Viscosity 
(a.u.) 

.114861E+03 

.912524E+02 

.592623E+02 

.453823E+02 

.407424E+02 

.200264E+02 

.517731E+01 

.144058E+01 

.221095E+00 
.606560E-01 

Analytic fitting function 

<rei,mt,«(£) = fe*(Jn(£))') I f 1. + J2HHE)y\ a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2 = 2.80028E-17 cm2) 

ao-a3t 
b r b 2 : 

ao-ai: 
bi-b4 : 

b5 : 

ao-ai: 
bi-b4 : 

b5 : 

.555168E+03 

.171616E+00 

.774568E+02 

.286127E+00 
.327243E-01 

.444087E+02 
.938144E-01 
.332787E-01 

Fitting parameters 

Elastic 
-.834629E+02 .144888E-I-02 
.228515E-01 

Momentum Transfer • 
-.168229E+02 
.192721E+00 .243890E+00 

Viscosity 
-.832758E+01 
-.270552E+00 -.303108E-01 

-.146503E+01 

.155515E+00 

.105975E+00 

f Due to the behavior of the momentum transfer cross section, this fit was successful only up 
to 50.12 eV. 
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T + HT -» T + HT 
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2.15 

T+ + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

T + + H T 

2nsin{6)^-{9) =[A + 5(1 - cos(e)) + Csin\0)] 

exp 
^«=0 

a.u. 

where A, B, C, a,-, and b_, are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a*: .443423E+01 
bi-b4: .318819E-01 

A,B,C: .105036E+01 

E = .1259 eV 
Elastic 
a0-a5: .432377E+01 
bi-b3: -.124938E+00 

A,B,C: .102670E+01 

E - .1585 eV 
Elastic 
a0-a4: .426461E+01 
bi-b3: .335157E+00 

A,B,C: .102670E+01 

E = .1995 eV 
Elastic 
a0-a5: .423346E+01 
bi-b4: -.128603E+00 

A,B,C: .101328E+01 

-.514527E+00 -.126402E+00 
-.573328E-01 -.253619E-01 
.548779E-01 -.142590E+00 

.194336E+00 -.134969E-01 
-.714226E-03 

-.121789E+01 -.184102E+00 -.167815E+00 .321794E-02 .102707E-02 
-.104853E+00 -.298839E-01 
.363827E-01 -.673871E-01 

.799679E+00 .110978E+00 -.752196&01 -.556642E-02 
.472017E-01 -.356174E-02 
.194147E-01 -.657435E-01 

-.118681E+01 -.366510E+00 
-.120032E+00 -.246722E-01 
.655962E-01 -.108495E+00 

-.105191E+00 .325094E-01 
.159312E-02 

.262760E-02 

E = .2512 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.408809E+01 
.965478E-04 

-.355263E+00 
.970334E+00 

-.203779E+01 -.891549E+00 -.218837E+00 .478180E-02 .249162E-02 

-.303038E+00 -.737790E-01 -.508720E-02 -.130353E-03 
.247682E-01 .248405E-01 

E = .3162 eV 
Elastic 
a0-a5: .397798E+01 

a6: -.814775E-03 
bi-b3: -.316596E+00 -.268190E+00 

189117E+01 -.625370E+00 

.682231E-01 

-.180448E+00 -.612406E-01 -.156542E-01 

-.921101E-02 -.102759E-02 
A,B,C: .957926E+00 .197731E-01 .489973E-01 
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E = .3981 eV 
Elastic 
ao-as: 

a6: 
bi-bs: 

A,B,C: 

.393532E+01 
-.217299E-03 
-.357614E+00 
.942922E+00 

£ = .5012eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

E = .6310 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 

.364999E+01 
-.171568E-02 
-.330554E+00 
.935884E+00 

eV 

.366541E+01 
-.195813E+00 
.959205E+00 

E = .7943 eV 
Elastic 
ao-a-i: 
bi-b3: 

A, B, C: 

.364760E+01 

.285581E+00 

.979442E+00 

E= 1.0000 eV 
Elastic 
ao-a^: 
bi-b4: 

A,B,C: 

.345096E+01 
-.256242E+00 
.987501E+00 

E = 1.2590 eV 
Elastic 
ao-a^: 
bi-b4: 

A, B, C: 

.330040E+01 
-.165529E+00 
.100554E+01 

E = 1.5850 eV 
Elastic 
ao-a^: 
bj-b3: 

A, B, C: 

.345697E+01 

.195456E+00 

.959347E+00 

E = 1.9950 eV 
Elastic 
ao-ai: 
b!-b6: 
b7-bi2: 
A,B,C: 

.335093E+01 
-.647953E+00 
.293097E-02 
.958775E+00 

E = 2.5120 eV 
Elastic 
ao-aj: 
bi-b6: 
b?-bi2: 
A,B,C: 

.355341E+01 
-.107387E+01 
-.136709E-02 
.956724E+00 

E- 3.1620 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

.379161E+01 
-.150158E+01 
-.163881E-01 
.935521E+00 

-.205188E+01 

-.293490E+00 
.308861E-01 

-.176451E+01 

-.260183E+00 
.308186E-01 

-.128911E+01 
-.135806E+00 
.806861E-02 

.453805E+00 
.315534E-01 
.104582E+00 

-.147867E+01 
-.162818E+00 
.964274E-01 

-.115785E+01 
-.123304E+00 
.472928E-01 

-.107616E+00 
-.541893E-02 
.253720E+00 

-235635E+01 
-.203328E+00 
.142422E-03 

-.605909E-01 

-.379600E+01 
-.745361E-01 
-.638349E-03 
-.227216E+00 

-.531651E+01 
.325276E+00 
-.274046E-02 
-.450000E+00 

.770756E+00 -.147639E+00 -.100804E-01 -.350209E-02 

-.684772E-01 -.623220E-02 -.438208E-03 
.592068E-01 

-.356638E+00 -.227398E+00 -.150556E+00 -.350636E-01 

-.731840E-01 -.147897E-01 -.192769E-02 
.670556E-01 

-.193728E+00 -.476899E-01 .150486E-01 .119576E-02 
-.249679E-01 
.411632E-01 

.254499E-01 -.580302E-01 -.381455.E-02 
-.271698E-02 
.124791E+00 

-.264352E+00 -.956344E-01 -.615842E-02 
-.311076E-01 -.136819E-02 
-.349376E-01 

-.617757E-01 -.215859E-01 -.206579E-02 
-.232043E-01 -.118011E-02 
-.846586E-01 

-.343795E+00 -.155364E+00 -.851136E-02 
-860263E-02 
-.198030E+00 

.179775E+00 .213209E+00 .966474E-01 .231109E-01 
-.953717E-05 -.172138E-05 -.910835E-07 -.174526E-08 
.190669E+00 

.403075E+00 .292504E+00 .916591E-01 .107638E-01 
-.938841E-04 -.717467E-05 -.286426E-06 -.473311E-08 
.313891E+00 

.772153E+00 .265737E+00 -.378390E-01 -.516928E-01 
-.269323E-03 -.155188E-04 -.481328E-06 -.611762E-08 
.558056E+00 
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E = 3.9810 eV Warning 
Elastic 
a0-ai: .386459E+01 • 
bi-b6-. .134527E+00 
b7-b :2: -.206238E-01 

A,B,C: .980325E+00 • 

E = 5.0120 eV 
Elastic 
a0-ai: .283877E+01 
b!-b6: -.358797E+00 
b7-bi2: -.557747E-01 

A,B,C: .961441E+00 

E = 6.3100 eV 
Elastic 
a0-ai: .158957E+01 
bi-b6: .493794E+00 
b 7 - b n : -.322163E-01 

A,B,C: .969651E+00 

: Fitted elastic 

-.194710E+01 
.911349E+00 
-.231143E-02 
-.450000E+00 

-.968875E+01 
.283754E+01 
-.735895E-02 
-.353007E-01 

-.761129E+01 
.220768E+01 
-.371095E-02 
-.305886E+00 

differential cross 

.213752E+00 
-.146771E-03 
.110407E+01 

.108372E+01 
-.604574E-03 
.341404E+00 

.355408E+00 
-.257628E-03 
.276601E+00 

section does not 

-.408698E+00 
-.426332E-05 

-.672927E+00 
-.297541E-04 

-.745455E+00 
-.989318E-05 

accurately yield 

-.321867E+00 
.847877E-08 

-.687042E+00 
-.785433E-06 

-529484E+00 
-.161343E-06 

o~mt and o~vi 

-.108731E+00 
.237166E-08 

-260403E+00 
-.818748E-08 

-.171242E+00 

E = 7.9430 eV 
Elastic 
a0-ai: .256388E+00 -.585675E+01 
bi-b6: .944825E+00 .128431E+01 
b7-bi0: -.827243E-02 -.677453E-03 

A,B,C: .102504E+01 .434468E+00 

-.223072E+00 -.559021E+00 -.254382E+00 
-.303172E-04 -.570485E-06 
-.986881E+00 

-.597737E-01 

E = 10.0000 eV 
Elastic 
a0-ai: -.735611E+00 
bi-b6: .725793E+00 
b7-b9: .114924E-03 

A, B, C: .892849E+00 

-.387845E+01 
.115741E+00 
.199601E-04 
.174709E+01 

-.444736E+00 -.219501E+00 
.655741E-06 

-.220382E+01 

-.393120E-01 -.237152E-02 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield amt and aVi 
Elastic 
a0-ai: -.808462E+00 -.161151E+01 
bi-be: .206089E+00 -.538163E+00 -.315215E+00 .622767E-01 .930675E-01 .325639E-01 
b7-bi2: .601602E-02 .667365E-03 .454113E-04 .181766E-05 .374983E-07 .270156E-09 

A,B,C: .976061E+00 -.450000E+00 .209220E+01 

E = 50.1200 eV 
Elastic 
ao-ai: -.284112E+01 
bi-b6: .133693E+00 
b 7 - b u : .432579E-02 

.232510E+01 

.408602E+00 

.419207E-03 
.123159E+00 .136121E+00 .953845E-01 .270984E-01 
.245871E-04 .806207E-06 .113818E-07 

A,B,C: .100955E+01 .290268E+00 -.204996E+00 

E = 100.0000 eV 
Elastic 
a0-ai: -.479663E+01 
bi-b6: .916309E+00 
b7-bi2: .652125E-01 

A, B, C: .956600E+00 

-.337187E+01 
.560132E-01 
.120457E-01 
.221112E+00 

-.795040E+00 -.233118E+00 .247451E+00 .199149E+00 
.134868E-02 .909243E-04 .340241E-05 .543665E-07 

-.442188E+00 
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r + HT -> r + HT r + HT'-> T+ + HT 
ECM = 0.1eV ECM = 0.1995 eV 

1(T r 
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r + HT - » r + HT r + HT -> r + HT 
ECM = 0.5012 eV ECM=1eV 

10* r 

10J r 

1(T 

^ 10 

^ i n 0 

D 
• D 

9 104 t 
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Fit to Elastic 
Elastic 
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Scattering Angle in Center of Mass System (rad) 
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r + HT -> r + HT r + HT -> r + HT 
ECM = 1.995 eV ECM = 5.012 eV 

10" 

10J 

10' 

10 r 
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r + HT -> r + HT r + HT -> r + HT 
ECM = 10eV ECM = 19.95 eV 
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r + HT -»r + HT r + HT -> r + HT 
ECM = 50.12 eV ECM = 100eV 

D 

CD 4 

C 10 
" W 3 

eg 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.16 H + + DT 



2.16 

H+ + DT —> H+ + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.924192E+03 

.745276E+03 

.539128E+03 

.418941E+03 

.353726E+03 

.263291E+03 

.208354E+03 

.174479E+03 

.145040E+03 

.134934E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.174426E+03 
.147444E+03 
.102906E+03 
.772853E+02 
.542475E+02 
.698849E+01 
.134704E+01 
.428982E+00 
.105141E+00 
.384550E-01 

Viscosity 
(a.u.) 

.115291E+03 

.889685E+02 

.590963E+02 

.424182E+02 

.450696E+02 

.120756E+02 

.244483E+01 

.725662E+00 

.199175E+00 
.736299E-01 

Analytic fitting function 

crei,mtAE) = ( x > ( / n ( £ ) ) ' j / fl. + J2h3(ln(E)y\ a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a\ = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a3: .437608E+03 -.120691E+03 .112713E+02 .772945E+00 

bj: .674541E-01 

ao-a3: 
Ei4'. 

bi-b4: 
b5: 

Momentum Transfer 
.787454E+02 -.340962E+02 -.639736E+00 .309250E+01 
-.447699E+00 
-.140007E+00 -.999470E-01 .336824E+00 .278163E+00 
.605293E-01 

ao-a3: 

b!-b4: 
b5: 

.451377E+02 
•.224873E+00 
-.264926E+00 
.405042E-01 

Viscosity 
-.232927E+02 .300197E+01 .112739E+01 

-.314707E+00 .590043E-01 .149641E+00 
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H+ + DT -> H+ + DT 

( ^ ^=er" 
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—*k<fc3 
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2.16 

H+ + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

. da, 

H+ + DT 

2 T T S Z 7 I ( 0 ) ^ ( 0 ) = [A + 5(1 - cos(O)) + Csin2{6)} 

exp 

dCl 

W=0 I \ j=\ 
a.u. 

where A, B,C, â , and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = a2, 
srad-1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-as-. 
bi-b4: 

A,B,C: 

.445927E+01 

.109381E+00 

.102168E+01 

E = .1259 eV 
Elastic 
ao-a^: 
bi-bs: 

A,B,C: 

.440802E+01 

.298322E+00 

.100759E+01 

E = .1585 eV 
Elastic 
ao-a^: 
bi-b3: 

A, B, C: 

.425973E+01 

.320200E+00 

.102487E+01 

E = .1995 eV 
Elastic 
ao-a^: 
bi-b3: 

A, B, C: 

.419382E+01 

.297813E+00 

.102434E+01 

E = .2512 eV 
Elastic 
ao-a^; 
bi-b3: 

A,B,C: 

.418352E+01 

.248513E+00 

.101748E+01 

E = .3162 eV 
Elastic 
a0-a5: 

a6: 
bi-b5: 

A,B,C: 

.397230E+01 
-.284952E-02 
-.416043E+00 
.999400E+00 

-.104725E+00 
-369250E-01 
.586988E-01 

.754576E+00 
.261074E-01 
.807308E-01 

.823834E+00 
.420068E-01 
.399353E-01 

.777950E+00 
.342963E-01 
.396453E-01 

.547959E+00 
.138512E-01 
.881641E-01 

-.230060E+01 

-.282903E+00 
.318741E-01 

-.173654E+00 
-.319032E-01 
-.110426E+00 

-.727434E-01 
-.194040E-01 
-.142861E+00 

.981270E-01 
-.113180E-01 
-.120079E+00 

.704464E-01 
-.137759E-01 
-.133027E+00 

-.947486E-01 
-.178247E-01 
-.199037E+00 

-.557570E+00 

-.715186E-01 
-.396871E-01 

-.326365E+00 -.903476E-02 .112019E-02 
.626281E-03 

-.285825E+00 -.208012E-01 

-.171115E+00 -.129575E-01 

.201327E+00 -.149743E-01 

.259307E+00 -.182994E-01 

-.174679E+00 -.122619E+00 -.475283E-01 

-.139483E-01 -.305653E-02 
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E = .3981 eV 
Elastic 
a0-a5: .382950E+01 
bi-b4: -.126888E-01 

A,B,C: .996588E+00 

.677950E+00 -.345260E-01 .644838E-01 .727236E-01 .491436E-02 
-.612275E-01 -.842330E-02 .420813E-02 
.556913E-01 -.471194E-01 

E = .5012 eV 
Elastic 
ao-Ek: .368365E+01 .763420E+00 .318887E+00 
bi-b2: .331237E+00 .583374E-01 

A,B,C: .105443E+01 -.284579E-01 -.424687E-01 

.248603E-02 -.162134E-02 

E = .6310 eV 
Elastic 
a0-a5: .378279E+01 -.245690E+01 -.630576E+00 .998649E-02 .108316E+00 .748030E-02 
b K b 4 : -.460098E+00 -.227434E+00 -.280306E-01 .593249E-02 

A,B,C: .970780E+00 .138401E+00 .897086E-02 

E = .7943 eV 
Elastic 
ao-a4: .351849E+01 .415709E+00 
b!-b2: .292656E+00 .448485E-01 

A,B,C: .110450E+01 .698720E-01 

.183371E+00 -.487148E-02 -.117908E-02 

-.226728E+00 

E = l.OOOOeV 
Elastic 
a0-a5: .340620E+01 
b r b 4 : -.268946E+00 

A,B,C: .967905E+00 

E = 1.2590 eV 
Elastic 
a0-a5: .326357E+01 
b r b 4 : .762483E-01 

A,B,C: .969032E+00 

E = 1.5850 eV 
Elastic 
a0-a5: .343861E+01 
bi-b4: .234904E-01 

A,B,C: .990356E+00 

E = 1.9950 eV 
Elastic 
a0-a5: .343772E+01 
bi-b4: -.477265E+00 

A.B.C: .962491E+00 

E = 2.5120 eV 
Elastic 
ao-a^: .377418E+01 
b!-b3: -.880172E-01 

A, B, C: .904837E+00 

E = 3.1620 eV 
Elastic 
a0-a5: .314388E+01 
bi-b3: -.216743E+00 

A,B,C: .916261E+00 

.176525E+01 

.138429E+00 

.344209E-01 

.115186E+00 .208474E+00 .104360E+00 .629811E-02 
-.868777E-02 .511632E-02 
.455688E-01 

.499428E+00 .271309E+00 .296405E+00 .915668E-01 .503691E-02 
-.125705E-01 .103305E-01 .453567E-02 
-.622998E-02 .967984E-01 

.434928E+00 
-.748669E-01 
.768879E-01 

-.225827E+01 
-.241922E+00 
.196747E-01 

•.191397E+01 
•.156943E+00 
.160614E+01 

-.292097E+01 
-.189378E+00 
-.449766E+00 

.247388E+00 -.139813E+00 -.100373E-01 -.798211E-04 
-.212819E-01 -.787690E-03 
-.661416E-01 

-.594774E+00 -.116920E+00 .234942E-01 .204795E-02 
-.390575E-01 .389779E-03 
.274392E+00 

.208079E+01 -.706822E+00 -.388353E-01 
-.418659E-01 
.756937E+00 

-.175876E+01 -.391498E+00 -.803387E-02 .776655E-03 
-.342887E-01 
.165527E+01 
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E = 3.9810 eV 
Elastic 
a0-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

.386657E+01 
-.179418E+01 
-.194368E+00 
.101123E+01 

E = 5.0120 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

.196163E+01 

.108772E+00 
-.835231E-01 
.955936E+00 

E = 6.3100 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bio: 
A,B,C: 

.130111E+00 
-.376517E+00 
.232950E-01 
.924908E+00 

E = 7.9430 eV 
Elastic 

ao-a2: 
b!-b6: 
b7-bi2: 

A,B,C: 

-100095E+01 
.590884E+00 
-.551956E-01 
.822658E+00 

E = 10.0000 eV 
Elastic 
ao-a2: 
bj-b6: 
b7-bi2: 
A,B,C: 

-.146842E+01 
-.407605E+00 
-.749609E-01 
.941009E+00 

E = 19.9500 eV 
Elastic 

ao-ai/. 
bi-b6: 
b7-b!o: 

A,B,C: 

-.270409E+01 
.843911E+00 
-.270003E-03 
.101770E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi0: 
A,B,C: 

-.356298E+01 
.450835E-01 
.204601E-02 
.102659E+01 

-.107353E+02 
.300075E+01 .246191E+01 
-.331803E-01 -.353595E-02 
.629299E+00 -.467971E+00 

-.113042E+02 
.379921E+01 .909661E+00 
-101851E-01 -747173E-03 
.707986E+00 -.758857E+00 

-.418061E+00 -.126936E+01 -.687019E+00 
-.230483E-03 -.841696E-05 -.132037E-06 

.147574E+01 -.119215E+01 -.416900E+00 
-.303202E-04 -.523016E-06 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bii: 
A,B,C: 

--655398E+01 
.216371E+00 
-.615124E-02 
.101514E+01 

-.885109E+01 
.117949E+01 
.245361E-02 
.207767E+01 

-.738581E+01 
.142432E+01 
-.902607E-02 
-.149374E+00 

-.437663E+01 
-.106178E+00 
-.199760E-01 
.479349E+00 

-365936E+01 
.283857E+00 
.642824E-05 

-.919746E-02 

.319636E+01 

.262335E+00 

.156710E-03 

.446095E+00 

-.445961E+01 
.271261E+00 
-780319E-03 
-.777462E-03 

.635973E+01 
-.121473E+01 
.130048E-03 

-. 157471E+01 

-.586600E+00 
.274244E+00 
-.939430E-03 
.822097E+00 

-.416517E+00 .169785E+00 .109868E+00 
.277159E-05 

-.520260E+00 -.487505E+00 -.212815E+00 
-.604119E-04 -.218989E-05 -.342425E-07 

.482318E+01 
-473939E+00 .338686E+00 .130701E+00 
-.286473E-02 -.233650E-03 -.102271E-04 
-744893E+00 

-.330340E+00 -.214584E+00 -.516519E-01 
.107731E-05 .292394E-07 
.168581E+00 

-.106757E+00 
-.186879E-06 

-.592273E-02 

-.759651E-01 .920868E-01 .591958E-01 .150529E-01 
.639571E-05 .108480E-06 
.508921E+00 

.120434E+00 
-.575474E-04 
.783373E-01 

-.348842E-01 
-.230009E-05 

-.636059E-01 
-.385991E-07 

-.277985E-01 
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H+ + DT -> H+ + DT H+ + DT -> H+ + DT 
ECM = 0.1eV ECM = 0.1995 eV 
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H+ + DT -> H+ + DT H+ + DT -> H+ + DT 
ECM = 0.5012 eV ECM = 1 eV 
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H+ + DT -> H+ + DT H+ + DT -* H+ + DT 
ECM = 1.995 eV ECM = 5.012 eV 
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H+ +• DT -> H+.+ DT H+ + DT -» H+ + DT 
ECM = 10 eV ECM = 19.95 eV 
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H+ + DT -> H+ + DT H+ + DT -> H+ + DT 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.17 D + + DT 



2.17 

D+ + DT —+ D+ + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.110060E+04 

.889031E+03 

.635163E+03 

.497296E+03 

.409135E+03 

.320314E+03 

.247498E+03 

.202458E+03 

.161666E+03 

.143198E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.179728E+03 
.146988E+03 
.104586E+03 
.763936E+02 
.502692E+02 
.106879E+02 
.232438E+01 
.813993E+00 
.242819E+00 
.316739E-01 

Viscosity 
(a.u.) 

.114794E+03 

.897948E+02 

.622154E+02 

.412615E+02 

.433188E+02 

.174686E+02 

.347293E+01 

.104994E+01 

.259004E+00 
.551077E-01 

Analytic fitting function 

*d,mtAE) = (£a,(/n(£))A / (1. + 5> i (MW j a-u-

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bi : 

ao-ai: 
bi-b4 : 
b5-bg: 

b 9 - b n : 

ao-ai'. 
b!-b4 : 

b 5 : 

.509120E+03 
.317348E-01 

.766519E+02 

.226486E+00 
.145939E+00 
-.476792E-04 

.449869E+02 
.343945E-01 
.409632E-01 

Elastic 
-.151737E+03 .266199E+02 

Momentum Transfer 
-.154292E+02 
-.138548E-02 .105074E+00 
.460857E-01 -.818575E-02 
.374036E-03 -.141390E-04 

Viscosity 
-.765622E+01 
-.293088E+00 .255889E-01 

-.226788E+01 

.201400E+00 
-.790445E-02 

.147440E+00 
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D+ + DT -> D+ + DT 
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2.17 

D+ + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

D+ + DT 

27rsm(0)^ (0 ) = [A + B{\ - cos{d)) + Csm2(0)] 

exp 

da 

a.u. 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy {E1 

eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = a2
0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a4: .445487E+01 
bi-b3: .279826E+00 

A,B,C: .103027E+01 

E = .1259 eV 
Elastic 
a0-a5: .425284E+01 
bi-b4: -.210234E-01 

A,B,C: .103626E+01 

E = .1585 eV 
Elastic 
ao-a^: .425242E+01 
bi-b2: .339805E+00 

A,B,C: .108598E+01 

E = .1995 eV 
Elastic 
ao-a^: .418485E+01 
b!-b3: .324681E+00 

A,B,C: .102697E+01 

E = .2512 eV 
Elastic 
a0-a5: .412724E+01 
bi-b3: -.752769E-01 

A,B,C: .102183E+01 

E = .3162 eV 
Elastic 
a0-cu,: .406946E+01 
bi-b4: -.454487E-01 

A,B,C: .997535E+00 

.604045E+00 
.351559E-01 
.442952E-01 

.791099E-01 
-.116304E-01 
-.124149E+00 

.175537E+00 -.127835E-01 

-.686231E+00 -.338456E-01 -.165322E+00 -.469373E-02 .518504E-03 
-.686716E-01 -.265263E-01 -.317441E-03 
.438456E-02 -.442340E-01 

.675669E+00 
.524138E-01 
.593104E-01 

.123079E+00 -.250092E-01 -.226208E-02 

.149099E+00 

.828778E+00 .100796E+00 -.103010E+00 
.422549E-01 -.577762E-02 
.135233E-01 -.745645E-01 

.744935E-02 

.829570E+00 

.105280E+00 

.300838E-01 

.645336E+00 
-.986305E-01 
.504754E-01 

.289425E+00 
-.274914E-01 
.125560E+00 

.163457E+00 .347160E-02 .960766E-03 

.306596E+00 -.216239E+00 -.139255E-01 
-.294458E-01 -.879514E-03 
.115323E+00 
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E = .3981 eV 
Elastic 
ao-a*,: .391416E+01 
bi-b4: -.479627E+00 

A,B,C: .103952E+01 

E = .5012 eV 
Elastic 
ao-a^: .379360E+01 
bi-b4: -.452165E+00 

A, B, C: .985019E+00 

E = .6310 eV 
Elastic 
a0-a5: .372232E+01 
bi-b4: .765667E-01 

A,B,C: .963610E+00 

E = .7943 eV 
Elastic 
a0-a5: .357174E+01 
bi-b4: .115955E+00 

A, B, C: .965395E+00 

E = 1.0000 eV 
Elastic 
a0-a5: .331325E+01 
bi-b4: -.455804E-01 

A, B, C: .955382E+00 

.254111E+01 

.268144E+00 

.602507E-01 

.229398E+01 

.261055E+00 
-.382953E-01 

.562759E+00 
-.488303E-01 
.170384E+00 

.538569E+00 
-.495910E-01 
.520215E-01 

.113223E+00 
-.244471E-02 

.143011E+00 
-.238475E-02 

.699962E-02 

.905086E-02 

303347E+00 -.161465E+00 -.961193E-01 -.198559E-02 .275146E-03 
-.501558E-01 -.158755E-01 -.318797E-03 
.815706E-01 -.334580E-01 

.159298E+00 -.213771E-01 -.241425E-01 .773087E-02 .635516E-03 
-.296351E-01 -.991865E-02 .127787E-03 
.408338E-01 .255381E-01 

.968822E+00 .198708E+00 .290225E+00 .865763E-01 .454360E-02 
-.548744E-01 .404910E-02 .378355E-02 
-.771583E-02 .109622E+00 

E = 1.2590 eV 
Elastic 

ao-a5: 
bi-b4: 

.327568E+01 
-.205721E+00 

A, B, C: .971205E+00 

E= 1.5850 eV 
Elastic 
a0-a4: .333681E+01 
bi-b4: -.431785E+00 

A, B, C: .979227E+00 

E = 1-9950 eV 
Elastic 
a0-a5: .339168E+01 
bi-b4 : -.505599E+00 

A,B,C: .953041E+00 

E = 2.5120 eV 
Elastic 
ao-a^ .366093E+01 
bi-b3: -.103948E+00 

A, B, C: .897943E+00 

E = 3.1620 eV 
Elastic 

ao-a2: 
b i -b 6 : 
by-bjo: 

A,B,C: 

.398889E+01 
-.251315E+01 
-.136848E+00 
.973541E+00 

-.141229E+01 
-.126882E+00 
.782323E-01 

-.202392E+01 
-.223487E+00 
.153853E+00 

-.233623E+01 
-.246199E+00 
-.110613E+00 

-.182324E+01 
-.132934E+00 
.746948E+00 

•.865905E+01 
.225001E+01 
-.223562E-01 
.246689E+00 

.622677E-01 

.159444E-01 

.788306E-02 

.387978E+00 
-.399369E-01 
-.418507E-01 

.938119E-01 .402348E-01 

.111721E-02 
.227578E-02 

-.126466E+00 
-.168944E-02 

.789810E-02 

-.515064E+00 -.112025E+00 .566818E-02 .785319E-03 
-.399589E-01 -.944439E-03 
.410117E+00 

•.166186E+01 -.543354E+00 
-.320866E-01 
.136547E+00 

-.282958E-01 

.370749E+01 

.193515E+01 
-.224357E-02 
.587146E-01 

-.161606E+00 
-.136043E-03 

.889954E+00 -.493620E+00 
-.457487E-05 -.654767E-07 
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E = 3.9810 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bi2: 
A,B,C: 

.418477E+01 
-.108243E+01 
-.265052E+00 
.958233E+00 

E = 5.0120 eV 
Elastic 

ao-a2: 
bi-b6

-. 
b7-bi2: 
A,B,C: 

.199640E+01 

.113876E+01 
-.464608E+00 
.908881E+00 

E = 6.3100 eV 
Elastic 

ao-a2: 
bi-b6: 
b7-bi2: 

A,B,C: 

-.638730E+00 
.333429E+01 
-.305033E+00 
.907847E+00 

E = 7.9430 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

-.105948E+01 
.302548E+01 
-.133894E+00 
.947258E+00 

E = 10.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

-.126752E+01 
.219326E+01 
-.687792E-01 
-.121621E-08 
.939603E+00 

E = 19.9500 eV 
Elastic 

-.106239E+02 
.543660E+01 
-.414502E-01 
.374336E+00 

-.132147E+02 
.907514E+01 
-.749231E-01 
.222542E+00 

•.783679E+01 
.684597E+01 
-.475221E-01 
.298486E+00 

-.394600E+01 
.366812E+01 
-.196685E-01 
.226955E+00 

.261801E+01 
.177483E+01 
-.107824E-01 

.225090E+01 

.315412E+01 
-.405851E-02 
-.199261E+00 

.379405E+01 

.375860E+01 
-.763992E-02 
-.116717E+00 

.396462E+00 

.167943E+01 
-.473265E-02 

-.265986E+00 

.138152E+01 -.218113E+01 
-.243320E-03 -.817655E-05 

-.103205E+01 
-.118060E-06 

312158E+01 -.385551E+01 
-.480384E-03 -.170218E-04 

-.178315E+01 
-.260265E-06 

.304204E+01 -.292122E+01 
-.292670E-03 -.102473E-04 

-.123413E+01 
-.155321E-06 

.254507E-01 -.209355E+01 
-.187049E-02 -.111429E-03 
.486194E+00 

-.387775E+00 -.122122E+01 
-.114896E-02 -.822709E-04 

.156282E+01 -.586331E+00 
-.378237E-05 -.558495E-07 

.804924E+00 
-.379498E-05 

.294255E+00 
-.102025E-06 

.178214E+00 .746626E+00 

ao-ai: 
bi-b6: 
b7-bi0: 
A,B,C: 

-.121401E+01 
.777691E+00 
-.201888E-04 
.933284E+00 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

-.211492E+01 
.316641E+00 
.866321E-03 
.103514E+01 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

-.586457E+01 
.288509E+00 
-.656114E-02 
.101170E+01 

.121583E+01 

.223912E+00 
.204925E-04 
.176494E+00 

.180601E+01 

.115689E+00 

.639915E-04 
-.745318E-02 

-.361531E+01 
.236288E+00 
-.812446E-03 
.641765E+00 

•.494654E+00 -.210316E+00 -.404845E-01 -.351283E-02 
.148752E-05 .340096E-07 
.697997E+00 

-.672941E-01 .345906E-01 .260140E-01 .657595E-02 
.252366E-05 .415952E-07 
-.229517E-01 

.114793E+00 
-.586156E-04 
-.125000E+01 

.436675E-01 -.717140E-01 -.304376E-01 

.229690E-05 -.378659E-07 
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D+ + DT -> D+ + DT D+ + DT -» D+ + DT 
ECM = 0.1 eV ECM = 0.1995 eV 

1(T 

10J 

10' 
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Scattering Angle in Center of Mass System (rad) 
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D+ + DT -> D+ + DT D+ + DT -». D+ + DT 
ECM = 0.5012 eV E C M=1eV 

D 

E 10 
CO 

CM 
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• " " f t I t ITT—' • • • • — J - 1 • • • • — J • 
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• • 

Scattering Angle in Center of Mass System (rad) 
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D+ + DT -> D+ + DT D+ + DT -> D+ + DT 
ECM = 1.995 eV ECM = 5.012 eV 

- * • • • • - - j - » *•* -* • 

O 
"D 
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Scattering Angle in Center of Mass System (rad) 
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D+ + DT -> D+ + DT D+ + DT -> D+ + DT 
ECM=10eV ECM= 19.95 eV 

i m i l i m m i 1111^ i m i l i . 

J ** ~* -J -* • 
5 . « -4 .-.-3 „„-2 J r t -1 jn0 10 10 10 10 10 10 10 10 10 10 10 10 

I I I I I I I I I I I I I I I 

Scattering Angle in Center of Mass System (rad) 
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D+ + DT -» D+ •+ DT D+ + DT -> D+ + DT 
ECM = 50.12 eV 
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2. Hydrogen-ion-hydrogen-molecule elastic collisions 

2.18 T + + DT 



2.18 

T+ + DT —• T+ + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.117386E+04 

.948662E+03 

.690576E+03 

.537223E+03 

.437137E+03 

.345963E+03 

.272820E+03 

.217350E+03 

.170091E+03 

.150757E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.173634E+03 
.145389E+03 
.103976E+03 
.740966E+02 
.484717E+02 
.121010E+02 
.261693E+01 
.726774E+00 
.130475E+00 
.172412E+00 

Viscosity 
(a.u.) 

.109098E+03 

.888760E-1-02 

.621827E+02 

.401371E+02 

.421248E+02 

.195443E+02 

.428943E-I-01 

.111501E+01 

.224495E+00 

.121377E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2, = 2.80028E-17 cm2) 

ao-a3: 
b1-b2: 

ao-a3: 
34 ' 

bx-b4: 
b5: 

ao-a2: 
bi-b4: 

b5: 

. 546901E+03 

.503425E+00 

.759320E+02 
-.233013E+00 
-.222024E-01 
.743242E-02 

.435183E+02 
-.730641E-01 
.276253E-01 

Fitting parameters 

Elastic 
.955737E+02 -.918585E+01 
.771566E-01 

Momentum Transfer 
-.387928E+02 .168303E+01 

.161690E-01 .101135E+00 

Viscosity 
-.154071E+02 .178001E+01 
-.274876E+00 -.489449E-02 

-.866746E+00 

.182441E+01 

.501761E-01 

.100037E+00 
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T + DT -» T + DT 

r ^ » » i 

^ 

i 

Uir 

^X, 
^a 

\ 

V 

Elastic 
Momentum Transfer 
Viscosity 

oCo 
Co 

mputed from fit to D 
mputed from fit to T( 

>r 
S 

^ kk 
\ \ 

\ \ 

V« 

cs 

> 

^ 
\ \ 

\ 

V 
\ ^-^' .-{ 

^1 io" iow 10' icr 
Energy in Center of Mass Sys tem (eV) 

367 



2.18 

T+ + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

T+ + DT 

2xsin(0)^-(8) = \A + B{\ - cos(e)) + Csin\e)\ 

exp 

dO, 

\i=o / \ j - \ j 
a.u., 

where A, B,C, a,, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad-1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

£ = .1000eV 
Elastic 
ao-auj: .443077E+01 
bi-b3: .237517E+00 

A,B,C: .104965E+01 

E = .1259 eV 
Elastic 
ad-a*: .433493E+01 
b!-b4: -.987234E-01 

A,B,C: .105059E+01 

E = .1585 eV 
Elastic 
a0-a5: .424698E+01 
bi-b4: -.113617E+00 

A,B,C: .102226E+01 

E = .1995 eV 
Elastic 
ao-a^: .417919E+01 
b!-b4: -.216715E-01 

A,B,C: .100202E+01 

E= .2512 eV 
Elastic 
a0-a5: .414003E+01 
b'i-b4: -.364794E+00 

A,B,C: .964416E+00 

£ = .3162eV 
Elastic 
a0-a5: .403941E+01 
bj-b4: -.250748E+00 

A,B,C: .950275E+00 

.358075E+00 
.281046E-01 
.754156E-01 

.105808E+01 

.102740E+00 

.341236E-01 

-.115204E+01 
-.106742E+00 
.269983E-01 

.619402E+00 
-.826938E-01 
.389172E-01 

.220630E+01 

.192726E+00 
.643090E-01 

.797702E-01 
-.107813E-01 
-.220399E+00 

-.206258E+00 
-.306743E-01 
-.112248E+00 

-.157479E+00 -.112727E-01 

-.189171E+00 
-.102100E-02 

-.228481E+00 -.924182E-01 
-.240370E-01 .941051E-03 
-.648645E-01 

.200376E+00 
-.264924E-01 
-.824919E-01 

.520317E+00 
-.267290E-01 
-.159643E-01 

.183978E+00 
-.835647E-03 

-.114480E-01 
.407536E-02 

-.128141E-01 

.228887E-01 .196330E-02 

.121011E-01 

.828230E-01 .551357E-02 

-.164674E+01 -.381593E+00 -.465016E-01 .502279E-01 .349854E-02 
•.153778E+00 -.249061E-01 .228791E-02 
.517252E-01 .122433E-01 
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E = .3981 eV 
Elastic 
a0-a5: .380620E+01 
bi-b4: .134185E+00 

A, B, C: .943857E+00 

E = .5012 eV 
Elastic 
a0-a5: .376242E+01 
bi-b4: .665118E-01 

A,B,C: .934661E+00 

E = .6310 eV 
Elastic 
a0-a5: .368377E+01 
bi-b4: -.419686E-01 

A, B, C: .942039E+00 

E = .7943 eV 
Elastic 
a0-a5: .354495E+01 
bi-b4: -.187598E+00 

A, B, C: .960372E+00 

E = 1.0000 eV 
Elastic 
a0-a5: .330996E+01 
bi-b4: -.241268E+00 

A, B, C: .957936E+00 

.215126E+00 
-.478879E-02 
.345510E-01 

.167241E+00 
.405381E-02 
.501887E-01 

.172265E+00 .601530E-01 .328366E-02 
.287053E-02 

.431803E+00 .434049E-01 .112878E+00 .509325E-01 .289308E-02 
-.335554E-01 -.224962E-02 .234845E-02 
-.333367E-02 .132842E+00 

.894131E+00 -.120272E+00 .666229E-01 .445438E-01 .262585E-02 
-.748410E-01 -.914348E-02 .187049E-02 
.794454E-01 -.145674E-01 

.134290E+01 

.132874E+00 

.925607E-01 

.163754E+01 

.127009E+00 

.201946E-02 

-.237099E+00 -.309017E-01 .159241E-01 .115371E-02 
-.226554E-01 .148844E-04 
.145947E-01 

.338292E-01 
-.105360E-01 
.999408E-01 

.197667E+00 .636340E-01 
.215491E-02 

.334367E-02 

E = 1.2590 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-b10: 

A,B,C: 

.314803E+01 
-.423269E+00 
.911862E-03 
.968943E+00 

.198077E+01 

.226212E+00 

.792684E-04 

.237095E-01 

-.308978E-01 
.363725E-05 
.456662E-01 

.299411E-01 

.687274E-07 
.204243E-01 .587531E-02 

E = 1.5850 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 

.314055E+01 
-.628194E+00 
.135649E-02 

A,B,C: .969847E+00 

E = 1.9950 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bi0: 
A,B,C: 

.325979E+01 
-.828202E+00 
.192039E-02 
.966264E+00 

.248728E+01 

.273820E+00 

.113509E-03 
-.378325E-01 

.301038E+01 

.264849E+00 

.155879E-03 

.114395E+00 

.611092E-02 

.506775E-05 
.155817E+00 

.938052E-01 

.680860E-05 
.293904E+00 

.675145E-01 .355888E-01 .925872E-02 

.937823E-07 

.127821E+00 .569502E-01 .137189E-01 
.123910E-06 

E = 2.5120 eV 
Elastic 
ao-ai: 
bi-b6: 
b?-bi2: 
A,B,C: 

.348711E+01 
-.145138E+01 
-.337018E-01 
.978471E+00 

-.409704E+01 
.396449E-02 

-.661957E-02 
.162224E+00 

.807291 E+00 
-.768907E-03 
-.661177E-01 

.388241E+00 -.396192E-01 -.890815E-01 
-.532328E-04 -.203534E-05 -.331376E-07 

E = 3.1620 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

.409350E+01 
-.197502E+01 
-.241427E+00 
-.149280E-07 
.967137E+00 

•.615417E+01 
.135560E+01 
-.517852E-01 

.246243E+01 
-.707659E-02 

.506821E+00 -.818644E+00 -.665844E+00 
-.624214E-03 -.344868E-04 -.108693E-05 

.122901E+00 -.230181E-01 
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E = 3.9810 eV 
Elastic 
ao-ai: .433027E+01 
bi-b6: -.346267E+00 
b7-bi2: -.291831E+00 

A, B, C: .928187E+00 

E = 5.0120 eV 
Elastic 
a0-a i : .216771E+01 
bi-b6: .153849E+01 
b 7 -b u : -.889776E-01 

-.915086E+01 
.542503E+01 
-.473003E-01 
.609895E+00 

-.631185E+01 
.382832E+01 
-.106477E-01 

.322450E+01 
-.483983E-02 
-.544377E+00 

.563948E+00 
-.766462E-03 

-.147432E+01 
-.305275E-03 

-.176303E+01 
-.305302E-04 

-.230695E+01 
-.108512E-04 

-.132584E+01 
-.517311E-06 

-.110729E+01 
-.166446E-06 

-.452643E+00 

A,B,C: .945938E+00 .514574E+00 -.644449E+00 

E = 6.3100 eV 
Elastic 
ao-aj: .575352E+00 -.414532E+01 
bi-b6: .181881E+01 .224448E+01 -.356717E+00 
b 7 -b n : -.483399E-01 -.550257E-02 -.380191E-03 

A,B,C: .914060E+00 -.301194E+00 .929049E+00 

-.142936E+01 
-.146069E-04 

-.855740E+00 
-.239344E-06 

-.263036E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 

b i -b 6 : 
b 7 -bi 2 : 

bi3: 
A,B,C: 

-.104220E+00 
.187749E+01 
.991213E-01 
.107498E-07 
.912752E+00 

E = 10.0000 eV 
Elastic 
ao-ai: 
bi-b 6 : 
b7-bi2 : 
A,B,C: 

-.424041E+00 
.130395E+01 
.418506E-01 
.107023E+01 

-.227652E+01 
.835586E+00 
.258384E-01 

-.491199E-02 

-.166023E+01 
-.323860E-01 
.816230E-02 
-.350077E-01 

-.142308E+01 
.397133E-02 

.267847E-01 

-.111608E+01 
.943385E-03 
-.989420E-01 

.122494E+01 -.170210E+00 .170223E+00 

.380886E-03 .224642E-04 .747285E-06 

.541623E+00 .419391E-01 .111145E+00 

.651094E-04 .248467E-05 .404010E-07 

E = 19.9500 eV Warning: Fitted elastic differential cross section does not accurately yield o~mi and <7„j 
Elastic 
ao-aj: -.112251E+01 -.162674E+01 
b!-b6: .346725E+00 -.264228E+00 -.309023E+00 -.109223E+00 -.190603E-01 -.178224E-02 
b7-b8: -.857169E-04 -.166679E-05 

A,B,C: .103199E+01 -.450000E+00 .356094E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-b 6 : 
b7-bi2 : 

A,B,C: 

-.218416E+01 
-.509132E+00 
-.150573E-01 
.953678E+00 

E = 100.0000 eV 
Elastic 
ao"&i: 

bi-b 6 : 

b 7 -bi 2 : 
A,B,C: 

-.284356E+01 
.626821E+00 
.350681E-01 
.946608E+00 

-.163469E+01 
-.468934E+00 
-.280290E-02 
-.688560E-01 

-.181941E+01 
-.165507E+00 
.607594E-02 
.698087E-01 

-.303503E-03 -.195019E-04 
.447180E+00 

.346818E-02 
-.692115E-06 

-.393180E-01 
-.104804E-07 

-.386665E+00 .263975E-01 .205070E+00 .120112E+00 
.652116E-03 .426361E-04 .155820E-05 .244297E-07 
.301883E-01 
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r + DT -> r + DT r + DT -> r + DT 
ECM = 0.1eV ECM = 0.1995 eV 

•j Q * • • " " i - 1 -* -J -* • * I . . . . - J . . . . . - I - I - I .J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

Fit to Elastic 
Elastic 

i i i i i i i i • | i i i i i i i i • | i i i i i i i i i | n i i i i i i i i i i | i • i i i 11 i i | • i i i i i i i i | 

-j g " i i i i .1 I i i i L 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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r + DT -> r + DT r + DT -»r + DT 
ECM = 0.5012 eV ECM=1eV 
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Scattering Angle in Center of Mass System (rad) 
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r + DT->r + DT r + DT->r + DT 
ECM= 1.995 eV ECM = 5.012 eV 
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r + DT -> r + DT r + DT -> r + DT 
ECM = 10eV ECM = 19.95 eV 

1 0 4 • 
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r + DT -»r + DT r + DT -4 r + DT 
ECM = 50.12eV E C M = 1 0 0 e V 

• i n i w q i niuq i iiiwq i uiwq i u m q i j t " i « « l i IIIWI I uiwf i IIIIH| I niuq i 
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3. Hydrogen-ion-helium-atom elastic collisions 

3.1 H + + He 
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3.1 

H+ + He —-» H+ + He 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

4.776808E+02 
4.037845E+02 
2.814733E+02 
2.345985E+02 
1.914455E+02 
1.561481E+02 
1.184631E+02 
1.069536E+02 
7.975138E+01 
7.894883E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
1.098375E+02 
6.955908E+01 
4.994310E+01 
3.618653E+01 
1.399293E+01 
4.445854E+00 
2.382351E+00 
1.422184E+00 
7.001242E-01 
3.796950E-01 

Viscosity 
(a.u.) 

6.497103E+01 
4.401652E+01 
3.410799E+01 
2.995681E+01 
1.917596E+01 
5.855417E+00 
2.810056E+00 
1.623732E+00 
8.458951E-01 
4.934741E-01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 
b r b 2 : 

ao-a3: 
bi-b3: 

ao-a3: 
b!-b4: 

.236972E+03 

.640257E+00 

.330037E+02 

.745806E+00 

.291716E+02 

.137177E+00 

Elastic 
.742457E+02 -.657533E+01 
.101488E+00 

Momentum Transfer 
-.104126E+02 .313615E+01 
.691949E+00 .186309E+00 

Viscosity 
-.626854E+01 .403232E+01 
.505959E+00 .348484E+00 

-.377966E+00 

-.476639E+00 
.693516E-01 
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H+ + He -> H+ + He 

10" 

10' 

3, 
c 
o 
t3 io1 

CD 
CO 
CO 
CO 

o 
6 

10l 

10" 

r . A n 
Or®-€q 

F^ 'V 
1 

• • © = 

> ^ . 
' 

\ Pfca , 3 
t ^ * 

*VS 

Ek 

' * « • * * < * " • < 

I S - <£w-t r\ 

N 

^ 

> 

fc 
V 

h H ^ 

fc-z: 

Sir ^ss^ 
> ^ 

astic 
Momentum Transfer 
Viscosity 

oCc 
Cc 

>mpuTea T 
)mputed f 

run 
rorr 

1 TIT TO L 

fit to T 

^ < K M ^ 

^ 

)CS 
cs 

^ 
^ 

- % * 

"^CJ 1 

kr --
'!?;> \T If 

10"1 1 0 L 10' 10' 
Energy in Center of Mass System (eV) 

379 



3.1 

H+ + He 

Elastic Differential Cross Section 

Analytic fitting function 

H+ + He 

2zsin{0)^(6) =[A + B{1 - cos(9)) + Csin2{6)\ 

exp 
\i=0 ) \ j = l 

a.u., 

where A,B,C, a,-, and b ; are coefficients depending on the center of mass collision energy 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = 
srad"1 = 2.80028E-17 cm2 srad"1) 

Fitting parameters 

E = .1000 eV 
a0-a5: .355661E+01 
bi-b4: -.495399E+00 

A,B,C: .101388E+01 

E = .1259 eV 
a0-a5: .347552E+01 
bj-b4: -.451357E+00 

A,B,C: .103027E+01 

E- .1585 eV 
a0-a5: -360410E+01 
bi-b4: -.167027E+00 

A,B,C: .105238E+01 

E = .1995 eV 
ao-a5: .329140E+01 
bi-b4: -.103577E-01 

A,B,C: .103322E+01 

E = .2512 eV 
a0-a5: .327448E+01 
bj-b4: -.412704E+00 

A,B,C: .100383E+01 

E = .3162 eV 
a0-a4: .315285E+01 
bi-b3: .265263E+00 

A,B,C: .101650E+01 

E = .3981 eV 
a0-a5: .314645E+01 
b!-b4: -.138320E+00 

A,B,C: .103232E+01 

E = .5012 eV 
a0-a5: .318085E+01 
bi-b4: -.311440E+00 

A,B,C: .101114E+01 

E = .6310 eV 
a0-a5: .289358E+01 
b2-b4: -.359284E+00 

A,B,C: .102069E+01 

•.255315E+01 
•.146617E+00 
.154718E+00 

•.202085E+01 
•.159103E+00 
.523129E-01 

.292726E+00 
-578421E-01 
.174125E+00 

.479324E-01 
-.676918E-01 
.232523E+00 

.342219E+00 -.477383E-02 .197216E-02 
.676414E-03 

.530423E+00 .367995E-01 .611678E-02 
.497431E-02 

-.141732E+01 -.231585E+00 -.469400E-01 .139360E+00 .108243E-01 
-.943929E-01 -.171773E-01 .101392E-01 
.129775E+00 -.889318E-01 

-.729731E+00 .159714E+00 -.163590E+00 -.196227E-01 -.438606E-03 
-.439761E-01 -.262927E-01 -.110974E-02 
.691999E-01 .809052E-01 

-.178871E+01 .225915E-01 -.500815E+00 
-.163398E+00 -.652397E-01 -.152143E-02 
.105865E+00 .356617E-01 

-.434077E-01 -.318181E-03 

.352222E+00 -.104277E-01 -.264706E+00 -.197330E-01 
.265920E-01 -.187433E-01 
.813970E-01 .146397E+00 

-.112120E+01 .962879E-02 -.816947E-01 .169431E-01 .178077E-02 
-.923574E-01 -.242014E-01 .895265E-03 
.993405E-01 .712240E-01 

-.176473E+01 -.106772E+00 -.134653E+00 .271699E-01 .282954E-02 
-.133251E+00 -.309773E-01 .187247E-02 
.120928E+00 -.182229E-01 

.201022E+01 

.129217E+00 
.439047E-02 

.365586E-01 
-.458685E-02 
.371529E+00 

.235903E+00 .167976E+00 .112274E-01 
.102731E-01 
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E = .7943 eV 
a0-a5: .292096E+01 
bi-b4: -.379223E+00 

A,B,C: .100969E+01 

E = 1.0000 eV 
ao-a5: .299031E+01 
bi-b4: -.506611E+00 

A,B,C: .987351E+00 

E = 1.2590 eV 
a0-a5: .314237E+01 
bi-b4: -.389195E+00 

A, B, C: .999502E+00 

-.200939E+01 -.459926E-01 .824189E-01 .781744E-01 .536757E-02 
-.154832E+00 -.192697E-01 .419875E-02 
.153954E+00 .422434E-01 

-.210853E+01 -.298952E+00 -.253527E+00 .960845E-02 .204567E-02 
-.210993E+00 -.466249E-01 .749277E-03 
.121643E+00 .154744E+00 

-.199472E+01 -.889280E+00 -.354332E+00 .863722E-02 .223701E-02 
-.215819E+00 -.461124E-01 .110298E-02 
.336713E-02 .313698E+00 

E = 1.5850 eV Warning: Fitted elastic differential cross section does not accurately yield amt and <T„,-
a0-a4: .300302E+01 -.202410E+01 -.742649E+00 -.397722E+00 -.253550E-01 
bi-b4: -.415205E+00 -.184428E+00 -.406953E-01 -.253448E-03 

A,B,C: .103362E+01 -.500000E+00 .103178E+01 

E — 1.9950 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt and <r„,-
a0-a5: .275479E+01 -.291469E+01 -.531521E+00 .139704E+00 .131969E+00 .872003E-02 
bi-b4: -.469969E+00 -.169470E+00 -.770937E-02 .790788E-02 

A,B,C: .970060E+00 -.450000E+00 .125961E+01 

E = 2.5120 eV 
a0-a5: .253604E+01 
bi-b4: -.470791E+00 

A, B, C: .100945E+01 

E = 3.1620 eV 
a0-a5: .220953E+01 
bi-b4: -.365775E+00 

A,B,C: .102335E+01 

E = 3.9810 eV 
a0-a5: .185664E+01 
bi-b4: -.451843E+00 

A,B,C: .101478E+01 

E = 5.0120 eV 
a0-a5: .158631E+01 
bi-b4: -.282734E+00 

A,B,C: .107979E+01 

E = 6.3100 eV 
a0-a5: .157940E+01 
bj-b4: -.277680E+00 

A, B, C: .100788E+01 

E = 7.9430 eV 
ao-a^: .175080E+01 
bi-b3: -.387641E-01 

A, B, C: .857637E+00 

E = 10.0000 eV 
ao-a^: .975871E+00 
bi-b3: -.880773E-01 

A, B, C: .997220E+00 

E= 12.5900 eV 
ao-a^: .977911E+00 
bi-b3: --806184E-01 

A, B, C: .987595E+00 

-.325673E+01 -.469904E+00 .405257E+00 .196745E+00 .119340E-01 
-.161492E+00 .102386E-01 .110632E-01 
-.500000E+00 .842078E+00 

-.303086E+01 -.407864E+00 .287188E+00 .115965E+00 .675046E-02 
-.147590E+00 .445007E-03 .573599E-02 
-.349373E+00 .533107E+00 

-.323992E+01 .213875E-01 .448893E+00 .140685E+00 .785308E-02 
-.138131E+00 .775038E-02 .678903E-02 
.798455E-02 .220406E+00 

-.269483E+01 -.204581E+00 .174505E+00 .461573E-01 .240730E-02 
-.139412E+00 -.117231E-01 .114320E-02 
.240144E+00 -.222990E+00 

-.266308E+01 -.200107E+00 .154471E+00 .369990E-01 .185189E-02 
-.140057E+00 -.134564E-01 .568382E-03 
.531648E+00 -.812594E+00 

-.225196E+01 -.967667E+00 -.292957E+00 -.164162E-01 
-.677880E-01 -.183673E-01 
.709724E+00 -.106969E+01 

-.219829E+01 -.576552E+00 -.221798E+00 -.132711E-01 
-.581727E-01 -.164458E-01 
.787213E+00 -.735133E+00 

-.221264E+01 -.595215E+00 -.214740E+00 -.125809E-01 
-.577203E-01 -.156912E-01 
.880248E+00 -.112886E+01 
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E = 15.8500 eV Warning: Fitted elastic differential cross section does not accurately yield ami and avi 
ao-a4: .977242E+00 -.223517E+01 -.606885E+00 -.202484E+00 -.115397E-01 
bi-b3: -.742156E-01 -.570700E-01 -.146289E-01 

A,B,C: .928475E+00 .869137E+00 -.100000E+01 

E = 19.9500 eV 
a0-a3: .235295E+00 
bi-b3: -.377077E+00 

A,B,C: .794737E+00 

E = 25.1200 eV 
ao-a4: .346048E+00 
bi-b3: -.525908E-01 

A,B,C: .999677E+00 

E = 31.6200 eV 
ao-Ek: .184335E+00 
bi-b3: -.783299E-01 

A,B,C: .103231E+01 

E = 39.8100 eV 
ao-a*: .221802E-01 
bi-b3: -.117263E+00 

A,B,C: .102080E+01 

E = 50.1200 eV 
ao-a4: .254878E-01 
bi-b3: -.112947E+00 

A, B, C: .988022E+00 

E = 63.1000 eV 
ao-a4: .369012E-01 
bi-b3: -.956711E-01 

A,B,C: .931501E+00 

E = 79.4300 eV 
a0-a5: -.491541E+00 
b!-b4: -323290E+00 

A,B,C: .980191E+00 

E = 100.0000 eV 
a0-b5: -.707474E+00 
bi-b4: -.392489E+00 

A,B,C: .100039E+01 

-.217756E+01 
-.122860E+00 
.143807E+01 

-.203155E+01 
-.666417E-01 
.841229E+00 

-.204652E+01 
-.691245E-01 
.852882E+00 

-.194641E+01 
-.752146E-01 
.680196E+00 

-.195674E+01 
-.747886E-01 
.583381E+00 

-.199220E+01 
-.737147E-01 
.544366E+00 

-.143202E+01 
-.176096E+00 
.121573E+00 

-.159307E+01 
-.180496E+00 
.132417E+00 

.179826E+00 .649968E-02 
-.148669E-01 
-.574398E+00 

.742891E+00 -.253235E+00 -.141482E-01 
-.171578E-01 
.812939E+00 

.686540E+00 -.239156E+00 -.134446E-01 
-.168511E-01 
.876208E+00 

.609532E+00 
-.186869E-01 
.697697E+00 

.623348E+00 
-.184135E-01 
.832576E+00 

.252723E+00 -.146343E-01 

.251911E+00 -.144280E-01 

-.675264E+00 -.250933E+00 
-.177673E-01 
-.947228E+00 

-.139927E-01 

.631150E-02 
-.294997E-01 
-.190416E+00 

.228148E+00 
-.199952E-01 
-.191797E+00 

-.267510E-01 .636120E-02 .586035E-03 
-J46891E-03 

.166523E+00 
.937767E-03 

.453512E-01 .235002E-02 
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H+ + He -> H+ + He H+ + He -> H+ + He 
ECM = 0.1 eV ECM = 0.1995 eV 
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H+ + He -» H+ + He H+ + He -» H+ + He 
ECM = 0.5012 eV ECM = 1 eV 
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H+ + He -» H+ + He H+ + He -> H+ + He 
ECM = 1.995 eV ECM = 5.012 eV 
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H+ + He -> H+ + He H+ + He -» H+ + He 
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H+ + He -> H+ + He H+ + He -» H+ + He 
E0M = 50.12 eV 
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3. Hydrogen-ion-helium-atom elastic collisions 

3.2 D + + He 



3.2 

D+ + He —• D+ + He 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

6.060728E+02 
4.620828E+02 
3.659782E+02 
2.833336E+02 
2.189822E+02 
1.787776E+02 
1.491017E+02 
1.185497E+02 
8.536681E+01 
8.061496E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
1.033157E+02 
7.869123E+01 
5.374738E+01 
3.619548E+01 
1.399713E+01 
4.446403E+00 
2.382554E+00 
1.422322E+00 
7.000888E-01 
3.796961E-01 

Viscosity 
(a.u.) 

6.542744E+01 
5.021731E+01 
3.394385E+01 
2.983769E+01 
1.918690E+01 
5.857758E+00 
2.810677E+00 
1.623933E+00 
8.459284E-01 
4.934853E-01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a3: 
bi-b2: 

ao-a3: 
bi-b3: 

&o-a3: 
bi-b4: 

.285342E+03 

.238143E+00 

.337837E+02 

.518985E+00 

.281826E+02 
-.351732E+00 

Elastic 
-.173067E+02 -.843855E+01 
-.281951E-02 

Momentum Transfer 
-.176549E+02 .591550E+01 
.560710E+00 .136738E+00 

Viscosity 
-.203213E+02 .789482E+01 
.238658E+00 .170477E+00 

.136164E+01 

-.687397E+00 

-.861602E+00 
.336524E-01 
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D+ + He -> D+ + He 
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3.2 

D + + He 

Elastic Differential Cross Section 

Analytic fitting function 

D+ + He 

2nsin(9)^-(6) =[A+ B{1 - cos(0)) + Csin2{9)] 

exp 

<Z0 

w=o / V j=i 
a.u., 

where A, B, C, a,-, and b j axe coefficients depending on the center of mass collision energy 

eV) and scattering angle (0, radians) and t h e cross section is in a tomic uni ts (1 a.u. = 

s r a d - 1 = 2.80028E-17 cm 2 s r ad" 1 ) 

F i t t ing p a r a m e t e r s 

E = .1000 eV 
ao-a5: .366136E+01 
bi-b4: -.169267E+00 

A,B,C: .102908E+01 

E = .1259 eV 
ao-a5: .368087E+01 
bi-b4: -.374305E+00 

A,B,C: .100638E+01 

E = .1585 eV 
a0-a5: .361119E+01 
bi-b4: -.505117E+00 

A,B,C: .101638E+01 

E = .1995 eV 
ao-a5: .355054E+01 
bi-b4: -.254243E+00 

A,B,C: .101344E+01 

E = .2512 eV 
a0-a5: .342020E+01 
b!-b4: -.325129E+00 

A,B,C: .100113E+01 

E = .3162 eV 
a0-a5: .338049E+01 
b!-b4: -.267391E+00 

A,B,C: .101974E+01 

E = .3981 eV 
a0-a5: .333106E+01 
bj-b4: -.185664E+00 

A,B,C: .100175E+01 

E = .5012 eV 
a0-a5: .318328E+01 
bj-b4: -.408165E+00 

A,B,C: .994348E+00 

E = .6310 eV 
a0-a5: .304679E+01 
b!-b4: -.409338E+00 

A,B,C: .993189E+00 

-.158919E+01 
-.768408E-01 
.485872E-01 

-. 206341E+01 
-.150408E+00 
.147647E+00 

-.291464E+01 
-.166535E+00 
.139243E+00 

-.182538E+01 
-.115380E+00 
.745422E-01 

-.159804E+01 
-.153578E+00 
.917401E-01 

-.153825E+01 
-.148814E+00 
.228588E+00 

-.138817E+01 
-.111078E+00 
.869324E-01 

-.215005E+01 
-.158874E+00 
.545740E-01 

-.217510E+01 
-164385E+00 
.912741E-01 

.105525E+00 .109284E+00 .907343E-01 .610438E-02 
-.961958E-02 .527206E-02 
.236187E+00 

-:743188E-01 -.296046E+00 -.101147E-01 .879505E-03 
-.460405E-01 -.268041E-03 
-.261435E-01 

-.185406E+00 .188079E+00 .205470E+00 .138277E-01 
-.105260E-01 .127548E-01 
.103828E+00 

-.127983E+00 .107929E+00 .101332E+00 .670413E-02 
-.109547E-01 .579610E-02 
.612603E-01 

.185276E+00 
-.435452E-01 
.356397E-01 

.284680E+00 
-.351108E-01 
.152011E+00 

.298433E+00 
.267713E-04 

.589695E-02 .109260E-02 

.197413E+00 .110093E-01 .172240E-02 
.629055E-03 

-.182607E+00 -.794342E-01 .202256E-01 .181079E-02 
-.226210E-01 .949280E-03 
-.344524E-02 

-.103105E+00 .503304E-01 .849026E-01 .574955E-02 
-.204821E-01 .464707E-02 
.549875E-01 

-.227890E-01 .105381E+00 .638413E-01 .400477E-02 
-.196175E-01 .273877E-02 
.933303E-01 
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E = .7943 eV 
a0-a5: .299197E+01 -.237242E+01 -.936494E-01 .926800E-01 .914976E-01 .595970E-02 
bi-b4: -.494827E+00 -.180841E+00 -.200345E-01 .477911E-02 

A,B,C: .984726E+00 .136228E+00 .718475E-02 

E = 1.0000 eV 
a0-a5: .300699E+01 -.249772E+01 
bi-b4: -.539118E+00 -.226275E+00 

A, B, C: .997382E+00 .223875E+00 

-.276302E+00 .145028E-01 .475174E-01 .320040E-02 
-.311818E-01 .162446E-02 
.107468E+00 

E = 1.2590 eV 
a0-a5: .305710E+01 
bi-b4: -.405447E+00 

A, B, C: .959847E+00 

-.206177E+01 
-.206556E+00 
-.603856E-01 

-.704341E+00 
-.440705E-01 
.544815E+00 

-.320343E+00 
-.104612E-02 

-.181725E-01 -106543E-03 

E = 1.5850 eV Warning: Fitted elastic differential cross section does not accurately yield amt and <r„,-
ao-a4: .304276E+01 -.192831E+01 -.977558E+00 -.344114E+00 -.206106E-01 
bi-b4: -.332751E+00 -.230482E+00 -.504421E-01 -.184625E-02 

A,B,C: .963607E+00 -.470000E+00 .101726E+01 

E = 1.9950 eV Warning: Fitted elastic differential cross section does not accurately yield cmt and aVi 
a0-a5: .270996E+01 -.262082E+01 -.630416E+00 -.216613E-01 .535323E-01 .362146E-02 
bi-b4: -.376740E+00 -.165067E+00 -.185168E-01 .276210E-02 

A,B,C: .947702E+00 -.470000E+00 .143851E+01 

E = 2.5120 eV 
a0-a5: .249894E+01 
bi-b4: -.472737E+00 

A, B, C: .982885E+00 

E = 3.1620 eV 
a0-a5: .214354E+01 
bi-b4: -.453620E+00 

A, B, C: .970805E+00 

E = 3.9810 eV 
a0-a5: .184176E+01 
bi-b4: -.538662E+00 

A,B,C: .993261E+00 

E = 5.0120 eV 
a0-a5: .152263E+01 
bi-b4: -.384166E+00 

A,B,C: .102111E+01 

E = 6.3100 eV 
a0-a2: .133510E+01 
b!-b5: -.252684E+00 

A, B, C: .955860E+00 

E = 7.9430 eV 
a0-a2: .108522E+01 
bi-b5: -.239054E+00 

A.B.C: .937171E+00 

E = 10.0000 eV 
ao-34: .979660E+00 
bi-b3: -.554224E-01 

A,B,C: .100926E+01 

E = 12.5900 eV 
ao-a4: .774680E+00 
b r b 3 : --591213E-01 

A:B,C: .102145E+01 

-.328279E+01 
-.157111E+00 
-.470000E+00 

-.319432E+01 
-.148935E+00 
-.462530E+00 

-.352385E+01 
-.142129E+00 
.903134E-01 

-.296138E+01 
-. 148417E+00 
.239801E+00 

-.228024E+01 
-.152145E+00 
.149073E+00 

-.212310E+01 
-.163733E+00 
.248386E+00 

-.226616E+01 
-.561350E-01 
.856825E+00 

-.224608E+01 
-.552742E-01 
.921818E+00 

-.348105E+00 .397790E+00 .160116E+00 .898181E-02 
.711607E-02 .808457E-02 
.938391E+00 

-.120116E+00 .382764E+00 .123595E+00 .662860E-02 
.314382E-02 .561047E-02 

.820585E+00 

.269413E+00 .624292E+00 .169445E+00 .873420E-02 
.152977E-01 .763679E-02 

.193648E+00 

.102664E+00 .370153E+00 .811471E-01 .387973E-02 
-.395183E-02 .247784E-02 
-.399003E-01 

.197407E+00 
-.287475E-01 
.409424E-01 

.154668E+00 
-.343206E-01 
-.325439E-01 

.208897E-02 -.468995E-04 

-.280196E-02 -.800665E-04 

.659059E+00 -.181927E+00 -.951538E-02 
-.124731E-01 
.815770E+00 

.614568E+00 -.164995E+00 -.854045E-02 
-.116398E-01 
.888112E+00 

393 



E = 15.8500 eV 
ao-a2: .511543E+00 -.235331E+01 
bi-b3: -.361715E+00 -.115129E+00 

A, B, C: .731524E+00 .148604E+01 

E - 19.9500 eV 
ao-a2: .351501E+00 
bi-b5: -.233802E+00 

A, B, C: .846352E+00 

E = 25.1200 eV 
&o-M- .316544E+00 
bi-b3: -.745518E-01 

A, B, C: .992064E+00 

E = 31.6200 eV 
a0-a4: .214160E+00 
bi-b3: .599129E-02 

A,B,C: .103636E+01 

E = 39.8100 eV 
ao-aj: .481642E-01 
bi-b3: .233173E-01 

A,B,C: .108141E+01 

E = 50.1200 eV 
ao-a4: -.151474E+00 
b!-b3: -.406535E-01 

A,B,C: .104370E+01 

E = 63.1000 eV 
a0-a4: -.331476E+00 
b!-b3: -.143597E+00 

A,B,C: .100821E+01 

E = 79.4300 eV 
ao-a4: -.332868E+00 
bi-b3: -.196617E+00 

A, B, C: .934107E+00 

E = 100.0000 eV 
ao-a4: -.324746E+00 
bi-b3: -.211473E+00 

A, B, C: .863995E+00 

-.163217E+01 
-.206344E+00 
.179028E+00 

-.207862E+01 
-.653396E-01 
.856550E+00 

-.222245E+01 
-.594049E-01 
.100569E+01 

-.233614E+01 
-.556307E-01 
.105302E+01 

-.222318E+01 
-.622755E-01 
.828373E+00 

-.199036E+01 
-.761026E-01 
.619536E+00 

-.183622E+01 
-.832418E-01 
.392364E+00 

-.178711E+01 
-.865791E-01 
.160535E+00 

.835166E-01 
-.133028E-01 
-.673118E+00 

-.574851E-01 
-.486713E-01 -.442822E-02 -.148844E-03 
.132737E+00 

.649804E+00 -.208934E+00 -.110007E-01 
-.145530E-01 
.792414E+00 

.913139E+00 -.223504E+00 -.108712E-01 
-.129353E-01 
.104129E+01 

.941574E+00 -.203312E+00 -.948157E-02 
-.112496E-01 
•.llOOOOE+Ol 

-.762428E+00 -.189293E+00 -.922657E-02 
-.121337E-01 
-.877990E+00 

-.518015E+00 -.184657E+00 -.975716E-02 
-.144982E-01 
-.624479E+00 

.400890E+00 
-.162003E-01 
.575582E+00 

.377860E+00 
-.167146E-01 
•.489139E+00 

-.192978E+00 -.106218E-01 

-.196432E+00 -.107805E-01 
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D+ + He -» D+ + He D+ + He -> D+ + He 
ECM = 0.1eV ECM = 0.1995 eV 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D+ + He -> D+ + He D+ + He -> D+ + He 
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D+ + He -> D+ + He D+ + He -> D+ + He 
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D+ + He -» D+ + He D+ + He -> D+ + He 
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D+ + He -> D+ + He D+ + He -> D+ + He 
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3. Hydrogen-ion—helium-atom elastic collisions 

3.3 T + + He 



3.3 

T+ + He —> T + + He 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

7.057371E+02 
5.588473E+02 
3.860699E+02 
2.977420E+02 
2.509423E+02 
1.813548E+02 
1.500041E+02 
1.195621E+02 
9.794741E+01 
7.923739E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
1.004542E+02 
7.959634E+01 
5.310787E+01 
3.619801E+01 
1.399940E+01 
4.446949E+00 
2.382542E+00 
1.422385E+00 
7.001531E-01 
3.797238E-01 

Viscosity 
(a.u.) 

6.403229E+01 
5.135366E+01 
3.301732E+01 
2.980394E+01 
1.919170E+01 
5.859159E+00 
2.810471E+00 
1.624065E+00 
8.460854E-01 
4.935566E-01 

Analytic fitting function 

<Td,mtAE) = ( l > ( / n ( £ ) / ) I (1. + X>,-(/n(£))M a.*, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2, — 2.80028E-17 cm2) 

ao-a3: 
bi-b2: 

ao-a3: 
bi-b4: 

ao-a3: 
bi-b4: 

.305269E+03 

.196803E+00 

.360533E+02 

.901556E+00 

.285383E+02 
-.390979E+00 

Fitting parameters 

Elastic 
-.325716E+02 -.396869E+01 
-.805805E-02 

Momentum Transfer 
-.638491E+01 .137074E+02 
.159522E+01 .894852E+00 

Viscosity 
-.169078E+02 .116483E+02 
.470013E+00 .456280E+00 

.668488E+00 

-.223156E+01 
.179841E+00 

-.146915E+01 
.124137E+00 
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T+ + He -> T+ + He 
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3.3 

T+ + He 

Elastic Differential Cross Section 

Analytic fitting function 

T+ + He 

2irsin(6)^{e) = [A+B{1 - cos{6)) + Csin2{9)\ 

exp E^cM^rj/U.+EbiCnwy 
^j'=0 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = 
srad"1 = 2.80028E-17 cm2 srad"1) 

Fitting parameters 

E = .1000 eV 
a0-a5: .374578E+01 
bi-b4: -.336375E+00 

A,B,C: .101440E+01 

E = .1259 eV 
ao-av. .372938E+01 
bi-b3: .231983E+00 

A,B,C: .102169E+01 

-.225133E+01 
-.117920E+00 
.799404 E-01 

.180578E+00 
.270546E-01 
.720750E-01 

-.276140E-01 .800204E-01 .134921E+00 .918840E-02 
-.141986E-01 .829492E-02 
.107540E+00 

E = .1585 eV 
a0-a4: .375094E+01 -.221939E+00 
bi-b3: .726341E-01 -.280894E-01 

A, B, C: .984866E+00 .233347E+00 

E = .1995 eV 
ao-av. .367549E+01 -.238100E-01 
b!-b3: .148743E+00 -.158561E-01 

A, B, C: .990372E+00 .241716E+00 

E = .2512 eV 
a0-a5: .345817E+01 
b!-b4: -.309517E+00 

A,B,C: .995031E+00 

E = .3162 eV 
ao-a4: .349047E+01 
bi-b3: .854832E-01 

A, B, C: .993689E+00 

-.198961E+01 
-.133219E+00 
.884100E-01 

-174974E+00 
-.191472E-01 
.316719E-01 

.526298E-01 
-.832282E-02 
.170936E-01 

-.273099E+00 
-.284405E-01 
-.150640E+00 

-.317346E+00 
-.225662E-01 
-.206758E+00 

-.907788E-01 
-.196990E-01 
.401129E-01 

-.144735E+00 
-.205675E-01 
-.475523E-01 

-.123403E+00 -.889347E-02 

-.398698E+00 -.266217E-01 

.337640E+00 -.218795E-01 

.283813E-01 .496392E-01 .333973E-02 

.229552E-02 

-.281552E+00 -.186586E-01 

E = .3981 eV 
a0-a4: .326496E+01 .222034E-01 .484038E-01 
bi-b3: .236361E+00 .286766E-01 -.308046E-02 

A,B,C: .102222E+01 .541861E-02 .496528E-01 

-.503860E-01 -.370751E-02 

E = .5012 eV 
a0-a4: .313178E+01 
b!-b4: -.226248E+00 

A,B,C: .102350E+01 

E = .6310 eV 
ao-^: .305127E+01 
bi-b4: -.223911E+00 

A,B,C: .100161E+01 

.139691E+01 

.130966E+00 
-.834583E-02 

.137692E+01 

.130384E+00 
.756202E-01 

• .225791E-01 
•.276806E-01 
.150350E-01 

•.418521E-01 
•.266531E-01 
.544575E-02 

.650576E-01 -.520006E-02 

.118748E-02 

.609638E-01 

.114434E-02 
.477984E-02 
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E = .7943 eV 
a0-a5: .300723E+01 -.243154E+01 -.969299E-01 .131562E+00 .892496E-01 .546696E-02 
bi-b4: -.499496E+00 -.185243E+00 -.183019E-01 .423003E-02 

A,B,C: .980986E+00 .115680E+00 .217821E-01 

E = 1.0000 eV 
ao-a4: .332728E+01 
b!-b3: -.255530E+00 

A, B, C: .954332E+00 

E = 1.2590 eV 
ao-sLf. .329229E+01 
bi-b3: -.212512E+00 

A, B, C: .947789E+00 

-.158067E+01 
-.131002E+00 
.115194E+01 

-.171224E+01 
-.141325E+00 
.656762E+00 

.930683E+00 -.514674E+00 
-.371310E-01 
.944982E+00 

-.305395E-01 

-.132616E+01 
-.397787E-01 
-.212963E+00 

.599243E+00 -.344149E-01 

E = 1.5850 eV Warning: Fitted elastic differential cross section does not accurately yield amt and o~vi 
ao-a-j: .292737E+01 -.225188E+01 -.742000E+00 -.235770E+00 -.134349E-01 
bi-b4: -.362868E+00 -.192888E+00 -.362843E-01 -.112074E-02 

A,B,C: .940865E+00 -.663647E+00 .121629E+01 

E = 1.9950 eV Warning: Fitted elastic differential cross section does not accurately yield amt and ervi 
ao-a4: .289969E+01 -.204962E+01 -.137246E+01 -.464212E+00 -.251599E-01 
bi-b3: -.115480E+00 -.113044E+00 -.284743E-01 

A,B,C: .957693E+00 -.604780E+00 .916980E+00 

E = 2.5120 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and avi 
&0-M- .256206E+01 -.220316E+01 -.116646E+01 -.366010E+00 -.194756E-01 
bi-b3: -.117544E+00 -.988841E-01 -.229129E-01 

A,B,C: .956678E+00 -.723302E+00 .103952E+01 

E- 3.1620 eV 
a0-a4: .228902E+01 
b r b 3 : -.104074E+00 

A, B, C: .989226E+00 

E = 3.9810 eV 
a0-a4: .199150E+01 
b r b 3 : -.979719E-01 

A, B, C: .997337E+00 

E = 5.0120 eV 
a0-a5: .147125E+01 
bi-b4: -.525687E+00 

A, B, C: .998051E+00 

E = 6.3100 eV 
ao-a4: .169662E+01 
b r b 3 : -.112131E+00 

A,B,C: .978613E+00 

E = 7.9430 eV 
a0-a5: .147192E+01 
bj-b4: -.500989E+00 

A, B, C: .880796E+00 

E = 10.0000 eV 
ao-a^: .952507E+00 
bj-bs: -.910965E-01 

A,B,C: .104007E+01 

E = 12.5900 eV 
ao-a4: .955345E+00 
b r b 3 : -.831277E-01 

A,B,C: .986272E+00 

-.229660E+01 
-.869542E-01 
-.426838E+00 

-.239438E+01 
-.755605E-01 
-.357732E-01 

-.331715E+01 
-.147630E+00 
.295329E+00 

-.242670E+01 
-.685985E-01 
.623406E+00 

-.321470E+01 
-.146272E+00 
.707004E+00 

-.231255E+01 
-.567351E-01 
.870175E+00 

-.231661E+01 
-.564645E-01 
.917813E+00 

-.104605E+01 -.308267E+00 -.161969E-01 
-.194232E-01 
.595729E+00 

•.889336E+00 -.233296E+00 -.118646E-01 
-.151823E-01 
.144409E+00 

.513179E+00 .584578E+00 .123115E+00 .576338E-02 
.664317E-02 .441235E-02 
.122564E-01 

-.714326E+00 -.181805E+00 -.915674E-02 
-.128454E-01 
-.894238E+00 

.463220E+00 .513829E+00 .103274E+00 .471856E-02 
.265703E-02 .339418E-02 

-.102001E+01 

.538170E+00 
-.107016E-01 
.861440E+00 

.560103E+00 
-.104381E-01 
.llOOOOE+Ol 

.139555E+00 -.708921E-02 

-.138989E+00 -.689030E-02 
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E = 15.8500 eV Warning: Fitted elastic differential cross section does not accurately yield amX and <7„j 
a0-a2: .532481E+00 -.250752E+01 .547124E-01 
b!-b3: -.355236E+00 -.991772E-01 -.107976E-01 

A,B,C: .947954E+00 .217116E+01 -.110000E+01 

E - 19.9500 eV 
a0-a4-. .402563E+00 
bi-b3: -.589985E-01 

A, B, C: .105502E+01 

E = 251200 eV 
ao-a-i: .265086E+00 
bi-b3: -.105294E+00 

A,B,C: .100261E+01 

E = 31.6200 eV 
a0-a4: .269073E+00 
b!-b3: -.964991E-01 

A, B, C: .938480E+00 

E = 39.8100 eV 
ao-a-i: .332870E-01 
bi-b3: .823370E-02 

A, B, C: .104582E+01 

E = 50.1200 eV 
a0-a4: -.174314E+00 
bi-b3: -.369635E-01 

A,B,C: .104344E+01 

E = 63.1000 eV 
ao-a4: -.336271E+00 
bi-b3: -.407070E-01 

A,B,C: .101816E+01. 

E = 79.4300 eV 
a0-a4: -.530271E+00 
bj-b3: -.181612E+00 

A,B,C: .100770E+01 

E = 100.0000 eV 
ao-a4: -.525300E+00 
bi-b3: -.228185E+00 

A, B, C: .927584E+00 

-.224570E+01 
-.531244E-01 
.997137E+00 

-.209050E+01 
-.641974E-01 
.829979E+00 

-.210639E+01 
-.637014E-01 
.692992E+00 

-.230819E+01 
-.568243E-01 
.983963E+00 

-.228841E+01 
-.596801E-01 
.880909E+00 

-.228003E+01 
-.608673E-01 
.845640E+00 

-.201763E+01 
-.790502E-01 
.687010E+00 

-.186684E+01 
-.852822E-01 
.272149E+00 

.564782E+00 
-.982897E-02 
.995550E+00 

-.523772E+00 
-.128912E-01 
-.732267E+00 

.547258E+00 
-.125088E-01 
770404E+00 

.897430E+00 
-.110834E-01 
•.102971E+01 

-.733613E+00 
-.103735E-01 
-.917344E+00 

-.749078E+00 
-.108156E-01 
-.852375E+00 

-.411360E+00 
-.129175E-01 
-.669407E+00 

-.311018E+00 
-.143980E-01 
-.458603E+00 

.135601E+00 -.660997E-02 

-.170626E+00 -.887061E-02 

.168481E+00 -.854902E-02 

-.195874E+00 -.896018E-02 

.160149E+00 -.728394E-02 

-.169674E+00 -.781695E-02 

-.145680E+00 -.741838E-02 

-.154408E+00 -.823049E-02 
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r + He -> T+ + He T+ + He -> T+ + He 
ECM = 0.1 eV ECM = 0.1995 eV 
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T+ + He -»T+ + He r + He -» T+ + He 
ECM = 0.5012 eV E « = 1 e V 

i r 
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T+ + He -> T+ + He T+ + He -» T+ + He 
ECM = 1.995 eV ECM = 5.012 eV 
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T+ + He -> T+ + He T+ + He -> V + He 
ECM = 10eV ECM = 19.95 eV 
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T+ + He -> T+ + He T+ + He -> T+ + He 
ECM = 50.12 eV ECM = 100eV 
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4. Hydrogen-atom—hydrogen-atom elastic collisions 

4.1 H + H 

Important Note 

The calculations of both differential and integral (elastic, momentum transfer, and viscosity) 
cross sections for the symmetric systems H + H, D + D, and T + T have been performed 
assuming the indistinguishability of the constituent nuclei. Thus, the elastic cross sections 
contain contributions from inclusion of both the impacting and recoiling atoms. Due to the 
full symmetry of the problem these constituent parts contribute equally and the correct high 
collision energy limit (classical distinguishability) has been taken into account by dividing the 
elastic cross sections by a factor of two. Therefore, the results reported in this section should be 
considered the "true" elastic cross sections (differential and integral). This procedure has also 
been followed in the calculation of the integral moments of the elastic cross section (momentum 
transfer and viscosity cross sections). We also note that, as a consequence of the particle 
indistinguishability, the momentum transfer cross section is identical to the elastic cross section 
and therefore does not coincide with the classical momentum transfer cross section in the high 
energy limit. (See the Introduction in Part A for more explanation.) 
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4.1 

H + H — ^ H + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

1.941380E+02 
1.857723E+02 
1.850111E+02 
1.694208E+02 
1.599861E+02 
1.431344E+02 
1.281643E+02 
1.140891E+02 
9.701307E+01 
8.850426E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
1.941380E+02 
1.857723E+02 
1.850111E+02 
1.694208E+02 
1.599861E+02 
1.431344E+02 
1.281643E+02 
1.140891E+02 
9.701307E+01 
8.850426E+01 

Viscosity 
(a.u.) 

6.400413E+01 
5.092028E+01 
4.184669E+01 
3.348497E+01 
2.734637E+01 
1.527493E+01 
7.528719E+00 
3.431109E+00 
1.133639E+00 
4.711324E-01 

Spin Exchange 
(a.u.) 

4.127594E+01 
3.713606E+01 
3.467000E+01 
3.176806E+01 
2.966769E+01 
2.637525E+01 
2.431619E+01 
2.223413E+01 
1.955119E+01 
1.762460E+01 

Analytic fitting function 

{£) = ̂ 2^n{E))^j I ^1. + Y^>j(ln(E)yj a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a7

0 = 2.80028E-17 cm2) 

ao-ai: 
bi-b4: 

b5: 

Fitting parameters 

Elastic and Momentum Transfer 
.167549E+03 .637573E+02 
.514409E+00 .567359E-01 -.405506E-02 
.727473E-03 

.541708E-03 

ao-a3: 
34'. 

bi-b4: 
b5: 

.335587E+02 
-.196484E+00 
.563577E-01 
.113285E-01 

Viscosity 
.898739E+01 -.591031E-01 .118557E+01 

-.319126E-01 .229670E-01 .299213E-01 

ao-ai: 
bi: 

.312555E+02 
.233727E-01 

Spin Exchange 
.250547E+01 
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H + H -> H + H 

(JL 

^ _^^ y g*P-^. 
* >--==! 

i 

Ea stic, Momentum Transfer 
Viscosity 

o Computed from fit to DCS 
Spin Exchange 
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*~ 5-x 
k r -

\ O 

10" 10L 10' 10' 
Energy in Center of Mass System (eV) 
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4.1 

H + H 

Elastic Differential Cross Sections 

Analytic fitting function 

H + H 

2nsin(9)-^-(9) =[A + B{1 - cos{9)) + Csin2(9)} 

exp 
Ki=o ) \ j=i 

a.u., 

where A,B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2, 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.382502E+01 
.591226E-02 

-.326866E+00 
.105758E+01 

E = .1259 eV 
Elastic 
ao-as: 
bi-b5: 

A, B, C: 

.372125E+01 
-.318746E+00 
.108100E+01 

E = .1585 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.362146E+01 
-.260024E-02 
-.366496E+00 
.104088E+01 

E- .1995 eV 
Elastic 
ao-as: 

a6: 
bi-b a: 

A,B,C: 

.353245E+01 
-.488414E-02 
-.372910E+00 
.104257E+01 

£' = .2512eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.346672E+01 
-.433119E-02 
-.375127E+00 
.104378E+01 

E= .3162 eV 
Elastic 
ao-a5: 
bi-b5: 

A,B,C: 

.346338E+01 
-.319918E+00 
.109207E+01 

-.130512E+01 

-.408306E+00 
.163258E+00 

-.125779E+01 
-.409829E+00 
.206710E+00 

-.145995E+01 

-.385856E+00 
.176697E+00 

-.168282E+01 

-.322754E+00 
.123257E+00 

-.164008E+01 

-.314595E+00 
.149254E+00 

-.152772E+01 
-.334338E+00 
.142516E+00 

.212637E+01 -.201708E+00 .897624E+00 .154983E+00 

-.435187E-01 .998066E-01 
.265685E+00 

.576782E-02 

.210792E+01 -.807191E-01 .893768E+00 .983539E-01 
-.341021E-01 .936083E-01 -.158389E-03 
.387037E+00 

-.189689E+01 .115360E-01 .790261E+00 .587043E-01 

-.273822E-01 .783377&01 -.274771E-02 
-.259647E+00 

.130590E+01 .269399E+00 .463499E+00 -.489371E-03 

-.951498E-02 .403341E-01 -.504433E-02 
.178303E+00 

.112745E+01 .127179E+00 .368650E+00 -.604604E-02 

-.304821E-01 .306946E-01 -.450001E-02 
.253999E+00 

.116599E+01 .172956E+00 .316902E+00 .291496E-01 
-.357485E-01 .227849E-01 -.220441E-03 
.315868E+00 
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E = .3981 eV 
Elastic 
ao-as: 
bi-b5: 

A,B,C: 

.339571E+01 
-.325218E+00 
.107057E+01 

E = .5012 eV 
Elastic 
ao-as: 

ae: 
bi-b5: 

A,B,C: 

.328678E+01 
-.108282E-01 
-.422376E+00 
.103993E+01 

E = .6310 eV 
Elastic 
a0-a5: .326592E+01 
bi-b4: -.420586E+00 

A,B,C: .102408E+01 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

bi-b 5 : 
A,B,C: 

.306473E+01 
-.673635E-02 
-.383902E+00 
.104211E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b 5 : 
A,B,C: 

.308582E+01 
.828015E-03 

-.333178E+00 
.106833E+01 

E- 1.2590 eV 
Elastic 

ao-a5: 
a6: 

bi-b 5 : 
A,B,C: 

.290349E+01 
-.863299E-02 
-.403670E+00 
.104430E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b 5 : 
A, B, C: 

.275346E+01 
-.126812E-01 
-.457445E+00 
.103327E+01 

E = 1.9950 eV 
Elastic 

a0-a5: 
a6: 

bi-b 5 : 
A, B, C: 

.276842E+01 
-.828035E-02 
-.438042E+00 
.101129E+01 

E = 2.5120 eV 
Elastic 
a0-a5: .272251E+01 
bi-b5: -.351732E+00 

A,B,C: .104038E+01 

E = 3.1620 eV 
Elastic 
ao-a^: .254397E+01 
bi-b4: -.452935E+00 

A,B,C: .101286E+01 

-.153550E+01 -.109164E+01 .208023E+00 .297738E+00 .272364E-01 
-.323750E+00 -.305458E-01 .211428E-01 -.208887E-03 
.101513E+00 -.208143E+00 

-.178322E+01 -.730074E+00 .237247E+00 .515624E-01 -.107944E+00 

-.283233E+00 -.252525E-01 -.267949E-02 -.109906E-01 
.169205E+00 -.281752E+00 

-.214863E+01 -.658809E+00 .865229E+00 .596188E+00 .488134E-01 
-.199670E+00 .619818E-01 .476904E-01 
.114920E+00 -.197774E+00 

-.168967E+01 -.391441E+00 .173342E+00 -.459324E-01 -.769436E-01 

-.272014E+00 -.441289E-01 -.121626E-01 -.694178E-02 
.139312E+00 -.247446E+00 

-.159416E+01 -.779646E+00 .204215E+00 .182414E+00 .236216E-01 

-.318739E+00 -.447267E-01 .780099E-02 .586719E-03 
.863989E-01 -.204331E+00 

-.174420E+01 -.724719E-01 .161211E+00 -.200841E+00 -.113679E+00 

-.250681E+00 -.493586E-01 -.258080E-01 -.883934E-02 
.169182E+00 -.308572E+00 

-.188022E+01 .370047E+00 .137704E+00 -.403671E+00 -.177459E+00 

-.207481E+00 -.500000E-01 -.424779E-01 -.128533E-01 
.192528E+00 -.339624E+00 

-.167903E+01 .284125E-01 .120526E-02 -.278031E+00 -.117871E+00 

-.245814E+00 -.603737E-01 -.298699E-01 -.845334E-02 
.613131E-01 -.989623E-01 

.140070E+01 -.448433E+00 -.242599E-01 .166590E-01 .143765E-02 

.308937E+00 -.700519E-01 -.539374E-02 -.233669E-03 

.751006E-01 -.111783E+00 

.159931E+01 -.212618E+00 -.381647E-01 -.288224E-02 

.269105E+00 -.494112E-01 -.242880E-02 

.782203E-01 -.142274E-02 . 
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E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.239527E+01 
-.204014E-02 
-.405600E+00 
.101480E+01 

E = 5.0120 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.217471E+01 
-.962002E-03 
-.431274E+00 
.997633E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.190470E+01 
-.716620E-03 
-.462045E+00 
.971596E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 

b i - b s : 
A,B,C: 

.170842E+01 
-.212123E-01 
-.100922E+01 
.934246E+00 

E = 10.0000 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.123199E+01 
-.199778E-01 
-.480282E+00 
.932599E+00 

E = 12.5900 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.907734E+00 
-.360689E-02 
-.483706E+00 
.950767E+00 

E = 15.8500 eV 
Elastic 
ao-as: 

as: 
b i -b 5 : 

A,B,C: 

.503590E+00 
-.114758E-01 
-.275852E+00 
.946624E+00 

E = 19.9500 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.215380E+00 
-.353824E-02 
-.470119E+00 
.945723E+00 

E = 25.1200 eV 
Elastic 
ao-as: 

a6: 
b ! -b 5 : 

A,B,C: 

-.129647E+00 
-.445893E-02 
-.475994E+00 
.952094E+00 

-.183297E+01 .337722E-01 .291104E+00 -.891455E-02 -.267830E-01 

-.265497E+00 -.449059E-01 -.922382E-02 -.226074E-02 
-.198854E-01 .117362E+00 

-.224229E+01 .208207E+00 .693179E+00 .154460E+00 -.325013E-02 

.243012E+00 -.110691E-01 .204465E-02 
-.397485E-01 .241686E+00 

-.117340E-02 

.256339E+01 .516598E+00 .979357E+00 .231313E+00 .411229E-02 

.209263E+00 .133976E-01 .707453E-02 -.907165E-03 
-.368511E-01 .306639E+00 

•.394462E+01 .306422E+01 .866456E+00 -.805141E+00 -.330338E+00 

.164865E+00 .933507E-01 -.571969E-01 -.202838E-01 
.177391E-01 -.905423E-01 

-.264465E+01 .260141E+01 .752652E+00 -.771812E+00 -.315180E+00 

-.271909E-01 -.784739E-01 -.887183E-01 -.214540E-01 
.270381E-02 -.199101E-01 

-.245785E+01 .161375E+01 .977667E+00 -.651456E-02 -.513611E-01 

-.142374E+00 .255457E-02 -.114895E-01 -.379813E-02 
.422354E-01 .579133E-01 

-.189887E+01 .192806E+01 .755870E+00 -.440368E+00 -.185023E+00 

-.231177E+00 -.101763E+00 -.559648E-01 -.119507E-01 
-.147117E-01 .267204E+00 

-.212297E+01 .197463E+01 .835551E+00 -.904459E-01 -.569331E-01 

.148516E+00 -.189701E-01 
.852989E-01 -.885183E-01 

.174414E-01 -.375823E-02 

•.180829E+01 .219603E+01 .613371E+00 -.223374E+00 -.782043E-01 

.147213E+00 -.382219E-01 -.259468E-01 -.467444E-02 
.102347E+00 -.138136E+00 
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E = 31.6200 eV 
Elastic 

ao-as: 
a6: 

bi -b 5 : 
A,B,C: 

-.413991E+00 
-.321491E-02 
-.439276E+00 
.955272E+00 

E = 39.8100 eV 
Elastic 
ao-as: 

a6: 
bi -b 5 : 

A,B,C: 

-.693623E+00 
-.219014E-02 
-.418012E+00 
.982029E+00 

E = 50.1200 eV 
Elastic 
ao-as: 

a6: 
bi-b 5 : 

A,B,C: 

-.966220E+00 
-.106674E-02 
-.392943E+00 
.101605E+01 

E = 63.1000 eV 
Elastic 
a0-a3: -.775027E+00 
b!-b3: -.703286E+00 

A,B,C: .106364E+01 

E = 79.4300 eV 
Elastic 
a0-a3: -.105923E+01 
b!-b3: -.701880E+00 

A,B,C: .115639E+01 

E = 100.0000 eV 
Elastic 
a0-a3: -.135966E+01 
bi-b3: -.708533E+00 

A,B,C: .123750E+01 

-.158055E+01 .209050E+01 .595655E+00 -.163617E+00 -.576941E-01 

-.180926E+00 -.476955E-01 -.221302E-01 -.347357E-02 
.143002E+00 -.271490E+00 

-.139118E+01 .201528E+01 .588403E+00 -.107213E+00 -.399384E-01 

-.204134E+00 
.164956E+00 

-.130623E+01 

•.229540E+00 
.185047E+00 

-.100208E+01 
-.938172E-01 
.411001E+00 

-.760920E+00 
-.988476E-01 
.479427E+00 

-.570978E+00 
-.946951E-01 
.611162E+00 

-.528538E-01 -.183370E-01 -.246931E-02 
-.415774E+00 

.191377E+01 .684409E+00 -.984818E-02 -.181818E-01 

.125002E-01 -.138076E-02 . -.521076E-01 
.630338E+00 

.161988E+01 
-.141263E-01 
.773615E+00 

.160606E+01 
-.136863E-01 
.106866E+01 

.165736E+01 
-.124765E-01 
.148475E+01 

.122129E+00 

.118935E+00 

.122502E+00 
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H + H ^ H + H H + H ^ H + H 

10w 

1(T r 
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Scattering Angle in Center of Mass System (rad) 
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H + H-^H + H H + H ^ H + H 
E0M = 0.5012 eV E0M = 1 eV 

-J Q I . . . . . . J -J - I - I . . . . ._J . 1 I -I -J - I -J ~J 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1 0 Li i i 11 i i 1111 11111111111 i i i i i i i i u Li i i • • i i • i g i i i i i 11 • • I i • i • • i • • i I 

1(T 

10' 

10L 

10" 

Fit to Elastic 
Elastic 

* * ' * * ' * *' 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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H + H ^ H + H H + H->H+.H 
ECM = 1.995 eV ECM = 5.012 eV 

10' r 
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0 3 0 
Scattering Angle in Center of Mass System (rad) 
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H + H ^ H + H H + H->H + H 
EC M=10eV ECM = 19.95 eV 

TO* r 

itf 

10' 

10u 
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Scattering Angle in Center of Mass System (rad) 
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H + H ^ H + H H + H ^ H + H 
ECM = 50.12 eV EC M=100eV 

-J Q I . . . . — J • . . . . J - I - I . . . . . . J . I I . . . . « J -J . . . — J - I .J . 
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-j Q I I I I . 

0 1 2 3 0 
* * ' • 

Scattering Angle in Center of Mass System (rad) 
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4. Hydrogen-atom-hydrogen-atom elastic collisions 

4.2 D + D 

Important Note 

The calculations of both differential and integral (elastic, momentum transfer, and viscosity) 
cross sections for the symmetric systems H + H, D + D, and T + T have been performed 
assuming the indistinguishability of the constituent nuclei. Thus, the elastic cross sections 
contain contributions from inclusion of both the impacting and recoiling atoms. Due to the 
full symmetry of the problem these constituent parts contribute equally and the correct high 
collision energy limit (classical distinguishability) has been taken into account by dividing the 
elastic cross sections by a factor of two. Therefore, the results reported in this section should be 
considered the "true" elastic cross sections (differential and integral). This procedure has also 
been followed in the calculation of the integral moments of the elastic cross section (momentum 
transfer and viscosity cross sections). We also note that, as a consequence of the particle 
indistinguishability, the momentum transfer cross section is identical to the elastic cross section 
and therefore does not coincide with the classical momentum transfer cross section in the high 
energy limit. (See the Introduction in Part A for more explanation.) 
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4.2 

D + D —• D + D 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

2.421845E+02 
2.091508E+02 
1.901638E+02 
1.857119E+02 
1.708241E+02 
1.532089E+02 
1.400814E+02 
1.300313E+02 
1.109169E+02 
9.714492E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
2.421845E+02 
2.091508E+02 
1.901638E+02 
1.857119E+02 
1.708241E+02 
1.532089E+02 
1.400814E+02 
1.300313E+02 
1.109169E+02 
9.714492E+01 

Viscosity 
(a.u.) 

6.262015E+01 
5.266611E+01 
4.210986E+01 
3.224829E+01 
2.732068E+01 
1.527850E+01 
7.530194E+00 
3.431649E+00 
1.133861E+00 
4.712506E-01 

Spin Exchange 
(a.u.) 

4.262276E+01 
3.702975E+01 
3.421856E+01 
3.103285E+01 
3.157338E+01 
2.859924E+01 
2.642097E+01 
2.425155E+01 
2.154046E+01 
1.956063E+01 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-ai: 
b!-b4: 

b5: 

Fitting parameters 

Elastic and Momentum Transfer 
.187295E+03 .720980E+02 
.496047E+00 .610483E-01 .210781E-02 
.492770E-03 

-.108431E-02 

ao-a3: 

b r b 4 : 
b5: 

.335638E+02 
•.322441E+00 
.236924E-01 
.143379E-02 

Viscosity 
.980690E+01 -.561087E+01 .285631E+01 

.179125E+00 .362025E-01 .916678E-02 

Spin Exchange 
ao-a2: .337409E+02 .283334E+02 .565983E+01 
bi-b4: .961097E+00 .281540E+00 .271279E-01 .349439E-03 
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D + D->D + D 
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4.2 

D + D 

Elastic Differential Cross Sections 

Analytic fitting function 

D + D 

2Tsin{B)^-{6) = [A + B{1 - cos(0)) + Csin\6)\ 

exp ^ ^ • ( / n ^ / f l . + Eb^/nWy 
w=o / \ j= i 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on t h e center of mass collision energy (E, 

eV) and scattering angle (0, radians) and t h e cross section is in a tomic uni t s (1 a.u. = a2
0 

s r ad" 1 = 2.80028E-17 cm2 s r a d " 1 ) . 

F i t t ing p a r a m e t e r s 

E = .1000 eV 
Elastic 
a0-a5: .387944E+01 
bi-b4: -.423678E+00 

A,B,C: .101509E+01 

E = .1259 eV 
Elastic 
a0-a5: .377987E+01 
b!-b4: -.406867E+00 

A, B, C: .888739E+00 

E= .1585 eV 
Elastic 
a0-a5: .374044E+01 
bi-b4: -.391080E+00 

A,B,C: .110433E+01 

E = .1995 eV 
Elastic 
a0-a5: .368438E+01 
bi-b4: -.413399E+00 

A,B,C: .106864E+01 

E = .2512 eV 
Elastic 
a0-a5: .350542E+01 
bi-b5: --350775E+00 

A,B,C: .100211E+01 

E = .3162 eV 
Elastic 
a0-a5: .344958E+01 
bi-b4: -.410957E+00 

A,B,C: .992125E+00 

•.210462E+01 
-.313744E+00 
.153400E+00 

-.212838E+01 
-.249405E+00 
.957963E-01 

•.207370E+01 
•.250409E+00 
.131013E+00 

•.217754E+01 
•.247069E+00 
.104706E+00 

.155155E+01 

.334283E+00 
.122956E+00 

-.215116E+01 
-.199498E+00 
.989469E-01 

.205964E+01 .880769E+00 .122700E+01 .113566E+00 
.888768E-01 .112746E+00 
.171756E+00 

.147632E+01 
.905050E-01 
.248913E-01 

.142435E+01 
.873955E-01 
.393124E+00 

.137428E+01 
.895324E-01 
.234423E+00 

.115849E+01 
-.480027E-01 
.161950E+00 

.939196E+00 .987993E+00 .900712E-01 
.892711E-01 

.974883E+00 .923440E+00 .806645E-01 
.797448E-01 

.100710E+01 .856800E+00 .735933E-01 
.726826E-01 

.399437E-01 .235073E+00 .211948E-01 

.152660E-01 -.201784E-03 

.694092E+00 .842865E+00 .547875E+00 .437060E-01 
.588323E-01 .425827E-01 
.156016E+00 
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E = .3981 eV 
Elastic 
a0-a5: .343839E+01 
bi-b4: -.432601E+00 

A,B,C: .108101E+01 

E = .5012 eV 
Elastic 
a0-a5: .335896E+01 
bi-b4: -.445471E+00 

A, B, C: .976379E+00 

E = .6310 eV 
Elastic 
a0-a5: .321726E4-01 
bi-b5: -.333216E+00 

A,B,C: .107446E+01 

E = .7943 eV 
Elastic 
a0-a5: .314264E+01 
bi-b4: -.368797E+00 

A,B,C: .102265E+01 

E = 1.0000 eV 
Elastic 
a0-a5: .308542E+01 
bi-b4: -.412496E+00 

A,B,C: .105310E+01 

E= 1.2590 eV 
Elastic 
a0-a5: .298755E+01 
bi-b4: -.473487E+00 

A,B,C: .106492E+01 

E = 1.5850 eV 
Elastic 
a0-a5: .284041E+01 
bi-b5: -.355743E+00 

A,B,C: .108265E+01 

E = 1.9950 eV 
Elastic 
a0-a5: .282640E+01 
b!-b5: -.356460E+00 

A,B,C: .103417E+01 

E = 2.5120 eV 
Elastic 
a0-a5: .272105E+01 
bj-bs: -.343504E+00 

A,B,C: .102038E+01 

E = 3.1620 eV 
Elastic 
a0-a5: .259824E+01 
bi-b5: -.352143E+00 

A,B,C: .101488E+01 

-.215895E+01 
-.225566E+00 
.131229E+00 

-.227171E+01 
-.205108E+00 
.901248E-01 

-.151456E+01 
-.324300E+00 
.123218E+00 

-.148145E+01 
-.333275E+00 
-.118666E-02 

-.177696E+01 
-.303349E+00 
-.532804 E-03 

-.221727E+01 
-.201469E+00 
.123032E+00 

-.163793E+01 
-. 299891E+00 
•455983E-01 

-.152633E+01 
-.308677E+00 
.630909E-01 

-.139668E+01 
-.314788E+00 
.853138E-01 

-.151304 E+01 
-.304744E+00 
.686064E-01 

-.879599E+00 
.522361E-01 

-.288983E+00 

-.637184E+00 
.507613E-01 

-.838591E-01 

-.812170E+00 
-.592147E-01 
-.272801E+00 

-.794439E+00 
-.645658E-01 
-.624213E-01 

-.588344E+00 
-.480931E-01 
-.124804E+00 

-.217621E+00 
.149551E-01 

-.266166E+00 

-.429331E+00 
-.544165E-01 

-.165293E+00 

-.493060E+00 
-.620686E-01 
-.116183E+00 

-.451681E+00 
-.710469E-01 
-.971122E-01 

-.332390E+00 
-.621246E-01 
-.699954 E-01 

.779222E+00 
.424698E-01 

.805147E+00 
.350965E-01 

.539896E-01 

.294318E-03 

-.884779E-01 
-.122545E-02 

.467165E-01 
-.377572E-03 

.543849E+00 
.144857E-01 

.159133E+00 
-.264993E-02 

.605948E-01 
-.409590E-02 

-.916388E-02 
-.664542E-02 

.110202E+00 
-.506295E-02 

.548118E+00 

.474484E+00 

.911783E-01 
-.243317E-03 

.301830E-01 

.421239E-01 

.233942E+00 

.654163E-01 
-.238443E-03 

.398311E-01 
-.234941E-03 

.737263E-02 
-.249618E-03 

.355206E-01 
-.248967E-03 

.436408E-01 

.362846E-01 

.724171E-02 

.291898E-02 

.305947E-02 

.159535E-01 

.420325E-02 

.268462E-02 

.485940E-03 

.203237E-02 
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E = 3.9810 eV 
Elastic 
a0-a5: .241557E+01 
bi-b6: -.398845E+00 

A, B, C: .962872E+00 

E = 5.0120 eV 
Elastic 
a0-a5: .218749E+01 
bi-b5: -.443002E+00 

A, B, C: .931279E+00 

E = 6.3100 eV 
Elastic 
a0-a5: .190733E+01 
bi-b5: -.457757E+00 

A,B,C: .921706E+00 

E = 7.9430 eV 
Elastic 
ao-a5: .160259E+01 
bj-b5: -.462442E+00 

A, B, C: .928346E+00 

E - 10.0000 eV 
Elastic 
a0-a5: .128459E+01 
bi-b5: -.451030E+00 

A,B,C: .941705E+00 

E = 12.5900 eV 
Elastic 
a0-a5: .959885E+00 
bi-b5: -.432800E+00 

A, B, C: .950951E+00 

E = 15.8500 eV 
Elastic 
a0-a5: .611146E+00 
bi-b5: -.425598E+00 

A,B,C: .974048E+00 

E = 19.9500 eV 
Elastic 
a0-a5: .270899E+00 
bj-bs: -.407490E+00 

A,B,C: .991325E+00 

E = 25.1200 eV 
Elastic 
a0-a5: -.502810E-01 
bi-b5: --389073E+00 

A,B,C: .998987E+00 

.188006E+01 -.117692E+00 .365173E+00 .104679E+00 .601025E-02 

.278785E+00 -.388843E-01 -.414532E-03 -.220214E-03 
-.971587E-02 .196550E+00 

.223661E+01 

.248137E+00 
-.403015E-01 

.245891E+01 

.224047E+00 
-.253769E-01 

.260341E+01 

.199591E+00 

.550056E-02 

.258052E+01 

.186236E+00 

.375746E-01 

.249600E+01 

.186868E+00 

.763494E-01 

-.242569E+01 
-.184073E+00 
.925498E-01 

•.225661E+01 
•.195615E+00 
.136820E+00 

•.205556E+01 
-.209053E+00 
.180314E+00 

.158929E+00 
-.163183E-01 
.360047E+00 

.457037E+00 
-.803829E-03 
.382091E+00 

.767493E+00 
.118752E-01 
.289236E+00 

.103067E+01 
.135747E-01 
.133140E+00 

.122532E+01 
.877672E-02 
-.406094 E-01 

.620209E+00 .165347E+00 .928973E-02 
.354413E-02 -.191078E-03 

.845638E+00 .208846E+00 .113360E-01 
.570486E-02 -.186840E-03 

.104037E+01 .241971E+00 .127794E-01 
.719658E-02 -.185656E-03 

.112009E+01 .241197E+00 .122936E-01 
.644769E-02 -.197298E-03 

.115127E+01 .230800E+00 .113107E-01 
.484446E-02 -.224231E-03 

.143066E+01 .117578E+01 .220211E+00 .104266E-01 
.559810E-02 .358842E-02 -.239263E-03 

-.194991E+00 

.155016E+01 .113913E+01 .198306E+00 .898366E-02 
-.460288E-02 .144293E-02 -.269161E-03 
-.409693E+00 

.162852E+01 .108251E+01 .176044E+00 766561E-02 
-.153936E-01 -.587410E-03 -.299523E-03 
•.602333E+00 
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E = 31.6200 eV 
Elastic 
ao-a5: -.178313E+00 
bi-b5: -.341374E+00 

A, B, C: .903352E+00 

E = 39.8100 eV 
Elastic 
ao-as: 

a6: 
bi-b 5 : 

A,B,C: 

-.664358E+00 
-.113435E-02 
-.391016E+00 
.101693E+01 

E = 50.1200 eV 
Elastic 
ao-as: 

a6: 
bi-bg: 

A,B,C: 

-.957799E+00 
-.111436E-02 
-.389135E+00 
.995234E+00 

E = 63.1000 eV 
Elastic 
ao-as: 

a6: 
bi -b 5 : 

A,B,C: 

-.124585E+01 
-.679164E-03 
-.377440E+00 
.994124E+00 

E = 79.4300 eV 
Elastic 
ao-as: 
bi-b 6 : 

A, B, C: 

-.153007E+01 
-.257164E+00 
.954302E+00 

E = 100.0000 eV 
Elastic 
ao-as: 
bi-b 6 : 

A,B,C: 

-.185447E+01 
-.303773E+00 
.924489E+00 

-.145589E+01 

-.225076E+00 
.267450E+00 

-.125967E+01 

-.235063E+00 
.270267E+00 

-.118799E+01 

-.248599E+00 
.361174E+00 

-.120680E+01 
-.300081E+00 
.297483E+00 

-.112230E+01 
-.288716E+00 
.476238E+00 

-.190979E+01 .134242E+01 .943623E+00 .153940E+00 .650802E-02 
-.286063E+00 -.553370E-01 -.679094E-02 -.600688E-03 
-.206434E-01 .288310E+00 

.185740E+01 .704815E+00 -.114638E-01 -.199117E-01 

-.484786E-01 -.121940E-01 -.144849E-02 
-.822791E+00 

.189962E+01 .643656E+00 -.266944E-01 -.204903E-01 

-.557568E-01 -.132015E-01 -.144410E-02 
•.780129E+00 

.189957E+01 .714156E+00 .216681E-01 -.112813E-01 

-.552344E-01 -.106273E-01 -.102921E-02 
•.850000E+00 

.176323E+01 .903849E+00 .132330E+00 
-.938577E-01 -.180819E-01 -.190481E-02 
.826268E+00 

.191100E+01 .916290E+00 .126812E+00 
-.747794E-01 -.120160E-01 -.108295E-02 
•.900000E+00 

.564621E-02 
-.688630E-04 

.497247E-02 
-.271503E-04 
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D + D->D + D D + D->D + D 

1 0 F-TT«» 

ECM = 0.1eV ECM = 0.1995 eV 
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D + D->D + D D + D->D + D 
ECM = 0.5012 eV ECM = 1 eV 
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D + D->D + D D + D-> D + D 
ECM = 1.995 eV ECM = 5.012 eV 
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D + D->D + D D + D-> D + D 
ECM = 10eV ECM = 19.95 eV 

1CT r 
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D + D-> D + D D + D->D + D 
ECM = 50.12 eV ECM=100eV 
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4. Hydrogen-atom—hydrogen-atom elastic collisions 

4.3 T + T 

Important Note 

The calculations of both differential and integral (elastic, momentum transfer, and viscosity) 
cross sections for the symmetric systems H + H, D + D, and T + T have been performed 
assuming the indistinguishability of the constituent nuclei. Thus, the elastic cross sections 
contain contributions from inclusion of both the impacting and recoiling atoms. Due to the 
full symmetry of the problem these constituent parts contribute equally and the correct high 
collision energy limit (classical distinguishability) has been taken into account by dividing the 
elastic cross sections by a factor of two. Therefore, the results reported in this section should be 
considered the "true" elastic cross sections (differential and integral). This procedure has also 
been followed in the calculation of the integral moments of the elastic cross section (momentum 
transfer and viscosity cross sections). We also note that , as a consequence of the particle 
indistinguishability, the momentum transfer cross section is identical to the elastic cross section 
and therefore does not coincide with the classical momentum transfer cross section in the high 
energy limit. (See the Introduction in Part A for more explanation.) 
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4.3 

T + T T + T 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

2.420110E+02 
2.106460E+02 
2.180746E+02 
1.938108E+02 
1.831380E+02 
1.623836E+02 
1.510418E+02 
1.376692E+02 
1.207188E+02 
1.082772E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
2.420110E+02 
2.106460E+02 
2.180746E+02 
1.938108E+02 
1.831380E+02 
1.623836E+02 
1.510418E+02 
1.376692E+02 
1.207188E+02 
1.082772E+02 

Viscosity 
(a.u.) 

6.402510E+01 
5.388377E+01 
4.138878E+01 
3.307416E+01 
2.731197E+01 
1.527970E+01 
7.530685E+00 
3.431827E+00 
1.133935E+00 
4.712903E-01 

Spin Exchange 
(a.u.) 

4.035041E+01 
3.734517E+01 
3.828719E+01 
3.289226E+01 
3.299340E+01 
2.992867E+01 
2.768223E+01 
2.552194 E+01 
2.271519E+01 
2.069508E+01 

Analytic fitting function 

<Td,mt,viAE) = (l>(/n(£))A / (i- + 5>;(MW] a-u-' 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a% = 2.80028E-17 cm2) 

ao-ai.: 
b!-b4: 

b5: 

Fitting parameters 

Elastic and Momentum Transfer 
.195221E+03 .645209E+02 
.426214E+00 .431653E-01 .609694E-02 
-.117523E-03 

.744287E-03 

Viscosity 
ao-a3: .341546E+02 -.139511E+01 -.281034E+01 .402855E+00 
b!-b4: .237543E+00 .732698E-03 .528430E-01 .169913E-01 

ao-aj: .338898E+02 
Spin Exchange 

.298974E+01 
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T + T->T + T 
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4.3 

T + T 

Elastic Differential Cross Sections 

Analytic fitting function 

, da ei 

T + T 

27rsin{9)^-(9) = [A + 5(1 - cos(8)) + Csin\0)] 

exp I>(Zn(*))'- / 1. + X>;(/n(0))> 
Ki=0 ) \ j=\ 

a.u., 

where A, B, C, a,-, and b,- axe coefficients depending on the center of mass collision energy (£, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .387127E+01 
bx-b4: -.391068E+00 

A,B,C: .105477E+01 

E = .1259 eV 
Elastic 
a0-a5: .362887E+01 
bi-b5: -.339447E+00 

A,B,C: .105632E+01 

E = .1585 eV 
Elastic 
a0-a5: .372187E+01 
bi-b4: -.450212E+00 

A,B,C: .999536E+00 

E = .1995 eV 
Elastic 
a0-a5: .364835E+01 
bi-b4: -.425342E+00 

A,B,C: .100930E+01 

E = .2512 eV 
Elastic 
a0-a5: .358283E+01 
bi-b4: -.431294E+00 

A,B,C: .103887E+01 

E = .3162 eV 
Elastic 
a0-a5: .346845E+01 
b r b 4 : -.428584E+00 

A,B,C: .102915E+01 

-.194815E+01 
-.277823E+00 
.166173E+00 

-.154770E+01 
-.333689E+00 
.121466E+00 

-.233270E+01 
-.256615E+00 
.118771E+00 

-.222445E+01 
-.220548E+00 
.898006E-01 

-.223060E+01 
-.230068E+00 
.147900E+00 

-.217517E+01 
-.207211E+00 
.104843E+00 

.165004E+01 .779262E+00 .875383E+00 .772847E-01 
.692379E-01 .763337E-01 
.299135E+00 

.122939E+01 
-.430804E-01 
.224036E+00 

.136478E+01 

.748962E-01 
.119378E+00 

.975415E+00 
.634819E-01 
.127301E+00 

.931963E+00 
.513730E-01 
.264597E+00 

.694901E-01 .252908E+00 .228363E-01 

.169550E-01 -.201700E-03 

.925108E+00 .792513E+00 .659032E-01 
.648878E-01 

.848589E+00 .596458E+00 .482146E-01 
.471605E-01 

.795385E+00 .528425E+00 .407665E-01 
.395461E-01 

.659844E+00 .722464E+00 .438901E+00 .334631E-01 
.425729E-01 .322480E-01 
.190588E+00 
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E = .3981 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.342330E+01 
-.467669E+00 
.100046E+01 

E = .5012 eV 
Elastic 
ao-as: 
b i -b 5 : 

A,B,C: 

.326502E+01 
-.357549E+00 
.103358E+01 

E = .6310 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.322236E+01 
-.477565E+00 
.102072E+01 

E = .7943 eV 
Elastic 
ao-as: 

a6: 
bj-b 5 : 

A,B,C: 

.313577E+01 
.787109E-04 

-.301241E+00 
.102529E+01 

E = 1.0000 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.305008E+01 
-.473691E+00 
.104338E+01 

E = 1.2590 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.297926E+01 
-.478432E+00 
.103648E+01 

E = 1.5850 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 

.285413E+01 
-.481352E+00 
.102301E+01 

E = 1.9950 eV 
Elastic 
ao-as: 
b!-b 4 : 

A,B,C: 

.284123E+01 
-.484992E+00 
.100530E+01 

E = 2.5120 eV 
Elastic 
ao-as: 
b i -b 4 : 

A, B, C: 

.284490E+01 
-.488981E+00 
.101213E+01 

E = 3.1620 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.260772E+01 
-.497362E+00 
.964219E+00 

-.235403E+01 
-.216258E+00 

.878421E-01 

-.155423E+01 
-.320781E+00 
.119205E+00 

-.236555E+01 
-.203099E+00 

.926124E-01 

-.131588E+01 

-.352398E+00 
.158472E+00 

-.221367E+01 
-.203036E+00 
.106624E+00 

-.217449E+01 
-.208835E+00 
.121719E+00 

-.227469E+01 
-.195637E+00 

.939937E-01 

-.212710E+01 
-.211675E+00 
.143027E+00 

-.200205E+01 
-.217778E+00 
.196235E+00 

-.210799E+01 
-.206647E+00 
.152226E+00 

-.699360E+00 .746122E+00 .429774E+00 .320239E-01 
.433078E-01 .308022E-01 

-.831241E-01 

-.835559E+00 .384522E-02 .849007E-01 .684613E-02 
-.596196E-01 .527579E-03 -.217113E-03 
-.193178E+00 

-.390196E+00 .661943E+00 .317085E+00 .222506E-01 
.288704E-01 .208977E-01 

-.151275E+00 

.833745E+00 -.134633E+00 .342269E-02 .175740E-02 

-.884304E-01 -.807627E-02 -.261537E-03 
.225588E+00 

.215660E+00 .496609E+00 .203620E+00 .134931E-01 
.984182E-02 .120072E-01 
.225726E+00 

.216802E+00 .459283E+00 .186292E+00 .121337E-01 
.540827E-02 .106114E-01 
.239458E+00 

-.553398E-01 .572842E+00 .198118E+00 .123122E-01 
.128837E-01 .107795E-01 
.168600E+00 

.158080E+00 .416074E+00 .155610E+00 .972897E-02 
-.249709E-03 .816141E-02 
.207864E+00 

.181708E+00 .247337E+00 .992929E-01 .624499E-02 
-.138553E-01 .466564E-02 
.405221E+00 

.107547E-01 .389946E+00 .125781E+00 .746819E-02 
-.483801E-02 .586598E-02 
.123033E+00 
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E = 3.9810 eV 
Elastic 
a0-a5: .242227E+01 
b!-b5: -.407674E+00 

A, B, C: .935483E+00 

E = 5.0120 eV 
Elastic 
a0-a5: .218339E+01 
bi-b5: -.441137E+00 

A,B,C: .926136E+00 

E = 6.3100 eV 
Elastic 
a0-a5: .189549E+01 
bi-b5: -.458657E+00 

A,B,C: .932148E+00 

-.218991E+01 
-.252177E+00 
-.360816E-01 

-.241109E+01 
-.223350E+00 
-.153984E-01 

E = 7.9430 eV 
Elastic 
a0-a5: .159283E+01 
bi-b5: -.459158E+00 

A,B,C: .945198E+00 

E = 10.0000 eV 
Elastic 
a0-a5: .128110E+01 
bi-b4: -.545171E+00 

A,B,C: .987702E+00 

E = 12.5900 eV 
Elastic 
a0-a5: .952866E+00 
b!-b4: -.537493E+00 

A,B,C: .102032E+01 

E = 15.8500 eV 
Elastic 
a0-a5: .602942E+00 
bj-b4: -.529540E+00 

A,B,C: .106670E+01 

E = 19.9500 eV 
Elastic 
a0-a5: .277436E+00 
bi-b5: -.394588E+00 

A,B,C: .101009E+01 

E = 25.1200 eV 
Elastic 
a0-a5: -.482067E-01 
b!-b5: -.380522E+00 

A, B, C: .978757E+00 

.188505E+01 -.119949E+00 .323462E+00 .874951E-01 .479287E-02 

.280020E+00 -.417680E-01 -.142368E-02 -.212242E-03 
-.131897E-01 .247750E+00 

.159593E+00 .562778E+00 .139710E+00 .745505E-02 
-.222031E-01 .173879E-02 -.190730E-03 
.363473E+00 

241109E+01 .483921E+00 .784954E+00 .180746E+00 .935351E-02 
576829E-02 .394902E-02 -.177718E-03 

.251414E+01 .779129E+00 .943723E+00 .202736E+00 .101436E-01 

.203024E+00 .330349E-02 .471901E-02 -.179082E-03 

.206673E-01 .236688E+00 

.282279E+01 .130869E+01 .115313E+01 .233853E+00 .114420E-01 

.118787E+00 .408894E-01 .980747E-02 

.957321E-01 -.143733E+00 

•.272628E+01 
•.110610E+00 
.128682E+00 

-.259329E+01 
-.108744E+00 
.161306E+00 

•.217465E+01 
•.206498E+00 
.183656E+00 

-.202883E+01 
-.214698E+00 
.241047E+00 

.153214E+01 
.386653E-01 

-.393485E+00 

.172640E+01 
.337189E-01 

-.679522E+00 

.150405E+01 
-.119842E-01 
•.534837E+00 

.160962E+01 
-.188199E-01 
-.702566E+00 

.116315E+01 .217116E+00 .102097E-01 
.850341E-02 

.114380E+01 .193841E+00 .867040E-02 
.684311E-02 

.107987E+01 .180973E+00 .787917E-02 
.145194E-03 -.281130E-03 

.106810E+01 .172040E+00 .730888E-02 
-.107539E-02 -.311559E-03 
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E = 31.6200 eV 
Elastic 
ao-as: 

a6: 
bi-bs: 

A,B,C: 

-.360282E+00 
-.793337E-03 
-.390119E+00 
.994700E+00 

E = 39.8100 eV 
Elastic 
ao-as: 

a6: 

b i -b 5 : 
A,B,C: 

-.647427E+00 
-.564912E-03 
-.366695E+00 
.948423E+00 

E - 50.1200 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

-.948571E+00 
-.630219E-03 
-.375004E+00 
.974148E+00 

E = 63.1000 eV 
Elastic 
ao-as: 

a6: 
b! -b 5 : 

A,B,C: 

-.175630E+01 
.443349E-03 

-.264243E+00 
.104444E+01 

E = 79.4300 eV 
Elastic 
ao-as: 

a6: 

b i -b 5 : 
A,B,C: 

-.174540E+01 
.564625E-03 

-.266578E+00 
.980995E+00 

E = 100.0000 eV 
Elastic 
ao-a5: 

a6: 
b i -b 5 : 

A,B,C: 

-.174408E+01 
.500983E-03 

-.262790E+00 
.946049E+00 

-.170112E+01 .176200E+01 .824321E+00 .461029E-01 -.118400E-01 

-.218908E+00 -.379349E-01 -.857977E-02 -.111018E-02 
.296812E+00 -.849170E+00 

-.153575E+01 .175442E+01 .822064E+00 .618149E-01 -.746646E-02 

-.239552E+00 -.458303E-01 -.848409E-02 -.926618E-03 
.367243E+00 -.958696E+00 

-.134511E+01 .183350E+01 .749444E+00 .352525E-01 -.998252E-02 

-.242414E+00 -.506479E-01 -.964182E-02 -.979021E-03 
.427515E+00 -.100000E+01 

-.132246E+01 .172052E+01 .107011E+01 .205357E+00 .157625E-01 

-.326342E+00 -.772051E-01 -.799870E-02 -.385102E-03 
.602543E+00 .379235E+00 

-.139500E+01 .171428E+01 .112083E+01 .227547E+00 .188540E-01 

-.325122E+00 -.733976E-01 -.665830E-02 -.254764E-03 
.622782E+00 -.842023E+00 

-.135502E+01 .170556E+01 .109191E+01 .216038E+00 .172300E-01 

-.328064E+00 -.764969E-01 -.747197E-02 -.327021E-03 
.607387E+00 -.100000E+01 
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T + T-^T + T T + T-^T + T 
ECM = 0.1eV ECM = 0.1995 eV 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
D 
QJ 1 0 LI I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I 

CO 

K m2 
C\J 1 0 

101 r 

10° r Fit to Elastic 
Elastic 

-J Q * ' ' ' •' I . . . . . . . . . I I I • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + T ^ T + T T + T-»T + T 
ECM = 0.5012 eV ECM = 1 eV 

10* r 

1(f r 

10 r 

~| Q u ' • • • — • J -» - J - > - J • ' ' • • • • — * - J . . . . - J - J - J . . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I » I I I I I I I I II 

10J 

Fit to Elastic 
Elastic 

10' 

10 r 

10L 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 • 1 1 1 

* • • • * • • • • ' * * •* I . . . . . . . . . i i i 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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T + T -^T + T T + T ^ T + T 
E0M = 1.995 eV E0M = 5.012 eV 

-J Q * • • " - ' - 1 •* - * - 1 •' I • • . . — I . ....-J . . . . . J -J - I 

10"5 10^ 10"3 TO"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10 J 

10' J 

101 

10u 

0 

Fit to Elastic 
Elastic 

' 

• 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 ii 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

* * * *. * 
3 0 

Scattering Angle in Center of Mass System (rad) 
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T + T->T + T T + T ^ T + T 
ECM = 10eV ECM = 19.95eV 

1Q I . . . . ~ J . ...~J - i - i . . . — i . j i . . . . . . . i . . . . . ^ . . . .—j - i - i . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10* r 

10* 

101 

10" r 

•j Q I I I I .1 I I I I . 

0 1 . 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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T + T->T + T T + T->T + T 
ECM = 50.12 eV EO M=100eV 

i l ium i m m i m m n n q i n n 

• • • — i . . . . _ j -1 -* -* • * 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1 0 fei I I I I I I I I I I I I I I I I I I I I I I I I I I I I I • ui i i i i i i i I l I I I I I I I I I l i i i I i i I I I I 

10* r 

1(f 

101 

10u 

10" 

Fit to Elastic 
Elastic 

•j Q I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I |l I I ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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4. Hydrogen-atom-hydrogen-atom elastic collisions 

4.4 D + H 



4.4 

D + H—» D + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

2.073942E+02 
1.906354E+02 
1.935574E+02 
1.812907E+02 
1.626282E+02 
1.492135E+02 
1.322300E+02 
1.225172E+02 
1.046647E+02 
9.371174E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
8.859074E+01 
7.017951E+01 
5.422499E+01 
4.316967E+01 
2.993711E+01 
1.161276E+01 
5.430030E+00 
2.387726E+00 
7.689166E-01 
3.084153E-01 

Viscosity 
(a.u.) 

6.279030E+01 
5.264260E+01 
4.141734E+01 
3.368797E+01 
2.733368E+01 
1.527672E+01 
7.529458E+00 
3.431365E+00 
1.133751E+00 
4.711944E-01 

Spin Exchange 
(a.u.) 

7.696991E+01 
6.230276E+01 
6.428067E+01 
5.970638E+01 
5.414246E+01 
4.855738E+01 
4.463955E+01 
4.102542E+01 
3.621019E+01 
3.271617E+01 

Analytic fitting function 

Vel,mt,vi,se(E) = fe *i(WE)A I ( 1- + E b i ( / n ( ^ ) ) j j a - U -

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a2: .178595E+03 

ao-a3: 
b!-b4: 

b5: 

Fitting parameters 

Elastic 
.175648E+02 -.358085E+00 

Momentum Transfer 
.437445E+02 .412813E+00 -.189227E+01 
.429745E+00 .256749E+00 .166570E+00 
.211056E-02 

.919928E-01 

.411435E-01 

Viscosity 
ao-a3: .338697E+02 -.101321E+02 .116753E+01 -.587742E-01 
bi-b4: --232556E-01 .204965E-01 .475252E-01 .155063E-01 

ao-ai: .582638E+02 
Spin Exchange 

.616219E+01 
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D + H ^ D + H 

O - A J ^ 
^ * ^ t fc«= 

^o* *1 

^ 4 M « 

^hl - , '"i3 

Ela 

U«**-> 

< s ^ 

^ 

^ 

stic 
Momentum Transfer 
Viscosity 

o Computed from fit to D 
Spin Exchange 
Computed from fit to T( 

I N N 1 

cs 

:s 
T IT 

- i ; 

<> 

\ v. Xi 

' • . . 

<M> 
^ r ' ' 
- * -
O O 

10 10 10 10' 
Energy in Center of Mass System (eV) 
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4.4 

D + H 

Elastic Differential Cross Sections 

Analytic fitting function 

D + H 

2Tsin{6)^{B) =[A + B{\ - cos(0)) + Csin2(6)} 

exp E ^ W J / i- + Eb;Wy 
\i=0 

a.u., 

where A, B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. 
srad-1 = 2.80028E-17 cm2 srad"1). 

~al 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .412182E+01 
bi-b4: .208148E-02 

A,B,C: .104643E+01 

E = .1259 eV 
Elastic 
a0-a5: .406978E+01 
b!-b4: .147435E+00 

A,B,C: .105340E+01 

E = .1585 eV 
Elastic 
a0-a5: .403595E+01 
bi-b4: .137728E+00 

A,B,C: .105737E+01 

E = .1995 eV 
Elastic 
a0-a5: .391206E+01 
bi-b4: .176801E+00 

A, B, C: .105672E+01 

E = .2512 eV 
Elastic 
a0-a5: .383738E+01 
bi-b4: .158058E+00 

A,B,C: .104868E+01 

E- .3162 eV 
Elastic 
a0-a5: .386823E+01 
bx-b4: .141786E+00 

A,B,C: .107922E+01 

-.549701E+00 
-.187847E+00 
.136792E+00 

.955376E-01 
.142527E+00 
.110674E+00 

.712915E-01 
-.147542E+00 
.151806E+00 

.185851E+00 
-.992039E-01 
.124401E+00 

-.749866E-01 
-.910114E-01 
.101219E+00 

.128615E-01 
-.109213E+00 
.191651E+00 

-.170561E+01 
-.544335E-02 
-.271408E+00 

-.149482E+01 
-.261156E-01 
-.253364E+00 

-.151903E+01 
-.344150E-01 
-.314894E+00 

.108196E+01 
-.474480E-01 
.286576E+00 

.106230E+01 
-.215735E-01 
.233395E+00 

-.109965E+01 
-.494121E-01 
-.411176E+00 

-.164459E+00 .673610E+00 .694804E-01 
.692014E-01 

-.380293E+00 .418232E+00 .438295E-01 
.436472E-01 

.460562E+00 .317732E+00 .338074E-01 
.335802E-01 

.559127E+00 .833392E-01 .124848E-01 

.122827E-01 

.294331E+00 .186010E+00 .191495E-01 
.189450E-01 

-.573699E+00 .115576E-01 .513088E-02 
.480192E-02 
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E = .3981 eV 
Elastic 
a0-a5: .377575E+01 -.680837E+00 
bi-b4: -.146529E-01 -.145947E+00 

A,B,C: .103412E+01 .204319E+00 

-.116246E+01 -.304555E+00 .170457E+00 .172613E-01 
-.291976E-01 .167338E-01 
-.348485E+00 

E = .5012 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.355657E+01 
-.311686E-02 
-.231779E+00 
.105411E+01 

E = .6310 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.356745E+01 
.951396E-02 
.102317E+01 

E = .7943 eV 
Elastic 
a0-a5: .350666E+01 
bi-b4: .513512E-01 

A,B,C: .104269E+01 

E = 1.0000 eV 
Elastic 
a0-a5: .347336E+01 
bi-b4: -.890239E-02 

A,B,C: .103145E+01 

E = 1.2590 eV 
Elastic 
a0-a5: .339896E+01 
bi-b4: -.298789E+00 

A,B,C: .102126E+01 

E = 1.5850 eV 
Elastic 
ao-a^ .315424E+01 
bi-b3: .290624E+00 

A,B,C: .110614E+01 

E = 1.9950 eV 
Elastic 
a0-a5: .307275E+01 
bi-b4: -.437368E+00 

A,B,C: .102780E+01 

E = 2.5120 eV 
Elastic 
a0-a5: .326466E+01 
b!-b4: -.376770E+00 

A,B,C: .102951E+01 

E = 3.1620 eV 
Elastic 
a0-a5: .328925E+01 
bi-b4: -.531366E+00 

A,B,C: .100088E+01 

-.163591E+01 -.795492E+00 -.176208E-01 -.147017E-01 -.366962E-01 

-.249446E+00 -.507839E-01 -.722921E-02 -.331888E-02 
.537615E-01 -.148510E+00 

.958365E+00 -.800953E+00 .637432E-01 .189265E+00 .156259E-01 
-.944508E-01 .232708E-02 .151645E-01 
.607754E-01 -.124134E+00 

-.849851E+00 -.731189E+00 .578750E-01 .141019E+00 .113237E-01 
-.787790E-01 .220034E-02 .108977E-01 
.546208E-01 -.129289E+00 

•.100263E+01 -.806369E+00 -.227783E-01 .123602E+00 .102168E-01 
-.103871E+00 -.711459E-02 .967352E-02 
.112944E+00 -.211981E+00 

-.206644E+01 -.752031E+00 .170997E+00 .185057E+00 .140146E-01 
-.176058E+00 -.330184E-02 .129716E-01 
.219916E+00 -.306970E+00 

•.626096E-01 -.311311E+00 -.110125E+00 -.712391E-02 
.198731E-01 -.522204E-02 
•.378039E-01 -.127936E+00 

•.217883E+01 
•.258415E+00 
.120565E+00 

.210880E+01 

.261478E+00 

.112134E+00 

.300233E+01 

.226242E+00 

.188331E+00 

.517741E+00 
-.491955E-01 
-.322452E-01 

.840384E+00 
-.486221E-01 
-.328726E-01 

.115695E+00 
-.244970E-02 

.172709E+00 
-.236442E-02 

-.980862E-02 -.193763E-03 

-.123776E-01 -.203298E-03 

.629574E+00 .243946E+00 .115041E+00 .732891E-02 
-.445194E-02 .663561E-02 
-.388368E-01 
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E = 3.9810 eV 
Elastic 
a0-a5: .326681E+01 
b!-b4: -.771693E+00 

A, B, C: .997455E+00 

E = 5.0120 eV 
Elastic 
a0-a5: .293729E+01 
bi-b4: -.694759E+00 

A, B, C: .990479E+00 

E = 6.3100 eV 
Elastic 
a0-a5: .252672E+01 
bi-b4: -.609786E+00 

A, B, C: .969651E+00 

E = 7.9430 eV 
Elastic 

-.414798E+01 -.193163E+00 .719526E+00 .270128E+00 
-.147480E+00 .549543E-01 .185554E-01 
-.331466E-01 -.285561E+00 

ao-as: 

bi-b5: 
A,B,C: 

.215581E+01 
.264525E-03 

-.566735E+00 
.949877E+00 

E = 10.0000 eV 
Elastic 
a0-a5: .196915E+01 
bi-b4: -.619193E+00 

A, B, C: .969282E+00 

E - 12.5900 eV 
Elastic 
a0-a5: .166429E+01 
bi-b4: -.572472E+00 

A,B,C: .974918E+00 

E - 15.8500 eV 
Elastic 
a0-a5: .132819E+01 
bi-b4: -.575157E+00 

A, B, C: .989093E+00 

E = 19.9500 eV 
Elastic 
ao-as: 
b!-b4: 

A,B,C: 

.989812E+00 
-.540388E+00 
.100707E+01 

E = 25.1200 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.460893E+00 
-.255638E-02 
-.435438E+00 
.963770E+00 

.166035E-01 

-.408026E+01 -.142684E+00 .867906E+00 .274341E+00 .159645E-01 
-.201317E+00 .391214E-01 .152744E-01 
.367541E-01 -.244084E+00 

•.388744E+01 -.108138E+00 .846831E+00 .273842E+00 .160034E-01 
•.195667E+00 .309524E-01 .144732E-01 
.159232E+00 -.794379E-01 

-.371970E+01 .684264E-01 .986059E+00 .278026E+00 .189320E-01 

-.273665E+00 .125302E-02 .872305E-02 .332453E-04 
-.101208E-01 .142108E+00 

-.390098E+01 .321253E+00 .880980E+00 .231939E+00 .125979E-01 
-.179283E+00 .272299E-01 .109339E-01 
.389679E+00 -.315187E+00 

-.372984E+01 .401994E+00 .794701E+00 .189903E+00 .988321E-02 
-.170396E+00 .197790E-01 .819521E-02 
.417309E+00 -.368538E+00 

-.361929E+01 .617794E+00 .771157E+00 .162830E+00 .808337E-02 
-.165204E+00 .152128E-01 .632142E-02 
.473568E+00 -.448887E+00 

•.339336E+01 .712959E+00 .680415E+00 
-.162124E+00 .695596E-02 .396434E-02 
.524204E+00 -.540125E+00 

.124694E+00 .579110E-02 

-.268428E+01 .116045E+01 .439097E+00 -.136567E+00 -.477365E-01 

-.198739E+00 -.448843E-01 -.178551E-01 -.278786E-02 
-.382250E-01 .122193E+00 
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E = 31.6200 eV 
Elastic 
a0-a5: .159043E+00 -.246146E+01 .111534E+01 

ae: -.202765E-02 
bi-b5: -.398988E+00 -.212603E+00 -.524838E-01 

A,B,C: .981790E+00 -.193135E-01 .525737E-01 

E = 39.8100 eV 
Elastic 
a0-a5: -.140217E+00 

a6: -.155138E-02 
bi-b5: -.382637E+00 

A,B,C: .100009E+01 

.228166E+01 .111196E+01 

-.225633E+00 
-.182224E-01 

-.566820E-01 
.261405E-02 

.389191E+00 

-.168875E-01 

.375412E+00 

-.153308E-01 

-.119293E+00 

-.228387E-02 

-.949203E-01 

-.182123E-02 

-.389298E-01 

-.305461E-01 

E — 50.1200 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and o~v. 
Elastic 
a0-a3: .272938E+00 -.272477E+01 .111144E+00 .136014E-01 
bi-b3: -.401971E+00 -.101971E+00 -.107635E-01 

A,B,C: .108639E+01 .137192E+01 -.110000E+01 

E = 63.1000 eV Warning: Fitted elastic differential cross section does not accurately yield amt and avi 
Elastic 
ao-a-,: -.392484E+00 -.300274E+01 -.631911E+00 -.107345E+00 -.505423E-02 
bi-b3: -.642668E-01 

A,B,C: .109156E+01 

E = 79.4300 eV 
Elastic 
a0-a4: -.731776E+00 
bi-b3: -.924873E-01 

A,B,C: .104178E+01 

-.496271E-01 
.131642E+01 

-.294273E+01 
-.519766E-01 
.116775E+01 

-.811993E-02 
-.110000E+01 

-.511431E+00 
-.877361E-02 
-.110000E+01 

-.995917E-01 -.495782E-02 

E = 100.0000 eV Warning: Fitted elastic differential cross section does not accurately yield crmt and a„; 
Elastic 
a0-a3: -.515173E+00 -.233070E+01 .386795E+00 .245825E-01 
b r b 3 : -.450567E+00 -.108095E+00 -.124303E-01 

A,B,C: .992372E+00 .117893E+01 -.110000E+01 

455 



D + H-^D + H D + H->D + H 

10° 
ECM = 0.1eV ECM = 0.1995 eV 

1CT r 

101 r 

1CT r 

-̂1 -J Q"' I . . . . — J . . . . _ J -J - I ^ . I I . . . . — J -J - I - I . ...~J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10J 
.1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1tf 

10' 

10u Fit to Elastic 
Elastic 

i Q ' ! • • « . ' * 

0 
Scattering Angle in Center of Mass System (rad) 
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D + H->D + H D + H-^D + H 
ECM = 0.5012 eV ECM = 1 eV 

10* r 

10* 

101 r 

10u 

-j Q I • • " — J -J "» -J . . . . ~ J . 1 I • • " - J -t •••'-* -I . . . . ~J • 

10"5 10"4 10"3 10"2 10"1 10° 10~5 10"4 10"3 10"2 10"1 10° 

10' 

10' 

101 

10u 
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D + H->D + H D + H ^ D + H 
E^ = 1.995 eV ECM = 5.012 eV 

i Miuq iniuq i n i n ^ i uinq • iiuiq i 
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D + H->D + H D + H-^D + H 
EOM = 10eV ECM= 19.95 eV 

I I I IU| i m m i I I IMJ i m i l i iiiMf-r: 

. . . . ~ j . . . . . J . . . . — J - i - i 
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D + H ^ D + H D + H ^ D + H 
ECM = 50.12 eV ECM = 100eV 
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4^ Hydrogen-atom-hydrogen-atom elastic collisions 

4.5 T + H 
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4.5 

T + H ^ T + H 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

2.114983E+02 
2.004877E+02 
1.861020E+02 
1.803353E+02 
1.697051E+02 
1.476679E+02 
1.357246E+02 
1.224405E+02 
1.081839E+02 
9.464712E+01 

Cross Section 
Momentum Transfer 

(a.u.) 
8.676984E+01 
7.051417E+01 
5.495067E+01 
4.237729E+01 
2.993774E+01 
1.161297E+01 
5.430115E+00 
2.387762E+00 
7.689324E-01 
3.084784E-01 

Viscosity 
(a.u.) 

6.193777E+01 
5.227189E+01 
4.169672E+01 
3.364781E+01 
2.732937E+01 
1.527731E+01 
7.529704E+00 
3.431467E+00 
1.133789E+00 
4.712828E-01 

Spin Exchange 
(a.u.) 

7.595777E+01 
6.631765E+01 
6.312245E+01 
5.962833E+01 
5.477038E+01 
4.931545E+01 
4.538090E+01 
4.160254E+01 
3.681188E+01 
3.329627E+01 

Analytic fitting function 

<Td,mt.viAE) = (T,^(ln(E)y] I f 1..+ J2^(HE))3) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a* = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-a3: 
b r b 4 : 

b5 : 

a<ra3: 

b r b 4 : 

ao-ai: 

bi: 

.177151E+03 

.434447E+02 

.166405E+00 
-.370334E-02 

.337069E+02 
-.427652E+00 

.567448E+02 
.731208E-01 

Elastic 
-.190060E+02 .356493E+00 

Momentum Transfer 
-.107166E+02 .331950E+00 
.184440E+00 .116281E+00 

Viscosity 
-.247890E+02 .675386E+01 
.482059E-01 .175823E-01 

Spin Exchange 
-.192197E+01 

.365525E-01 

.136812E-01 

-.624860E-1-00 
.491383E-02 
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T + H ^ T + H 

Spin Exchange 
Computed from fit to TCS 

10~1 10° 101 102 

Energy in Center of Mass System (eV) 
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4.5 

T+'H 

Elastic Differential Cross Sections 

Analytic fitting function 

T + H 

.2v3in{0)^{6) =\A + 5(1 - cos(8)) + Csin2(9)] 

exp 
<i=0 / \ j= l > 

a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = o?0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E- .1000 eV 
Elastic 
a0-a5: .409345E+01 -.248912E+00 -.144853E+01 
bi-b4 : .673707E-01 -.152550E+00 -.227212E-01 

A,B,C: .105474E+01 .135282E+00 -.296959E+00 

-.319331E+00 .459728E+00 .485636E-01 
.483176E-01 

i ; = .1259eV 
Elastic 
a0-a5: .405732E+01 
bi-b4: .730255E-01 

A, B, C: .104557E+01 

£ := .1585eV 
Elastic 
a0-a5: .398840E+01 
bi-b4 : .101767E+00 

A,B,C: .104318E+01 

E =• .1995 eV 
Elastic 
a0-a5: .389294E+01 
bi-b4: .147248E+00 

A,B,C: .104444E+01 

E = .2512 eV 
Elastic 
a0-a5:. .385775E+01 
bi-b4 : .257376E+00 

A,B,C: .109856E+01 

E = .3162 eV 
Elastic 
a0-a5: .378160E+01 
bi-b4: .696023E-01 

A,B,C: .102183E+01 

-.357034E+00 
-.158853E+00 
.918424E-01 

•-239544E+00 
•.126054E+00 
.103995E+00 

-.737142E-02 
-.960200E-01 
.114595E+00 

.374009E+00 
-.604319E-01 
.988714E-01 

-.599957E+00 
-.964055E-01 
.428824E-01 

-.161477E+01 -.257315E-01 .610870E+00 .581551E-01 
.786260E-02 .579198E-01 

-.211091E+00 

-.130496E+01 -.176127E+00 .350377E+00 .342740E-01 
-.949960E-02 .340334E-01 
-.230524E+00 

.103344E+01 -.415983E+00 .137039E+00 .160660E-01 
-.343055E-01 .158376E-01 
.248068E+00 

.929871E+00 -.435858E+00 .385999E-01 .648508E-02 
-.327210E-01 .636945E-02 
.309705E+00 

-.100044E+01 .416628E-01 .270771E+00 .240307E-01 
.667831E-02 .237426E-01 
-.930811E-01 
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E = .3981 eV 
Elastic 
ao-as: 

a6: 
bx-b5: 

A,B,C: 

.360782E+01 
-.790451E-02 
-.305457E+00 
.102352E+01 

E = .5012 eV 
Elastic 
ao-as: 
b1-b4: 

A,B,C: 

.364744E+01 

.174883E+00 

.105326E+01 

E = .6310 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.363030E+01 

.135549E+00 

.108925E+01 

E = .7943 eV 
Elastic 
ao-as: 

ae: 
b!-b5: 

A,B,C: 

.341671E+01 
-.591330E-02 
-.401823E+00 
.101322E+01 

E - 1.0000 eV 
Elastic 
a0-a5: .347934E+01 
b r b 4 : -.200282E+00 

A,B,C: .101753E+01 

E= 1.2590 eV 
Elastic 

ao-a5: 
a6: 

bi-b5: 
A, B, C: 

.319681E+01 
-.741419E-02 
-.443310E+00 
.100449E+01 

E = 1.5850 eV 
Elastic 

ao-a3: 
b!-b2: 

A,B,C: 

.291367E+01 

.204596E+00 

.967114E+00 

E- 1.9950 eV 
Elastic 

ao-as: 
ae: 

b^bs: 
A, B, C: 

.310342E+01 
-.468590E-02 
-.349963E+00 
.102695E+01 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

b rbs : 
A,B,C: 

.309894E+01 
-.237893E-02 
-.337395E+00 
.100574E+01 

-.201872E+01 -.697068E+00 .250206E+00 -.126158E-02 -.915958E-01 

-.232478E+00 -.228456E-01 -.729555E-02 -.807527E-02 
.167586E-01 -.479364E-01 

-.627338E-01 -.753619E+00 -.378169E+00 -.124039E-01 .137427E-02 
-.626824E-01 -.319391E-01 .110129E-02 
-927495E-01 -.225711E+00 

-.335193E+00 -.851178E+00 -.253486E+00 .332034E-01 .425662E-02 
-.774592E-01 -.216139E-01 .390206E-02 
.110929E+00 -.316541E+00 

.241087E+01 -.507586E+00 .292439E+00 -.331749E-01 -.739693E-01 

.250500E+00 -.284665E-01 -.105873E-01 -.609934E-02 
-.304559E-02 -.863664E-02 

.183813E+01 -.811078E+00 .287880E+00 .237221E+00 .174824E-01 

.147957E+00 .117139E-01 .166482E-01 

.824574E-01 -.134119E+00 

.246666E+01 -.987496E-01 .236428E+00 -.184112E+00 -.106378E+00 

.227001E+00 -.357951E-01 -.218265E-01 -.758231E-02 
-.872074E-02 .105442E-01 

.488234E+00 

.249794E-01 

.553795E-02 

-.268579E-01 .215759E-02 

.328564E+00 

E = 3.1620 eV 
Elastic 
a0-a5: .333361E+01 
bj-b4: -.543958E+00 

A,B,C: .100273E+01 

-.201687E+01 -.319232E+00 -.110888E+00 -.236375E+00 -.768454E-01 

-.249768E+00 -.670377E-01 -.240377E-01 -.488718E-02 
.757986E-01 -.825276E-01 

-.215299E+01 -.631597E+00 -.586510E-01 -.965101E-01 -.375220E-01 

-.262255E+00 -.583984E-01 -.130180E-01 -.257154E-02 
-.837018E-01 .190375E+00 

.302656E+01 -.628847E+00 .236032E+00 .113170E+00 .716010E-02 

.219062E+00 -.202222E-02 .678523E-02 

.194775E+00 -.857136E-01 
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E = 3.9810 eV 
Elastic 
a0-a5: .318436E+01 
bi-b4: -.643244E+00 

A, B, C: .997268E+00 

-.361995E+01 -.370583E+00 .535300E+00 .191274E+00 .113946E-01 
-.192326E+00 .251921E-01 .117560E-01 
-.158683E+00 -.116908E+00 

E = 5.0120 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.302655E+01 
-.792044E+00 
.946391E+00 

E = 6.3100 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.264665E+01 
-.568142E+00 
.900585E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.215891E+01 
.613941E-03 

-.570824E+00 
.945946E+00 

E = 10.0000 eV 
Elastic 
a0-a2: .216264E+01 
bi-b5: -.399266E+00 

A,B,C: .920191E+00 

E = 12.5900 eV 
Elastic 
a0-a5: .165756E+01 
bi-b4: -.592569E+00 

A,B,C: .977192E+00 

•.448158E+01 .254927E-01 .975321E+00 .323539E+00 .190663E-01 
•.161397E+00 .580285E-01 .194651E-01 
.150294E+00 -.348947E+00 

-.405880E+01 -.200505E+00 .111402E+01 .308409E+00 .171079E-01 
-.294401E+00 .134413E-01 .118436E-01 
.308995E+00 -.407110E+00 

-.373202E+01 .485799E-01 .997743E+00 .298664E+00 .250584E-01 

-.278026E+00 .132873E-02 
-.495999E-01 .181833E+00 

.100783E-01 .382119E-03 

E = 15.8500 eV 
Elastic 
ao-as: 

ae: 
bi-b5: 

A,B,C: 

.115006E+01 
-.211286E-02 
-.499869E+00 
.942531E+00 

E = 19.9500 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

.979795E+00 
-.557630E+00 
.101678E+01 

E = 25.1200 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.477291E+00 
-.204410E-02 
-.427729E+00 
.970187E+00 

-.254714E+01 -.231546E+00 
-.202132E+00 -.368379E-01 -.251411E-02 -.466306E-04 
-.334755E+00 .124428E+00 

-.378102E+01 .466583E+00 .833952E+00 .195306E+00 .100459E-01 
-.171920E+00 .212451E-01 .833194E-02 
.425779E+00 -.375319E+00 

.321003E+01 .895782E+00 .675078E+00 -.192675E-01 -.341109E-01 

.210094E+00 -.246761E-01 -.106864E-01 -.233281E-02 
-.306842E-01 .169638E+00 

-.341852E+01 .776534E+00 .707344E+00 .126784E+00 .580591E-02 
-.163720E+00 .765566E-02 .395370E-02 
.531111E+00 -.559659E+00 

-.269249E+01 .106402E+01 . .477077E+00 -.931157E-01 -.378464E-01 

-.212682E+00 -.447685E-01 -.152808E-01 -.229265E-02 
-.220677E-01 .966788E-01 
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E = 31.6200 eV 
Elastic 
ao-a5: .168205E+00 -.248305E+01 .108000E+01 .434941E+00 -.843122E-01 -.314579E-01 

a6: -.164908E-02 
bi-b5: -.403646E+00 -.223821E+00 -.516417E-01 -.148506E-01 -.191610E-02 

A,B,C: .997199E+00 .919519E-02 -.872994E-02 

E = 39.8100 eV Warning: Fitted elastic differential cross section does not accurately yield amt and o~Vi 
Elastic 
a0-a3: .533689E+00 -.272912E+01 .223923E+00 .220627E-01 
bj-ba: -.441679E+00 -.102432E+00 -.111371E-01 

A,B,C: .102784E+01 .984232E+00 -.110000E+01 

E = 50.1200 eV Warning: Fitted elastic differential cross section does not accurately yield amt and crVi 
Elastic 
a0-a2: -.665713E+00 -.397493E+01 -.279341E+00 
b!-bi: -.104593E+00 

A,B,C: .817606E+00 .613905E+01 -.110000E+01 

E = 63.1000 eV Warning: Fitted elastic differential cross section does not accurately yield omt and av{ 
Elastic 
ao-a4: -.398326E+00 -.302797E+01 -.622014E+00 -.944303E-01 -.417780E-02 
b!-b3: -.645776E-01 -.490954E-01 -.731425E-02 

A,B,C: .111250E+01 .140307E+01 -.110000E+01 

E = 79.4300 eV Warning: Fitted elastic differential cross section does not accurately yield o~mt 
Elastic 
a0-a3: -.299385E+00 -.228194E+01 .503018E+00 .328943E-01 
b!-b3: -.486114E+00 -.108158E+00 -.127634E-01 

A,B,C: .980520E+00 .776824E+00 -.110000E+01 

E = 100.0000 eV Warning: Fitted elastic differential cross section does not accurately yield amt and crvi 
Elastic 
a0-a3: -.575225E+00 -.224836E+01 .526360E+00 .334327E-01 
bi-b3: -.479496E+00 -.105353E+00 -.124585E-01 

A,B,C: .958750E+00 .988457E+00 -.110000E+01 
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T + H-^T + H T + H ^ T + H 
ECM = 0.1eV ECM = 0.1995eV 
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T + H ^ T + H T + H ^ T + H 
ECM = 0.5012 eV ECM = 1 eV 

10* r 
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T + H-»T+H T + H ^ T + H 
ECM= 1.995 eV ECM = 5.012 eV 
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T + H ^ T + H T + H ^ T + H 
ECM = 10eV ECM = 19.95 eV 
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T + H ^ T + H T + H-^T + H 

10' 
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1-tf 
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4. Hydrogen-atom-hydrogen-atom elastic collisions 

4.6 D + T 



4.6 

D + T —• D + T 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

2.281735E+02 
2.120174E+02 
2.114233E+02 
1.927703E+02 
1.741293E+02 
1.584524E+02 
1.463267E+02 
1.309569E+02 
1.137384E+02 
1.016537E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
8.732126E+01 
6.952694E+01 
5.332421E+01 
4.181184E+01 
2.993958E+01 

1.161360E+01 
5.430367E+00 
2.387874E+00 
7.689822E-01 
3.084285E-01 

Viscosity 
(a.u.) 

6.376723E+01 
5.202941E+01 
4.100492E+01 
3.340119E+01 
2.731634E+01 
1.527910E+01 
7.530441 E+00 
3.431739E+00 
1.133967E+00 
4.712356E-01 

Spin Exchange 
(a.u.) 

8.083014E+01 
6.836728E+01 
6.571535E+01 
6.454273E+01 
5.750557E+01 
5.201288E+01 
4.796379E+01 
4.409485E+01 
3.923077E+01 
3.561643E+01 

Analytic fitting function 

0el.mt,vi,.e(E) = ( S X M ^ ) ) ' ) / ( l - + £ M M W J a.U., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2i 

bi: 

ao_a3: 
bi-b3: 

ao-a3i 
b r b 4 : 

ao-a2i 

.190892E+03 

.406001E+00 

.424683E+02 
.298182E-01 

.338778E+02 
-.851441E-01 

.637436E+02 

.499478E+00 

.584403E+02 -.793154E+01 

Momentum Transfer 
-.185521E+02 .247761E+01 
.121280E+00 .346443E-01 

Viscosity 
-.127847E+02 .167495E+01 
.217940E-01 .336199E-01 

Spin Exchange 
.265682E+02 -.263497E+01 

-.720297E-01 

-.642666E-01 
.935120E-02 
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D + T ^ D + T 
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4.6 

D + T 

Elastic Differential Cross Sections 

Analytic fitting function 

dcrei, 

D + T 

2vsin(9)=j£(6) = \A+ B{\ - cos{6)) + Csin\6)\ 
ail L J 

exp E'w(K«)) ,j/|l- + X;»>i('n(W 
w=o 

a.u. 

where A, B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .410772E+01 
bi-b4: .511613E-01 

A,B,C: .104322E+01 

E = .1259 eV 
Elastic 
a0-a5: .399777E+01 
bi-b4: .187192E+00 

A,B,C: .106066E+01 

E = .1585 eV 
Elastic 
a0-a5: .395595E+01 
bi-b4: .252824E+00 

A,B,C: .107810E+01 

E = .1995 eV 
Elastic 
a0-a5: .389338E+01 
bi-b4: .539887E-01 

A,B,C: .102450E+01 

E = .2512 eV 
Elastic 
a0-a5: .386904E+01 
bi-b4: .180478E+00 

A,B,C: .106647E+01 

E = .3162 eV 
Elastic 
a0-a5: .380856E+01 
bi-b4: .958250E-01 

A,B,C: .106986E+01 

-.428766E+00 
-.137985E+00 
.110358E+00 

.186464E+00 
-.877586E-01 
.854400E-01 

.340666E+00 
-.541381E-01 
.648018E-01 

-.499957E+00 
-.110927E+00 
.945742E-01 

.103881E+00 
-.798447E-01 
.112725E+00 

-.298973E+00 
-.979680E-01 
.155802E+00 

-.133063E+01 -.138613E+00 .342733E+00 .326864E-01 
-.766817E-02 .323727E-01 
-.218747E+00 

.104008E+01 -.413388E+00 .116538E+00 .137349E-01 
-.323068E-01 .135486E-01 
.224349E+00 

.893897E+00 -.306183E+00 .799864E-01 .908651E-02 
-.205890E-01 .899333E-02 
.225668E+00 

.104653E+01 -.164853E+00 .194610E+00 .182761E-01 
-.135909E-01 .179160E-01 
.181827E+00 

.921409E+00 -.451586E+00 -.572773E-02 .238444E-02 
-.370481E-01 .210038E-02 
.276838E+00 

-.905155E+00 -.375597E+00 .117613E-01 .329012E-02 
-.338290E-01 .284944E-02 
-.340295E+00 
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E = .3981 eV 
Elastic 
a0-a5: .371226E+01 
bi-b4: .905713E-01 

A,B,C: .105350E+01 

E = .5012 eV 
Elastic 
a0-a5: .369469E+01 
bi-b4: -.876713E-01 

A,B,C: .104949E+01 

E = .6310 eV 
Elastic 

-.542555E+00 
-.763741E-01 
.692346E-01 

-.130923E+01 
.131921E+00 
.133114E+00 

.760597E+00 -.109206E+00 .773083E-01 .696623E-02 
-.109187E-01 .657603E-02 
.189702E+00 

.904620E+00 .822621E-01 .167882E+00 .129818E-01 
-.129150E-02 .122791E-01 
.272948E+00 

ao-as: 
a6: 

bi-b5: 
A, B, C: 

.345530E+01 
-.690452E-02 
-.473085E+00 
.999438E+00 

.263423E+01 -.367446E+00 .299409E+00 -.953537E-01 -.931573E-01 

E = .7943 eV 
Elastic 
a0-a5: .344801E+01 
bi-b4: -.161635E+00 

A,B,C: .102526E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.334751E+01 
-.666584E-03 
-.346553E+00 
.103643E+01 

.247874E+00 
-.324978E-01 

-.155671E+01 
-.126777E+00 
.455523E-01 

-.214061E+01 

-.282075E+00 
-.928635E-02 

-.279485E-01 
.470185E-01 

.149836E-01 -.706729E-02 

.552405E+00 .108238E+00 .113759E+00 .832010E-02 
-.554366E-02 .746170E-02 
-.946938E-01 

.708781E+00 .129028E+00 .519957E-01 -.529205E-02 

-.476701E-01 -.302361E-02 -.882003E-03 
-.403699E-01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.321770E+01 
-.223053E-02 
-.408111E+00 
.103179E+01 

E = 1.5850 eV 
Elastic 
a0-a5: .317106E+01 
bi-b4: -.527771E-01 

A,B,C: .101829E+01 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.309391E+01 
-.458748E-02 
-.388790E+00 
.983814E+00 

-.231918E+01 -.460107E+00 .149888E+00 -.395697E-01 -.324780E-01 

-.287649E+00 -.529787E-01 -.107182E-01 -.246157E-02 
-.266143E-01 -.434277E-02 

.147549E+01 -.327859E+00 .333542E+00 .142554E+00 .899768E-02 
•.703169E-01 .155537E-01 .837636E-02 
.694804E-04 -.601957E-02 

-.215217E+01 -.216999E+00 -.799625E-01 -.240921E+00 -.776885E-01 

E = 2.5120 eV 
Elastic 
a0-a5: .337892E+01 
bi-b4: -.448281E+00 

A,B,C: .991830E+00 

E = 3.1620 eV 
Elastic 
ao-a5: .334389E+01 
bi-b4: -.621594E+00 

A,B,C: .959086E+00 

.239843E+00 

.641128E-01 

.229195E+01 

.250596E+00 

.221862E+00 

.326529E+01 

.178281E+00 

.216148E+00 

-.612433E-01 -.232876E-01 -.476542E-02 
-.386495E-02 

.775485E+00 
-.366276E-01 
-.333366E-01 

.102811E+00 .990124E-02 .107205E-02 
-.323991E-03 

-.426368E+00 .263230E+00 .117858E+00 J11640E-02 
.110805E-01 .806093E-02 
-.125967E-01 
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E = 3.9810 eV 
Elastic 
a0-a5: .328936E+01 
b r b 4 : -.797375E+00 

A, B, C: .927788E+00 

E = 5.0120 eV 
Elastic 
a0-a5: .272530E+01 
bi-b4: -.536838E+00 

A,B,C: .941266E+00 

E = 6.3100 eV 
Elastic 
a0-a5: .247600E+01 
bi-b4: --589939E+00 

A, B, C: .945669E+00 

E = 7.9430 eV 
Elastic 
a0-a5: .221172E+01 
bi-b4: -.623203E+00 

A, B, C: .955070E+00 

E = 10.0000 eV 
Elastic 
a0-a5: .192725E+01 
bi-b4: -.635728E+00 

A,B,C: .972769E+00 

E = 12.5900 eV 
Elastic 
a0-a5: .161598E+01 
bi-b4: --617748E+00 

A,B,C: .100329E+01 

.425198E+01 -.320240E-01 .682654E+00 .234135E+00 .134135E-01 

.120434E+00 .551592E-01 .160092E-01 
-.478664E-01 -.200453E+00 

.348406E+01 

.198542E+00 

.103897E+00 

.373963E+01 

.192712E+00 
.162095E-01 

-.388875E+01 
-.188515E+00 
.187016E+00 

-.391210E+01 
-.183295E+00 
.317398E+00 

-.379823E+01 
-.175504E+00 
.385017E+00 

-.297677E+00 .569291E+00 .185923E+00 .105198E-01 
.113979E-01 .905821E-02 
.251297E+00 

-.803388E-02 .734974E+00 .207600E+00 .112454E-01 
.191879E-01 .969052E-02 
.119668E+00 

.250547E+00 .850778E+00 .215472E+00 .112009E-01 
.231960E-01 .953496E-02 

-.733100E-01 

.468004E+00 .893786E+00 .206403E+00 .103476E-01 
.230411E-01 .859913E-02 

-.238023E+00 

.628377E+00 .852974E+00 .176466E+00 .845803E-02 
.183524E-01 .666323E-02 

-.372759E+00 

E = 15.8500 eV Warning: Fitted elastic differential cross section does not accurately yield <rvi 
Elastic 
a0-a3: .180713E+01 -.290596E+01 
bi-b3: -.347999E+00 -.128584E+00 

A,B,C: .113260E+01 .668295E+00 

-.470485E+00 -.312382E-01 
-.118813E-01 
-.110000E+01 

E= 19.9500 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.845179E+00 
-.539667E-03 
-.465547E+00 
.996815E+00 

E = 25.1200 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.513120E+00 
-.773866E-03 
-.426858E+00 
.100937E+01 

•.301558E+01 .791682E+00 .723479E+00 .785770E-01 -.570416E-02 

-.253154E+00 -.338507E-01 -.538270E-02 -.820583E-03 
.570674E-01 -.264304E-01 

-.275853E+01 .881232E+00 .620907E+00 .283877E-01 -.122122E-01 

-.251433E+00 -.434899E-01 -.854012E-02 -.106976E-02 ' 
.660229E-01 -.731992E-01 
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E- 31.6200 eV 
Elastic 
a0-a5: .168907E+00 

a6: -.133827E-02 
bi-b5: -.402014E+00 

A,B,C: .995821E+00 

-.246918E+01 .104944E+01 .450915E+00 

-.134423E-01 -.233402E+00 
-.667809E-02 

E = 39.8100 eV 
Elastic 
ao-a5: -.126489E+00 -.228935E+01 

a6: -.114834E-02 
bi-b5: -.367126E+00 -.242859E+00 

A, B, C: .989942E+00 -.275630E-01 

-.526623E-01 
.140728E-01 

.101789E+01 .418688E+00 

-.584805E-01 -.133831E-01 
.372030E-01 

E = 50.1200 eV 
Elastic 
a0-a5: -.415095E+00 -.219412E+01. .102132E+01 .488758E+00 

a6: -.670317E-03 
bi-b5: -.362183E+00 -.261461E+00 -.599154E-01 -.109046E-01 

A,B,C: .960322E+00 -.817088E-01 .158258E+00 

-.627100E-01 

-.162397E-02 

-.568466E-01 

-.146252E-02 

-.382312E-02 

-.101598E-02 

.260613E-01 

-.228572E-01 

.124340E-01 

E = 63.1000 eV Warning: Fitted elastic differential cross section does not accurately yield amt and avi 
Elastic 
ao-a4: -.439987E+00 -.298266E+01 -.400090E+00 -.432182E-01 -.155721E-02 
bi-b3: -.118717E+00 -.513166E-01 -.598810E-02 

A,B,C: .106920E+01 .127538E+01 -.110000E+01 

E = 79.4300 eV Warning: Fitted elastic differential cross section does not accurately yield cmt and avi 
Elastic 
ao-a4: -.787626E+00 -.300102E+01 -.348348E+00 -.273880E-01 -.699638E-03 
bi-b3: -.120001E+00 -.503067E-01 -.537741E-02 

A,B,C: .108878E+01 .141328E+01 -.110000E+01 

E — 100.0000 eV Warning: Fitted elastic differential cross section does not accurately yield cmt 

Elastic 
ao-a4: -.114816E+01 -.292643E+01 -.195446E+00 -.820732E-02 -.942049E-05 
bi-b3: -.153334E+00 -.522030E-01 -.549355E-02 

A,B,C: .105037E+01 .131033E+01 -.110000E+01 
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D + T->D+T D + T ^ D + T 
E0M = 0.1 eV ECM = 0.1995 eV 

-j Q"' I . . . . — J • •••—i _i - j - i . I | , M in J ininr i i imirf i i mm! i nimJ 
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10J 

1(T r 

10 r 
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• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"1 Q ' • ' ' ' •' I i i i i 11 11 i i 11 i i I i i i i i i 11 11 i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + T ^ D + T D + T -^D + T 
ECM = 0.5012 eV ECM = 1 eV 
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D + T - ^ D + T D + T - ^ D + T 
ECM = 1.995 eV ECM = 5.012 eV 
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D + T->D + T D + T->D + T 
EOM = 10eV EOM=19.95eV 
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D + T ^ D + T D + T-> D + T 
ECM = 50.12 eV ECM=100eV 
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5. Hydrogen-atom—hydrogen-molecule elastic collisions 

5.1 H + H2 
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5.1 

H + H2 —> H + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.205835E+03 

.200181E+03 

.190792E+03 

.181192E+03 

.166740E+03 

.145151E+03 

.144543E+03 

.132339E+03 

.988279E+02 

.755981E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.782072E+02 
.633429E+02 
.373839E+02 
.209674E+02 
.806081E+01 
.270766E+01 
.135195E+01 
.622473E+00 
.188386E+00 
.716088E-01 

Viscosity 
(a.u.) 

.662872E+02 

.578344E+02 

.420693E+02 

.249562E+02 

.106976E+02 

.344375E-f01 

.170252E+01 

.850097E+00 

.299041E+00 

.112953E+00 

Analytic fitting function 

<7ei,mtAE) = fea,(/n(£)/) I (1 . + j ; b j ( ! n ( ^ a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-a3: 
a4-ay: 

a8: 
bi-b3: 

ao-a3: 
S4'. 

b r b 3 : 

.179046E+03 

.201511E+02 
-.382778E+01 
.311508E-02 
-.602821E-01 

.244821E+02 

.165032E+00 

.218616E+00 

Elastic 
-.128646E+02 -.178137E+01 

Momentum Transfer 
-.232416E+02 
.522864E+00 

-.109502E+00 

Viscosity 
-.199850E+02 

.397839E+00 

.510702E+01 

.121812E+00 

.131986E+00 

.913938E+01 

.300930E-01 

.622765E+01 
-.405733E-01 

-.203644E+01 
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H + H2 -> H + H2 
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5.1 

H + H2 

Elastic Differential Cross Sections 

Analytic fitting function 

H + H2 

27rsm(0)^(0) = [A+ B{1 - cos{6)) + Csin\e)\ 

exp 
<i=0 / V j = l j 

a.u., 

where A, B, C, a,-, and bj axe coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2, 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-Eu,: .433687E+01 
bi-b3: .291934E+00 

A,B,C: .107620E+01 

E = .1259 eV 
Elastic 
ao-a^: .435767E+01 
bi-b3: .277590E+00 

A,B,C: .109478E+01 

£ = . 1 5 8 5 e V 
Elastic 
ao-a-j: .433893E+01 
bi-b3: .251384E+00 

A,B,C: .107948E+01 

E = .1995 eV 
Elastic 
a0-a5: .407362E+01 
bi-b4: -.342621E+00 

A,B,C: .101636E+01 

E = .2512 eV 
Elastic 
a0-a5: .401750E+01 
bi-b4: -.265379E+00 

A,'B, C: .959868E+00 

E- .3162 eV 
Elastic 
a0-a5: .399960E+01 
bi-b4: -.298613E+00 

A, B, C: .984838E+00 

.147578E+01 -.195626E+01 -.208901E+01 -.193813E+00 
-.195378E+00 -.193355E+00 
.318615E+00 -.672680E+00 

.125808E+01 -.209992E+01 -.188070E+01 -.167867E+00 
•.201023E+00 -.167304E+00 
.353731E+00 -.737673E+00 

.103135E+01 -.212988E+01 -.175103E+01 -.151918E+00 
-.198574E+00 -.151462E+00 
.359264E+00 -.718899E+00 

-.209317E+01 -.208651E+01 .117578E+00 .405175E+00 .364796E-01 
-.419598E+00 -.364346E-01 .313487E-01 
.651310E-01 -.169849E+00 

.181955E+01 -.194064E+01 .105897E-01 .213082E+00 .186447E-01 

.415496E+00 -.557844E-01 .129241E-01 
-.768705E-02 -.350680E-01 

.215815E+01 -.196447E+01 .210556E+00 .287832E+00 .235918E-01 

.417946E+00 -.407898E-01 .174313E-01 

.111452E-01 -.774420E-01 
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E = .3981 eV 
Elastic 
a<,-a5: .396758E+01 
b i -b 4 : - .473111E+00 

A,B,C: .104501E+01 

E = .5012 eV 
Elastic 

ao-a5: 
b i -b 4 : 

A,B,C: 

.373160E+01 
-.477132E+00 
.101900E+01 

E = .6310 eV 
Elastic 
a0-a5: .353960E+01 
b i -b 4 : - .464624E+00 

A,B,C: .100725E+01 

E = .7943 eV 
Elastic 
a0-a5: .337063E+01 
b i -b 5 : - .358935E+00 

A,B,C: .932906E+00 

E - 1.0000 eV 
Elastic 

ao-a5: 
a6: 

b i -b 5 : 

A,B,C: 

.312660E+01 
-.205384E-01 

-.622958E+00 
.101107E+01 

E = 1.2590 eV 
Elastic 

ao-a5: 
a6: 

b i -b 5 : 
A,B,C: 

.274057E+01 
-.221333E-01 
-.545225E+00 
.100943E+01 

E= 1.5850 eV 
Elastic 

ao-a5: 
a6: 

b i -b 5 : 
A,B,C: 

.227531E+01 
-.163560E-01 
-.473556E+00 
.101918E+01 

E = 1.9950 eV 
Elastic 

as: 
b i -b 5 : 

A,B,C: 

.198653E+01 
-.121518E-01 
-.386601E+00 
.103265E+01 

E = 2.5120 eV 
Elastic 

ao-a5: 
ae: 

b i -b 5 : 
A,B,C: 

.160008E+01 
-.897229E-02 
-.387256E+00 
.104397E+01 

.299941E+01 -.174811E+01 .526983E+00 .455133E+00 .361149E-01 

.365428E+00 .493647E-02 .319960E-01 

.301722E-02 -.137816E+00 

.310169E+01 -.134095E+01 .549467E+00 .333329E+00 .247478E-01 

.339233E+00 .198389E-02 .209956E-01 

.122259E+00 .164333E+00 

.321533E+01 -.112827E+01 .642000E+00 .281572E+00 .192728E-01 

.340816E+00 -.184511E-02 .146871E-01 

.118700E+00 .229007E+00 

.321650E+01 -.118779E+01 .808452E+00 .322858E+00 .213036E-01 

.396390E+00 -.406161E-01 .542704E-02 -.741092E-03 

.756777E-02 .144594E+00 

-.427527E+01 .867723E+00 .112792E+01 -.412107E+00 -.283911E+00 

-.999094E-01 .444174E-01 -.460690E-01 -.206524E-01 
.294618E-01 -.541650E-01 

-.390683E+01 .147427E+01 .805292E+00 -.717047E+00 -.330336E+00 

-.382908E-01 .158355E-01 -.673734E-01 -.222325E-01 
-.144387E-01 -.548791E-02 

-.353859E+01 .149606E+01 .528619E+00 -.666321E+00 -.256111E+00 

-.654361E-01 -.184476E-01 -.620789E-01 -.165126E-01 
-.719944E-02 -.408899E-01 

-.308639E+01 .124290E+01 .281648E+00 -.592116E+00 -.199352E+00 

-.993384E-01 -.427628E-01 -.543571E-01 -.123459E-01 
-.899492E-02 -.691044E-01 

-.303466E+01 .123904E+01 .346330E+00 -.457198E+00 -.151038E+00 

-.134484E+00 -.474639E-01 -.442236E-01 -.921162E-02 
.317795E-01 -.141615E+00 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.127001E+01 
-.703633E-02 
-.346961E+00 
.104782E+01 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.968788E+00 
-.438628E-02 
-.367894E+00 
.104112E+01 

E = 5.0120 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.632468E+00 
-.422906E-02 
-.373086E+00 
.997965E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.351869E+00 
-.443802E-02 
-.305327E+00 
.964989E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.159514E+00 
-.386568E-02 
-.229424E+00 
.946727E+00 

E = 10.0000 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.167103E-01 
-.314454E-02 
-.189199E+00 
.938229E+00 

E = 19.9500 eV 
Elastic 
ao-as: 
bi-b3: 

A,B,C: 

-.664486E+00 
-.564394E+00 
.932359E+00 

.272039E+01 .117936E+01 .236471E+00 -.412635E+00 -.123287E+00 

.157136E+00 -.612061E-01 -.402452E-01 -.730648E-02 

.533094E-01 -.176994E+00 

.254739E+01 .115322E+01 .278051E+00 -.276053E+00 -.792517E-01 

.198342E+00 -.670326E-01 -.305789E-01 -.469088E-02 

.915634E-01 -.199166E+00 

.222186E+01 .132874E+01 .147321E+00 -.312279E+00 -.795070E-01 

.198547E+00 -.777460E-01 -.320626E-01 -.452146E-02 

.279771E-01 -.108970E-01 

.173547E+01 .126140E+01 -.130890E+00 -.393102E+00 -.873723E-01 

.184887E+00 -.911910E-01 -.354817E-01 -.470263E-02 
-.764982E-01 .203660E+00 

.138930E+01 .979843E+00 -.322853E+00 -.398622E+00 -.797632E-01 

.185319E+00 -.980379E-01 -.339897E-01 -.411601E-02 

.168580E+00 .339285E+00 

-.120780E+01 .725603E+00 

-.195870E+00 -.993827E-01 
-.209080E+00 .377730E+00 

.397490E+00 -.363657E+00 -.675434E-01 

-.305332E-01 -.339156E-02 

E = 50.1200 eV 
Elastic 
a0-a5: -.189974E+01 
bi-b8: -.384120E+00 

A,B,C: .102710E+01 

E = 100.0000 eV 
Elastic 
a0-a5: -.317671E+01 
bi-b3: -.207257E+00 

A,B,C: .980939E+00 

.153382E+01 .111670E+01 .221807E+00 .216740E-01 .758745E-03 

.178954E+00 -.215736E-01 

.433929E+00 .900600E+00 

.197685E+01 .104751E+01 .405420E+00 .490850E-01 .185278E-02 

.151531E+00 -.147223E-01 

.291171E+00 .415034E+00 

.223577E+01 .817295E+00 .340143E+00 .389817E-01 .139172E-02 
-.960811E-01 -.862070E-02 
.116460E-01 .370325E+00 
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H + H2 -> H + H2 H + H2 -> H + H2 

ECM = 0.1eV ECM = 0.1995 eV 

10* r 

10' r 

10' r 

10u r 

i o ' i . . . . — J . . . . — J - i - i . . . . . - J . i i . . . . • J - i . . . . — J - i - i . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

10° r 

1(f 

10' 

10u 

10 
-1 

Fit to Elastic 
Elastic 

i . . . 1 1 1 1 1 1 

0 
* * ' * •' 

3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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H + H2 -> H + H2 

ECM = 0.5012 eV 

H + H2 -> H + H2 

10° r 

1(f 

101
 r 

10L 

10" 

10" 
10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I 11 I I I 

"| Q I i 1111 i i i 11 i i i i i i i i i I 11 i I il I ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + H2->H + H2 H + H2 -> H + H2 

ECM = 1.995 eV ECM = 5.012 eV 

10J 

1 0 ' • 

10' 

10" r 

10" 

-2 
(0 10 

iicr3 

. I l l l l i q I 11111 I I HUM ^ I IHUq I . 

10"5 10"4 10"3 10"2 10"1 10° 10° 10" 10"° 10" 10" 10 
** - ^ • • " — ^ . . . . . - I - I . 

5 „ « - 4 J r t - 3 .n-2 urt-1 i/-«0 

10 
-2 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

•J Q I I I I I I I I I I I I I I I I I I l I I I I | | | | | | | I || I • • I I I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + H2 -> H + H2 

EOM=10eV 

H + H2 -> H + H, 

r 
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Scattering Angle in Center of Mass System (rad) 
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H + H2 -> H + H2 

ECM = 50.12 eV 

H + H2 ̂  H + H2 

ECM = 100eV 

D 
10"5 10"4 10"3 10"2 10"1 "10° 10"5 10"4 10"3 10"2 10"1 10° 

4 I i i i i i I I I i i i I I I I i i i I I I I i i i I I i I I ii 

w ^ 

C\J 1(f 

101 

10° 

10"1 

10"2 

10"3 t 

10" 

10"1 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom—hydrogen-molecule elastic collisions 

5.2 D -f H2 



5.2 

D + H2 — • D + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.213752E+03 

.206859E+03 

.196972E+03 

.187657E+03 

.172742E+03 

.157914E+03 

.143074E+03 

.142254E+03 

.113956E+03 

.888121E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.783747E+02 
.634100E+02 
.374724E+02 
.210802E+02 
.848610E+01 
.273215E+01 
.130545E+01 
.600557E+00 
.185988E+00 
.631791E-01 

Viscosity 
(a.u.) 

.664569E+02 

.579185E+02 

.420625E+02 

.249452E+02 

.111319E-I-02 

.356936E+01 

.169794E+01 

.814671E+00 

.290985E+00 

.101567E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. =.al = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-ai: 
bi-b4 : 
b5-b7 : 

ao-aj: 
bi-b4 : 
b5-b7: 

.183851E+03 

.206662E+02 

. 959017E+00 
-.293862E-01 

.249179E+02 

.817773E+00 
-.139659E-01 

Elastic 
-.129233E+02 -.131497E+01 

Momentum Transfer 
-.294955E+01 
.766010E+00 .341385E+00 
.377003E-03 .234733E-02 

Viscosity 
-.457193E+01 
.636955E+00 .235320E+00 
-.929061E-03 .625274E-03 

.181218E-01 

.128196E-01 
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D + H2 -> D + H2 

Ea stic 
IVIOlllCl l lU l l l Mdllt>lt2l 

Viscosity 
o Computed from fit to D 

Co mputed frorr fit to T< 
CS 
3S 

\ \ 

X 

10" 1 0 L 10' 10' 
Energy in Center of Mass System (eV) 
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5.2 

D + H2 

Elastic Differential Cross Sect ions 

Analytic fitting function 

D + H2 

2*sin(6)^($) =\A + 5 ( 1 - cos(9)) + Csin\6)\ 
all L J 

exp 5>(/n(«)y / i. + E b ; W ^ 
W=0 / \ j = l J 

a.u., 

where A,B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 

eV) and scat ter ing angle (8, radians) and the cross section is in a tomic un i t s (1 a.u. = a2, 

s rad" 1 = 2.80028E-17 cm 2 s r a d - 1 ) . 

F i t t ing pa ramete r s 

E = .1000 eV 
Elastic 
ao-a,,: .440705E+01 
bi-b3: .256190E+00 

A,B,C: .108619E+01 

E = .1259 eV 
Elastic 
a0-a5: .412513E+01 
bi-b4: -.306774E+00 

A,B,C: .101982E+01 

E = .1585 eV 
Elastic 
a0-a5: .406983E+01 
bi-b4: -.219895E+00 

A,B,C: .946881E+00 

E = .1995 eV 
Elastic 
ao-a4i .437621E+01 
bi-b3: .196859E+00 

A,B,C: .109022E+01 

E = .2512 eV 
Elastic 
a0-a5: .403508E+01 
bi-b4: -.388394E+00 

A,B,C: .104869E+01 

£: = .3162eV 
Elastic 
a0-a5: .396358E+01 
b,-b4: -.406795E+00 

A,B,C: .101040E+01 

.119071E+01 -.211751E+01 -.178769E+01 -.154496E+00 
-.199573E+00 -.154183E+00 
.386831E+00 -.764941E+00 

-.186202E+01 -.215488E+01 .994936E-02 .379147E+00 .346799E-01 
-.431048E+00 -.512738E-01 .289056E-01 
.856395E-01 -.183552E+00 

-.147958E+01 -.195867E+01 -.164576E+00 .142622E+00 .134226E-01 
-.421631E+00 -.752009E-01 .731866E-02 
.152579E-01 -.417501E-01 

.488892E+00 -.222379E+01 -.137362E+01 -.108205E+00 
-.190863E+00 -.107931E+00 
.453840E+00 -.829183E+00 

-.244388E+01 -.183365E+01 .265005E+00 .345166E+00 .280555E-01 
-.383701E+00 -.247819E-01 .231918E-01 
.727385E-01 --200157E+00 

-.246450E+01 -.153330E+01 .169161E+00 .230880E+00 .183749E-01 
-.341518E+00 -.246189E-01 .151007E-01 
-.611366E-01 -.257115E-01 
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E - .3981 eV 
Elastic 
ao-a-i: .424165E+01 
bi-b3: .140665E+00 

A,B,C: .107657E+01 

E = .5012 eV 
Elastic 
a0-a5: .376539E+01 
bi-b5: -.338574E+00 

A, B, C: .949157E+00 

E= .6310 eV 
Elastic 
a0-a5: .362063E+01 
bi-b s: -.480024E+00 

A, B, C: .994990E+00 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

bx-b5: 
A, B, C: 

.343800E+01 
-.854394 E-02 
-.628550E+00 
.100649E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-bs: 
A,B,C: 

.315400E+01 
-.881188E-02 
-.577451E+00 
.101934E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

b r b 5 : 
A,B,C: 

.283838E+01 
-.110093E-01 
-.505489E+00 
.102262E+01 

E- 1.5850 eV 
Elastic 
ao-as: 

a6: 
bi-bs: 

A,B,C: 

.238220E+01 
-.138882E-01 
-.427073E+00 
.101865E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C 

203119E+01 
•.116041E-01 
.359280E+00 
101369E+01 

E = 2.5120 eV 
Elastic 

ao-as: 
ae: 

b!-b5: 
A,B,C: 

.167332E+01 
-.951626E-02 
-.310427E+00 
.100135E+01 

-.356981E+00 
-.175750E+00 
.421202E+00 

-.281089E+01 
-.392741E+00 
-.432787E-01 

.348767E+01 

.351967E+00 
-.452303E-03 

.227668E+01 -.105149E+01 
-.748505E-01 
.745886E+00 

-.752052E-01 

-.156436E+01 .536030E+00 .298027E+00 .208737E-01 
-.397305E-01 .887701E-02 -.514257E-03 
.122867E+00 

-.123129E+01 .825098E+00 .377652E+00 .255221E-01 
-.249218E-02 .164174E-01 -.385484E-03 
.550971E-01 

.422181E+01 -.183746E+00 .110541E+01 .849385E-01 -.103333E+00 

.219825E+00 .395400E-01 -.497846E-02 -.868930E-02 

.214077E-01 -.265235E-01 

.399035E+01 .243675E+00 .921543E+00 -.899629E-01 -.120869E+00 

.191067E+00 .172231E-01 -.182060E-01 -.897802E-02 

.617345E-01 -.921221E-01 

.362544E+01 .743712E+00 .647674E+00 -.360127E+00 -.1694UE+00 

.143743E+00 -.789336E-02 -.376346E-01 -.111793E-01 

.359921E-01 -.819789E-01 

-.327212E+01 .129660E+01 .374844E+00 -.649442E+00 -.228891E+00 

-.807300E-01 -.279681E-01 -.572739E-01 -.140421E-01 
.155668E-02 -.465193E-01 

-.294641E+01 .121375E+01 .158435E+00 -.634235E+00 -.198679E+00 

.544973E-01 -.117745E-01 -.882748E-01 
-.362484E-01 

-.460657E-01 
.421833E-02 

.272169E+01 .115531E+01 .544459E-01 -.578729E+00 -.168054E+00 

-.950152E-01 -.549609E-01 -.492353E-01 -.969915E-02 
-.231731E-01 .993525E-02 
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E - 3.1620 eV 
Elastic 

ao-as: 
a$: 

b i -b 5 : 
A,B,C: 

.131711E+01 
-.699121E-02 

-.362272E+00 
.988268E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.103663E+01 
-.473822E-02 
-.335147E+00 
.980665E+00 

.266151E+01 .123974E+01 .161115E+00 -.443662E+00 -.126522E+00 

.148414E+00 -.618220E-01 -.403505E-01 -.723273E-02 
-.173301E-01 .220321E-01 

.236678E+01 .107332E+01 .108186E+00 -.342125E+00 -.894712E-01 

.184606E+00 -.712314E-01 
-.532767E-02 .287151E-01 

.327824E-01 -.501113E-02 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.757708E+00 
-.331600E-02 
-.329564E+00 
.976926E+00 

.216323E+01 .100309E+01 .831271E-01 -.271119E+00 -.652117E-01 

.208013E+00 -.763613E-01 
-.271296E-01 .690745E-01 

.275504E-01 -.360159E-02 

E = 6.3100 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

. 299617E+00 
-.230664 E-02 
-.116062E+00 
.940275E+00 

E = 7.9430 eV 
Elastic 

ao-ai: 
b i -b 6 : 
b7-bio: 

A,B,C: 

.830640E-01 
.319861E+00 
.172941E-02 
.979145E+00 

E = 10.0000 eV 
Elastic 

ao-ai: 
b i -b 6 : 
b7-bi2: 

.897827E-01 

.691745E-01 

.106109E-01 
A, B, C: .943692E+00 

E = 19.9500 eV 
Elastic 

ao-ai: 
b i -b 6 : 
b7-bio: 

A,B,C: 

-.486857E+00 
-.548572E-01 
.129377E-02 
.101896E+01 

E = 50.1200 eV 
Elastic 

ao-ai: 
b i -b 6 : 
b7-bio: 

A,B,C: 

-.148579E+01 
-.382108E+00 

.114921E-02 
.951377E+00 

-.158666E+01 .606795E+00 .178644E+00 -.155745E+00 -.444791E-01 

-.329748E+00 -.146436E+00 -.360275E-01 -.372844E-02 
-.429095E+00 .888613E+00 

.111595E+01 

.370296E+00 -.371064E+00 -.953529E-01 .620806E-02 .795807E-02 

.180051E-03 .939717E-05 .197349E-06 

.398263E+00 .638852E+00 

.109314E+01 

.608727E+00 -.350822E+00 .522545E-01 .111035E+00 .468681E-01 

.148319E-02 .132199E-03 .734795E-05 .232840E-06 .321960E-08 

.261999E+00 .372353E+00 

-.139722E+01 
--380744E+00 -.147593E+00 .267562E-01 .308466E-01 .884405E-02 
.105465E-03 .456325E-05 .819072E-07 

-.219385E+00 .167397E+00 

-.199613E+01 
-.278984E+00 .619373E-01 .112215E+00 .454231E-01 .948170E-02 
.815650E-04 .314942E-05 .511712E-07 
.154477E-01 .127747E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bg: 

A, B, C: 

-.355844E+01 
.204999E+00 
-.190169E-03 
.919569E+00 

•.324039E+01 
.133979E+00 
-.453436E-05 
.167808E+00 .623785E+00 

133584E+00 -.992295E-01 -.254189E-01 -.313903E-02 
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D + H2 -> D + H2 D + H2 -> D + H2 

ECM = 0.1 eV ECM = 0.1995 eV 

10° r 

1(T r 

10' r 

10° r 

-J Q I ....—J . ...—J - I - I -J 

10"5 10"4 10"3 10"2 10"1 10° 
• . . . _ J . . . . . ^ • . . . _ J . . . . . -J . . . . _ J . 

10"5 10"4 10"3 10"2 10~\ 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

10 -1 

Fit to Elastic 
Elastic 

1 * ' • 
0 

Scattering Angle in Center of Mass System (rad) 
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D + H2 -» D + H2 

E ^ = 0.5012 eV 

D + H2 -> D + H2 

E0M - 1 eV 

-j Q I . . . . . -J ....—J - I -J -J 

10"5 10"4 10"3 10"2 10"1 10° 

i iHUH ' »""H i ii'WS i i m i i iiinq i 

10"5 10"4 10"3 10"2 10"1 10° 

I I I 11 I I I 11 I I I I 111 111 

10 J 

1-0' 

101 

10u 

10" 

>-2 

Fit to Elastic 
Elastic 

-J Q I I I I J I I I I . 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + H2 -> D + H2 

ECM = 1.995 eV 

D + H2 -» D + H2 

ECM = 5.012 eV 

D 
T5 
<x> 
• - 103 

CO , U 

CM 102 

10"5 10"4 10"3 10*2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

101 r 

10 r 

10" 

10" 

^-3 

I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"| Q ' • * ' • ' ' •' ' ' • • 

0 1 2 3 0 1 
* • ' ' 

Scattering Angle in Center of Mass System (rad) 
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D + H2 -> D + H2 D + H2 -» D + H2 

ECM = 10eV ECM = 19.95eV 

10* 

103 

102 

101 

10° 

10"1 

10"2 

10"" 

t% 1 11111 I I I I H j I I I I H ^ I I I IHq 

• " — i - * • * ~* • • • • — • * 

I iiiuq iiiiuq ininq • iiiuq •( I 

10"5 10"4 10"3 10"2 10"1 10° 1(T 10" 10"° 10" 10"' 10 
. . . . . J . . . . . -J . ...~J —I -J 

-5 *n-4 JO-3 „0-2 A „-1 „ rtO 

10' 

10J • 

10' 

101 r 

10L 

10'1 r 

10"' 

I I I I I I I I I I I 11 I I I I I I I I 

Fit to Elastic 
Elastic 

-j Q 1 . . . . . . . . . I I I .1 I I I I . 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D + H2 -> D + H2 

ECM = 50.12 eV 

D + H2 -> D + H2 

ECM = 100eV 

10< 

10< 

Iff 

10 

10' 

10 • 

03 K)"3 

_ ^ i n i . . . — i . . . .—i - i -J - i . 
O I U -.«-5 ^«-4 „_.-3 jn-2 an-1 j r i 0 

D 
"D 

• • " - 1 • • • • — J . . . . ~ ^ - J . . . 

10" 10"* 10"° 10" 10"' 10" 10"5 10"4 10"3 10"2 10"1 10° 

iff 
"co 103 

I 11 I I I I I 11 I I I I I 11 111 11 I I I 11 1 1 1 I I 11 I I 11 I I 11 11 I I I 1111 I I I I I I I I 11 11 

Fit to Elastic 
Elastic 

10" • * • • • ' * • ' ' ' 
0 0 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.3 T + H2 



5.3 

T + H2 —» T + H2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.217626E+03 

.209939E+03 

.200323E+03 

.191159E+03 

.178146E+03 

.163813E+03 

.143489E+03 

.144307E+03 

.120745E+03 

.949134E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
. 78431OE+02 
.634324E+02 
.375723E+02 
.211005E+02 
.873767E+01 
.274838E+01 
.128877E+01 
.595885E+00 
.193555E+00 
.809975E-01 

Viscosity 
(a.u.) 

.665160E+02 

.579468E+02 

.420947E+02 

.249694E+02 

.113395E+02 

.361574E+01 

.169771E+01 

.804039E+00 

.289060E+00 

.109944E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-ai: 
bi-b4: 
b5-b7: 

ao-a3: 
8L4'. 

bi-b3: 

.187708E+03 

.210841E+02 

.965107E+00 
-.251448E-01 

.251392E+02 
.944403E-01 
.224719E+00 

Elastic 
-.130674E+02 -.120603E+01 

Momentum Transfer 
-.213615E+01 
.793806E+00 .393010E+00 
.496740E-03 .246161E-02 

Viscosity 
-.185214E+02 .696928E+01 

.328666E+00 .302055E-01 

.456328E-01 

-.131809E+01 
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T + H2 -» T + H2 

1(T 

10* 

101 

10L 

10" 

10" 

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to D 
Coi nputed from fit to T( 

CS 
:s 

10" 10L 10' 10' 
Energy in Center of Mass System (eV) 
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5.3 

T + H2 

Elastic Differential Cross Sections 

Analytic fitting function 

dcrei 

T + H2 

2irsin(0)?j£(9) = \A + B(1 - cos(B)) + Csin\6)\ 
ail L J 

exp E*(H9)Y)/U + Y^i(H0)y 
W=0 

a.u., 

where A, B, C, a,-, and by are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .414889E+01 
b!-b4: -.250131E+00 

A,B,C: .103454E+01 

E = .1259 eV 
Elastic 
a0-a5: .410017E+01 
bi-b4: -.222537E+00 

A, B, C: .977924E+00 

E = .1585 eV 
Elastic 
ao-a-j: .441428E+01 
bi-b3: .200581E+00 

A,B,C: .109588E+01 

E = .1995 eV 
Elastic 
a0-a5: .405939E+01 
bi-b4: -.332142E+00 

A,B,C: .104671E+01 

£ = .2512eV 
Elastic 
a0-a5: .400643E+01 
b!-b4: -.403317E+00 

A,B,C: .101377E+01 

E = .3162 eV 
Elastic 
ao-a^: .411384E+01 
b!-b4: -.841893E-01 

A,B,C: .112073E+01 

•.164054E+01 
•.457324E+00 
.101008E+00 

-.145751E+01 
-.426691E+00 
.305970E-01 

.584609E+00 
-.190889E+00 
.472296E+00 

-.216507E+01 
-.404203E+00 
.863880E-01 

-.237686E+01 
-.346251E+00 
-.361349E-02 

-.975434E+00 
•.215594E+00 
.225728E+00 

.228311E+01 
-.688307E-01 
.205335E+00 

.200963E+01 
-.758491E-01 
-.913040E-01 

•220649E+01 
.109445E+00 
.860306E+00 

-.191981E+01 
-.412388E-01 
-.205316E+00 

-.158869E+01 
-.277854E-01 
-.877750E-01 

.171202E+01 
-.676784E-01 
.538816E+00 

-.482870E-01 .370049E+00 .340981E-01 
.267192E-01 

-.171682E+00 .165894E+00 .156144E-01 
.940924 E-02 

.138984E+01 -.109649E+00 

.166927E+00 .300775E+00 .247284E-01 
.189308E-01 

.129556E+00 .240318E+00 .194854E-01 
.161218E-01 

.739338E+00 -.525609E-01 
.783752E-03 
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E = .3981 eV 
Elastic 
ao-a-i: .406533E+01 
b :-b4 : -.922618E-01 

A,B,C: .113774E+01 

E = .5012 eV 
Elastic 
a0-a5: .380455E+01 
bi-b4: -.500856E+00 

A,B,C: .100835E+01 

E = .6310 eV 
Elastic 
a0-a5: .361089E+01 
bi-b4: -.562275E+00 

A,B,C: .107554E+01 

-.118754E+01 -.173469E+01 -.665193E+00 -.453977E-01 
-.211904E+00 -.603615E-01 -.784922E-03 
.197483E+00 -.535741E+00 

-.331134E+01 -.131513E+01 .645548E+00 .331572E+00 
-.329078E+00 .891519E-02 .192725E-01 
-.146480E-01 .102245E-02 

.363312E+01 -.999382E+00 .764917E+00 .349258E+00 

.301528E+00 .168201E-01 .198627E-01 
-.461761E-01 -.357899E-02 

.228721E-01 

.234240E-01 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.346256E+01 
-.285813E-02 
-.587166E+00 
.101959E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.316012E+01 
-.653458E-02 
-.550928E+00 
.102708E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

b!-b5: 
A,B,C: 

.285280E+01 
-.102723E-01 
-.490216E+00 
.102179E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.242967E+01 
-.135702E-01 
-.437694E+00 
.100448E+01 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.204760E+01 
-.113028E-01 
-.354353E+00 
.996750E+00 

-.400519E+01 -573346E+00 .978384E+00 .252012E+00 -.210303E-01 

-.272972E+00 .221769E-01 .837615E-02 -.304605E-02 
.625446E-01 -.986754E-01 

.386782E+01 .833819E-01 .856237E+00 -.350759E-01 -.893926E-01 

.213433E+00 .833239E-02 -.136171E-01 -.672146E-02 

.763379E-01 -.120450E+00 

.353655E+01 .700486E+00 .605204E+00 -.356830E+00 -.161528E+00 

.147229E+00 -.109622E-01 -.364124E-01 -.104413E-01 

.310506E-01 -.677496E-01 

.325603E+01 .132947E+01 .326001E+00 -.663428E+00 -.226996E+00 

-.731786E-01 -.284540E-01 -.569797E-01 -.137050E-01 
-.144343E-01 .668413E-03 

.292361E+01 .123213E+01 .143262E+00 -.636330E+00 -.196633E+00 

-.796372E-01 -.436690E-01 -.532731E-01 -.114577E-01 
-.512078E-01 .553674E-01 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.174221E+01 
-.812891E-02 
-.311145E+00 
.982847E+00 

.269901E+01 .992715E+00 .422047E-01 -.512755E+00 

.110966E+00 -.548000E-01 -.435318E-01 -.831192E-02 
-.542802E-01 .845218E-01 

.146078E+00 
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E - 3.1620 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.136980E+01 
-.595948E-02 
-.381647E+00 
.968277E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.107092E+01 
-.470435E-02 
-.343819E+00 
.959095E+00 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.801434E+00 
-.277191E-02 
-.334345E+00 
.978341E+00 

-.269360E+01 .116313E+01 .188440E+00 -.382340E+00 -.109036E+00 

-.161100E+00 -.595668E-01 -.355094E-01 -.619818E-02 
-.411636E-01 .915140E-01 

-.237737E+01 .108035E+01 .805917E-01 -.350026E+00 -.899673E-01 

-.178290E+00 -.695968E-01 -.323967E-01 -.495708E-02 
-.427891E-01 .111034E+00 

-.220920E+01 .911061E+00 .130292E+00 -.225094E+00 -.550716E-01 

-.220210E+00 -.736606E-01 -.243480E-01 -.306533E-02 
-.307981E-01 .642882E-01 

E = 6.3100 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bg: 

A,B,C: 

.439500E+00 

.266683E+00 
-.405036E-03 
.949780E+00 

E = 7.9430 eV 
Elastic 

ao-ai: 
bi-b6: 
by-bio: 
A,B,C: 

.196674E+00 

.297014E+00 
.384962E-03 
.954436E+00 

.159837E+01 

.188081E+00 -.311985E+00 
-.175329E-04 -.319485E-06 
.221319E+00 .400604E+00 

.117967E+01 

.325876E+00 -.344426E+00 

.418869E-04 .203041E-05 

.330909E+00 .425062E+00 

-.149246E+00 -.364410E-01 -.505570E-02 

-.111842E+00 -.129909E-01 .825320E-03 
.378295E-07 

E = 10.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b r b n : 
A,B,C: 

.117978E+00 
-.101710E-02 
.452352E-02 
.964632E+00 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

-.477093E+00 
-.735074E-01 
.144082E-02 
.104201E+01 

.123297E+01 

.523874E+00 

.496048E-03 

.230770E+00 

.134751E+01 

.404888E+00 

.115287E-03 

.189711E+00 

-.252980E+00 .465043E-01 .695769E-01 .244465E-01 
.324379E-04 .117193E-05 .180354E-07 
.299610E+00 

-.138136E+00 
.491583E-05 
.745569E-01 

.422021E-01 .371068E-01 .101155E-01 

.871602E-07 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi0: 
A,B,C: 

-.153925E+01 
-.307236E+00 
.119157E-02 
.948831E+00 

.195500E+01 

.244009E+00 .664341E-01 

.852713E-04 .331895E-05 

.103284E+00 .274494E+00 

.113088E+00 .462041E-01 
.543579E-07 

.974320E-02 

E = 100.0000 eV 
Elastic 

a0-ai: 
bi-b6: 
brbio: 

A,B,C: 

-.306319E+01 
.143310E+00 
.625015E-03 
.995450E+00 

-.253761E+01 
.203077E-02 -.379923E-01 .864814E-02 .132277E-01 .414626E-02 
.509423E-04 .216727E-05 .378941E-07 

-.111676E+00 .338158E+00 
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T + H2 -»T + H2 T + H2 -»T + H2 

EOM = 0.1eV ECM = 0.1995 eV 

"1 Q"' ' • • • • • - * - 1 - * - 1 - 1 

10"5 \tf 10"3 10"2 10"1 10° 

i uiuq i m m i m m i iiinq I iiiuq I 

• . . .—I . . . . _ J . . . . — J -J . . . . . J . 

10"5 10"4 10"3 10"2 10"1 10 ° 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

10J 

1CT r 

10' 

10L 

10" 

Fit to Elastic 
Elastic 

0 
l l l I l l l l I I I I I I J ' ' ' ' '! 

Scattering Angle in Center of Mass System (rad) 
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T + H2 -> T + H2 

ECM = 0.5012 eV 

T + H2 -> T + H2 

10° -

10' -

101
 r 

10 r 

10"1 r 

1 Q ' • •»«—J - J - i - > » . . • — J •< 

10"5 10"4 10"3 10"2 10"1 10° 

i imm i iuwq i m m i uiwq i m w i ' i 

• • • • — J - J • • • • • - * - J - J • 

10"5 10"4 10"3 10"2 10"1 10° 

10° t 

10"1 

I • I I I I I I I I 111 I I I I I I I I • I I I • I I I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"| Q » ' ' • ' *' ' ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + H2-»T + H2 

ECM = 1.995 eV 

T + H2 -» T + H2 

ECM = 5.012 eV 

10J 

10' 

10' 

10u 

10"1 t 

• -? 

CO 10 t 

iio-3 

I I niuq i ninq i inuq iniMf n i i m m I I I IW^ ' "'JW ' i m i i m m ij 

• • " ^ • * ~ * • • • " - J - 1 

10"5 10"4 10"3 10"2 10"1 10° 10" 10" 10"° 10" 10"' 10 
" - 1 • » " — * • • • •—J - J - * 

•5 *n-4 Mn-3 un-2 ., rt-1 ., „ 0 

10" 

I I I 11 I I I I I I I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 

•\ Q 1 1 1 1 11 i i i 11 1 1 1 1 1 1 1 1 1 1 1 1 1 i i 11 i 11 il I i . . . . . . . . . i i . 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + H2 -»T + H2 T + H2 -»T + H2 

EOM = 10eV EOM=19.95eV 
I IIIIMf I I I IMJ I I I I M J I I I IMq I MIUJ 

•* • • " — J • . . . ~ J -J . . . . - J . 

O 
• D 

CO 1 Q 3 

CM 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

-J Q I I I I .1 I I I I • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + H2 -> T + H2 T + H2 -> T + H2 

104 

103 

102 

101 

10° 

10"' 

^ •10" 2 

S-10"3 

i3 m 4 

• 

• 

r 

r 

• 

• 

• 

ECM = 50.12 eV 

y ' ^ ^ i k . 

V 
\ *! 

\ ' 

E C M = 1 0 0 e V 
I IlllUf TTFT • j i IIIIH| i n iuf -r 

. . . . » j . . . . ~ J . . . . - J - i - i 

o 
• D 
CD 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 

"co 103 

I I I 11 I I I 11 I I I I I I I 11 I I I I I 111 I I 

Fit to Elastic 
Elastic 

i i i i i i i i i ; i i i i 111 i i | i i i i i i 11 i | ii 

• • • • ' * " ' • ' ' ' 

0 
Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.4 H + D2 



5.4 

H + D2 —• H + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.209636E+03 

.203523E+03 

.193882E+03 

.183979E+03 

.168018E+03 

.151078E+03 

.142538E+03 

.136841E+03 

.108747E+03 

.845854E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.785226E+02 
.636786E+02 
.379423E+02 
.192834E+02 
.736549E+01 
.256029E+01 
.138316E+01 
.657467E+00 
.197631E+00 
.801721E-01 

Viscosity 
(a.u.) 

.664895E+02 

.580205E+02 

.425635E+02 

.239070E+02 

.104014E+02 

.324783E+01 

.168946E+01 

.902065E+00 

.322141E+00 

.123028E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a?0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-a3: 
a^-as: 
b i -b 3 : 

ao-a3: 

a^i 

b i -b 3 : 

.181062E+03 

.188570E+02 

.882240E+00 
-.439057E-01 

.239602E+02 

.155385E+00 

.314153E+00 

Elastic 
-.131542E+02 -.139488E+01 

Momentum Transfer 
-.242605E+02 .156929E+02 
-.561575E-01 
.273235E+00 -.534325E-01 

Viscosity 
-.185553E+02 .867310E+01 

.446758E+00 .433496E-01 

-.532754E+01 

-.194906E+01 
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H + D2->H + D2 

10° 

10' 

10' 

10L 

10" 

10' ^ 
10 

^ 
Sr 
^5» 
%!>» 

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to C 
Cc >mputed from fit to T 

)CS 
cs 

^ 

)t— 

ĉ  
V \ 

V 
V 

\V 
\ \ *.- -

< 
w \ i) 

1 0 L 10' 10' 
Energy in Center of Mass System (eV) 
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5.4 

H + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

H + D2 

2vsin{9)Z£(9) =\A + B(l - cos{0)) + Csin2(d)} 
ail L J 

exp jx/nw / i.+Ew)y 
W=0 / \ j = l y 

a.u., 

where A, B, C, a,, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-ELj: 

bi -b 3 : 
•A, B, C: 

.438582E+01 

.279694E+00 

.109305E+01 

E = .1259 eV 
Elastic 
ao-a4: 
b i -b 3 : 

A,B,C: 

.437548E+01 

.258624E+00 

.108536E+01 

E = .1585 eV 
Elastic 
ao-as: 
b i -b 4 : 

A,B,C: 

.410291E+01 
-.319282E+00 
.102201E+01 

E = .1995 eV 
Elastic 
ao-as: 
bi -b 5 : 

A,B,C: 

.402782E+01 
-.231492E+00 
.110281E+01 

E = .2512 eV 
Elastic 
ao-as: 
bi -b 3 : 

A, B, C: 

.417258E+01 
-.591932E-02 
.112751E+01 

E - .3162 eV 
Elastic 
ao-a5: 
bi -b 4 : 

A,B,C: 

.400971E+01 
-.418429E+00 
.104899E+01 

.134202E+01 
-.200486E+00 
.362909E+00 

.114454E+01 
-.199742E+00 
.374345E+00 

-.195288E+01 
-.429558E+00 

.811888E-01 

-.149036E+01 
-.338106E+00 
.784284E-01 

-.385603E+00 
-.220934E+00 
.243533E+00 

-.265068E+01 
-.376524E+00 
.601086E-01 

-.207534E+01 
-.170931E+00 
-.748024E+00 

-.212552E+01 
-.154558E+00 
-.747870E+00 

-.214802E+01 
-.457298E-01 
-.187542E+00 

-.172713E+01 
-.706945E-01 
-.275882E+00 

-.182926E+01 
-.931792E-01 
-.600242E+00 

-.180607E+01 
-.130831E-01 
-.192179E+00 

.191629E+01 -.171408E+00 

.178389E+01 -.154972E+00 

.567733E-01 .401104E+00 .365603E-01 

.308896E-01 

.316359E+00 .141671E+00 .149870E-01 

.924270E-02 -.205839E-03 

.103302E+01 -.741952E-01 .631530E-03 

.361988E+00 .383677E+00 .308907E-01 
.263909E-01 
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E = .3981 eV 
Elastic 
a0-a5: .391188E+01 
bi-b4 : -.463575E+00 

A,B,C: .101327E+01 

E = .5012 eV 
Elastic 
a0-a5: .376244E+01 
bi-b5 : -.351662E+00 

A, B, C: .951669E+00 

£ = . 6 3 1 0 e V 
Elastic 
a0-a5: .360963E+01 
bi-b5: -.386001E+00 

A, B, C: .955828E+00 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

bi-b5 : 
A,B,C: 

.343272E+01 
-.125116E-01 
-.596486E+00 
.101258E+01 

.287731E+01 -.151365E+01 .400887E+00 .329343E+00 .254350E-01 

.340003E+00 -.379298E-02 .221808E-01 
-.616932E-01 .342662E-02 

.282028E+01 -.154344E+01 .520401E+00 .295668E+00 .211435E-01 

.389636E+00 -.359302E-01 .101279E-01 -.444075E-03 
-.525607E-01 .147414E+00 

.322793E+01 -.142700E+01 .795590E+00 .375021E+00 .257567E-01 

.393746E+00 -.252567E-01 .124786E-01 -.596790E-03 

.379463E-02 .120443E+00 

.414734E+01 -.875007E-01 .111013E+01 -.278904E-01 -.157446E+00 

.190922E+00 .448513E-01 -.144832E-01 -.126517E-01 

.481678E-01 -.693463E-01 

E= 1.0000 eV 
Elastic 

ao-as: 
as: 

bi-b5: 
A,B,C: 

.309341E+01 
-.158755E-01 
-.643389E+00 
.100794E+01 

-.437927E+01 .728657E+00 .113225E+01 

-.129369E+00 .408444E-01 -.341565E-01 
.185350E-01 -.314012E-01 

.275651E+00 -.220459E+00 

-.159974E-01 

E= 1.2590 eV 
Elastic 

a0-a5: 
a6: 

bi-b5: 
A,B,C: 

.269105E+01 
-.135627E-01 
-.559462E+00 
.101651E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b5 : 
A,B,C: 

.231117E+01 
-.136257E-01 
-.461899E+00 
.102484E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.196630E+01 
-.103073E-01 
-.426314E+00 
.103118E+01 

E = 2.5120 eV 
Elastic 

ao-a5: 
a6: 

bi-b5: 
A,B,C: 

.158689E+01 
-.812236E-02 
-.415091E+00 
.102810E+01 

-.406106E+01 .956433E+00 .884057E+00 -.364674E+00 -.200411E+00 

-.116506E+00 .136805E-01 -.397144E-01 -.137126E-01 
.236016E-01 -.591081E-01 

-.357732E+01 .122887E+01 .550219E+00 -.553854E+00 -.216578E+00 

-.923176E-01 -.167525E-01 -.522146E-01 -.137913E-01 
.131267E-03 -.560221E-01 

-.342330E+01 .113623E+01 .462131E+00 -.462505E+00 -.168621E+00 

-.117784E+00 -.300120E-01 -.446833E-01 -.105091E-01 
-.151303E-02 -.745047E-01 

-.330859E+01 .119032E+01 .469776E+00 -.381620E+00 -.135921E+00 

-.135756E+00 -.359943E-01 -.384038E-01 -.835255E-02 
.163852E-01 -.961449E-01 
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E = 3.1620 eV 
Elastic 

ao-aj: 
bi-b6: 
by-bg: 

A, B, C: 

.967675E+00 

.535248E+00 
-.140488E-02 
.101333E+01 

E = 3.9810 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

.649893E+00 

.564879E+00 
-.124111E-02 
.990273E+00 

E = 5.0120 eV 
Elastic 

ao-aj: 
bi-b6: 
b7-bn: 
A,B,C: 

.347274E+00 

.675189E+00 
-.223764E-02 
.961856E+00 

E = 6.3100 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

.111327E+00 

.694082E+00 
.239284 E-02 
.939963E+00 

E = 7.9430 eV 
Elastic 

ao-aj: 
b!-b6: 
b7-bg: 

A,B,C: 

-.135865E+00 
.764362E+00 
-.148885E-02 
.998739E+00 

E = 10.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bg: 

A,B,C: 

-.106351E+00 
.405904E+00 
-.476493E-03 
.933915E+00 

.185800E+01 

.150715E-01 -.448847E+00 
-.694685E-04 -.142643E-05 
-.978770E-01 .110107E+00 

.165722E+01 
-.318396E-01 -.445935E+00 
-.631766E-04 -.146673E-05 
-.911821E-01 .140637E+00 

.142256E+01 
-.164164E-01 -.476330E+00 
-170405E-03 -.830446E-05 
-.384190E-01 .143260E+00 

.118773E+01 

.131489E+00 -.530634E+00 
562405E-03 .653715E-04 

-.713252E-01 .246575E+00 

-.119348E+01 
-.550744E-01 -.516775E+00 
-.754760E-04 -.158734E-05 
-.136165E+00 .308349E+00 

.124589E+01 

.214917E+00 -.362984E+00 
-.209539E-04 -.387323E-06 
.226257E+00 .501424E+00 

.303787E+00 -.918995E-01 -.151200E-01 

.282197E+00 -.825615E-01 -.133593E-01 
-.678503E-08 

.317454E+00 -.101364E+00 -.189736E-01 
-.243099E-06 -.337626E-08 

.285311E+00 -.606727E-01 -.732733E-03 
.433434E-05 .156940E-06 .242048E-08 

.321705E+00 -.950419E-01 -.157168E-01 

-.171830E+00 -.419165E-01 -.5.86559E-02 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 

A, B, C: 

-.370016E+00 
-.848159E-01 
.496110E-02 
.981835E+00 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 

b7: 
A,B,C: 

-.164876E+01 
-234954E+00 
-.778117E-06 
.950295E+00 

.120764E+01 

.557934E+00 -.196868E+00 .958936E-01 .874111E-01 .280451E-01 
.528125E-03 .337673E-04 .119767E-05 .181434E-07 
.299612E+00 .304245E+00 

.248058E+01 
-.914546E-01 -.554873E-02 .167287E-02 .102348E-03 -.978585E-05 

.394558E+00 .581281E+00 

E = 100.0000 eV 
Elastic 

ao-a]: 
b]-bs: 
b7-bg: 

A,B.C: 

-.346625E+01 
.207114E+00 
-.605022E-04 
.976512E+00 

.302916E+01 
.127374E+00 
-.127692E-05 
•.483634E+00 .131837E+01 

.475965E-01 -.407590E-01 -.990137E-02 -.111453E-02 
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H + D2 -> H + D2 

ECM = 0-1 eV 

H + D2 -> H + D2 

ECM = 0.1995 eV 

10* r 

10" 

101 r 

10° r 

1 Q I . . . .—J ....~J - i - i . . . .—J .1 I 11 mi 4 -* - 1 - 1 - 1 

10"5 10"4 10"3 10* 10"1 10° 10~5 10"4 10"3 10"2 10"1 10° 

10J 

icf -

10 r 

10u r 

"| Q ' i i i .1 * ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + D2 -> H + D2 H + D2 -> H + D2 

ECM = 0.5012 eV ECM = 1eV 

10* r 

1(f r 

101 

10L 

N-i 
10 r 

.-2 1 Q I . . . .—J . . ..-^ - i - j _i . 

10"5 10"4 10"3 10"2 10"1 10° 

I I IW| i m m I I I I M J i i m i i m m i 

10"5 10"4 10"3 10"2 10"1 10° 

10° 
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 r 
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10"1 

10"2 ^ 

1 1 1 1 1 I I I 11 I I I 111 1 1 1 1 I > I I I 11 I I I I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 j 

0 
_I_J I i i i . 

3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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H + D2->H + D2 

ECM = 1.995 eV 

H + D2 -> H + D2 

ECM = 5.012 eV 

10J 
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104 

103 
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10° 

^ 1 0 " 1 

3 
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H + D2 ̂  H + D2 

ECM = 10eV 
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H + D2 -> H + D2 

ECM = 19.95 eV 
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H + D2 -> H + D2 H + D2 -> H + D2 

E0M = 50.12 eV 

10" • 

1 0 3 • 

2 " 
10 

101 

10u • 

10" 
.-2 

10 • 

z5io"3 
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ECM = 100eV 
I i imm i I I IMJ i i u m i iling i i I I I ^ I I 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10" 

I I I I • I I I I I I I I I I 111 I I I I I I I I I 11 I I II 

I I I 11 I I I 11 ' ' •* 

0 1 2 3 0 1 2 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.5 D + D2 



5.5 

D + D2 —» D + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.220251E+03 

.212079E+03 

.201369E+03 

.194247E+03 

.177709E-I-03 

.165394E+03 

.145095E+03 

.142572E+03 

.126162E+03 

.102091E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.786912E+02 
.637461E+02 
.380477E+02 
.208663E+02 
.782700E+01 
.273617E+01 
.133232E+01 
.635591E+00 
.196167E+00 
.707607E-01 

Viscosity 
(a.u.) 

.666643E+02 

.581047E+02 

.424825E+02 

.250507E+02 

.106339E+02 

.349375E+01 

.169055E+01 

.846369E+00 

.305332E+00 

.109780E+00 

Analytic fitting function 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-a3i 

a4-a6: 
bi-b3: 

ao-a3: 
SL4'. 

bi-b4: 

.188725E+03 

.197634E+02 
-.195343E+00 
.224238E+00 

.244686E+02 

.109449E+00 

.505080E+00 

Elastic 
-.139781E+02 -.811171E+00 

Momentum Transfer 
-.186056E+02 
.915858E-01 
.295438E+00 

Viscositv 
-.135491E+02 

.561624E+00 

.899988E+01 
-.766847E-02 
.461722E-01 

.633883E+01 

.134438E+00 

-.156354E+01 

-.145090E+01 

.169779E-01 
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D + D2 -> D + D2 
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5.5 

D + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

D + D2 

2rsin(9)^-(6) =U + B(l - cos{0)) + Csin2(8) 
ail L 

exp ^,(M«)fj/ i. + ^b ; (M^ 
\i=0 

a.u.. 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-as: 
bi-b 4 : 

A,B,C: 

.414185E+01 
-.289033E+00 
.100928E+01 

E = .1259 eV 
Elastic 
ao-a^: 
bi -b 3 : 

A,B,C: 

.444064E+01 

.206286E+00 

.109669E+01 

E = .1585 eV 
Elastic 
a.o-a^: 
bi -b 3 : 

A,B,C: 

.441343E+01 

.187869E+00 

.107731E+01 

E = .1995 eV 
Elastic 
ao-as: 
bi -b 5 : 

A,B,C: 

.395347E+01 
-.267795E+00 
.100125E+01 

E - .2512 eV 
Elastic 
ao-as: 
bi -b 4 : 

A,B,C: 

.398073E+01 
-.339465E+00 
.100118E+01 

E = .3162 eV 
Elastic 
ao-a^: 
bi-b 3 : 

A,B,C: 

.432546E+01 

.144587E+00 

.107669E+01 

-.174119E+01 
-.428133E+00 
.771489E-01 

.703027E+00 
-.191592E+00 
.475590E+00 

.529230E+00 
-.188369E+00 
.475300E+00 

-.190049E+01 
-.412385E+00 
-.161539E-01 

-.204459E+01 
-.347790E+00 
-.547344E-01 

-.193025E+00 
-.174506E+00 
.512139E+00 

-.211637E+01 -.478760E-01 .316515E+00 .287926E-01 
-576617E-01 .230882E-01 
-.155945E+00 

.217913E+01 -.143986E+01 -.114981E+00 

.114836E+00 

.867205E+00 

.218431E+01 -. 136281E+01 -.106310E+00 

.106271E+00 

.837150E+00 

-.181804E+01 .486972E-01 .225949E+00 .187465E-01 
-.764852E-01 .624387E-02 -.578016E-03 
.597752E-01 

-.151761E+01 -.433623E-01 .115915E+00 .969018E-02 
-.482079E-01 .596029E-02 
-.283046E-01 

.224081E+01 -105107E+01 -.746694E-01 
-.744990E-01 
.845274E+00 
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E- .3981 eV 
Elastic 
a0-a4: .425167E+01 
bi-b3: .124409E+00 

A,B,C- -106888E+01 

£ = . 5 0 1 2 e V 
Elastic 
a0-a5: .383035E+01 
bi-b4: -.541871E+00 

A,B,C: .103846E+01 

E = .6310 eV 
Elastic 
a0-a5: .370934E+01 
bi-b5: -.457010E+00 

A,B,C: .100610E+01 

-.448601E+00 
-.170204E+00 
.449754E+00 

-.224085E+01 
-.680871E-01 
-.763141E+00 

-.985414E+00 -.681947E-01 

E = .7943 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.348078E+01 
-.695575E-03 
-.567965E+00 
.102847E+01 

E= 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.318452E+01 
-.498472E-02 
-.552630E+00 
.103115E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

b!-b5: 
A,B,C: 

.277053E+01 
-.943844 E-02 
-.528578E+00 
.101558E+01 

E = 1.5850 eV 
Elastic 
ao-a5: .271690E+01 
bi-b4: -.430128E+00 

A,B,C: .112400E+01 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.196716E+01 
-.110025E-01 
-.409639E+00 
.981219E+00 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.159379E+01 
-.839361E-02 
-.442217E+00 
.970296E+00 

-.347327E+01 -.125901E+01 .682784E+00 .361325E+00 .249833E-01 
-.311172E+00 .163829E-01 .218151E-01 
.150703E-01 -.793335E-01 

-.346885E+01 -.136476E+01 .813677E+00 .429613E+00 .291711E-01 
-.351334E+00 -.198138E-01 .145330E-01 -.869486E-03 
.788114E-02 -.637480E-01 

-.393634E+01 -.750391E+00 .949024E+00 .327089E+00 .114945E-01 

-.294329E+00 .170764E-01 .140661E-01 -.902152E-03 
.743206E-01 -.129227E+00 

-.389335E+01 -.621288E-01 .878015E+00 .386490E-01 -.650297E-01 

-.233123E+00 .783593E-02 -.810177E-02 -.518309E-02 
.842590E-01 -.139655E+00 

-.382307E+01 .722178E+00 .744504E+00 -.284132E+00 -.146721E+00 

-.150913E+00 -.105843E-02 -.312910E-01 -.960551E-02 
.398577E-01 -.737979E-01 

-.360993E+01 -.324577E+00 .543551E+00 .160326E+00 .913348E-02 
-.163144E+00 .146221E-01 .773272E-02 
.715314E+00 -.100637E+01 

.326394E+01 .134554E+01 .303249E+00 -.583736E+00 -.190338E+00 

-.751252E-01 -.311543E-01 -.495126E-01 -.111452E-01 
-.403507E-01 .696802E-01 

.316657E+01 .144080E+01 .364979E+00 -.466686E+00 -.148736E+00 

.124175E+00 -.418190E-01 -.418941E-01 -.859914E-02 
-.415679E-01 .923819E-01 

E = 3.1620 eV 
Elastic 

ao-ai 
b!-b6 

b7-b9 

A, B, C: 

.110817E+01 

.439777E+00 
-.975191E-03 
.968082E+00 

.172680E+01 
•.731631E-01 
•-457680E-04 
•.947589E-01 

-.422472E+00 
-.894395E-06 
.190290E+00 

.254956E+00 -.717000E-01 -.110965E-01 
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E = 3.9810 eV 
Elastic 

ao-ai: 
bi-be: 
b7-bio: 

A, B, C: 

.905293E+00 

.273418E+00 
.112756E-02 
.907830E+00 

.142208E+01 

.315143E+00 -.375880E+00 

.116579E-03 .581406E-05 
'.202675E+00 .329178E+00 

-.118704E+00 
.114685E-06 

.573399E-02 .455989E-02 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.616370E+00 
-.289693E-02 
-.178793E+00 
.934144E+00 

E = 6.3100 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.265463E+00 
-.296084 E-02 
-.206118E+00 
.924712E+00 

-.197202E+01 .745932E+00 .335585E+00 -.154359E+00 -.537548E-01 

-.322139E+00 -.135450E+00 -.363406E-01 -.431125E-02 
-.104768E+00 .318522E+00 

-.163320E+01 .968696E+00 .143220E+00 -.235378E+00 -.595531E-01 

-.299802E+00 -.129194E+00 -.357966E-01 -.400667E-02 
-.327026E+00 .725908E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.187147E+00 
-.316246E-02 
-.235736E+00 
.971758E+00 

E = 10.0000 eV 
Elastic 

ao-aj: 
b i -b 6 : 
b 7 -b 1 2 : 

b i3: 
A,B,C: 

.562359E-01 
.150810E+00 
.248638E-01 
.706481E-09 
.972261E+00 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-be: 
b7-bi2: 

b1 3 : 
A,B,C: 

-.331378E+00 
-.496038E+00 
-.410623E-01 
-.241526E-08 
.102517E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b7-bi2: 

bi3: 
A,B,C: 

-.139146E+01 
-.863324E+00 
-.552245E-01 
-.252567E-08 
.936414E+00 

-.142003E+01 .907634E+00 

-.195731E+00 -.941371E-01 
-.157997E+00 .272053E+00 

-.837541E+00 
-.770193E+00 -.503476E+00 
.429582E-02 .496197E-03 

-.201669E+00 .211283E+00 

.122908E+01 

.386855E+00 .343730E+00 
-.891894E-02 -.121029E-02 

.138599E+00 .428963E-01 

-.212137E+01 
.415224E-01 .725242E+00 
-.110526E-01 -.141861E-02 

.176648E+00 .169878E-01 

.307112E+00 -.367929E+00 -.692747E-01 

-.305456E-01 -.341044E-02 

.688511E-01 .187127E+00 .920368E-01 

.383107E-04 .190306E-05 .550802E-07 

.215963E+00 -.831336E-01 -.105199E+00 
-.105308E-03 -.573063E-05 -.178050E-06 

.185644E+00 -.207015E+00 -.163208E+00 
-.118508E-03 -.625281E-05 -.189691E-06 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 

A,B,C: 

-.319319E+01 
.389820E-01 
.232495E-02 
.993681E+00 

-.259948E+01 
-.144767E+00 -.220131E-01 .873792E-01 .549062E-01 .150921E-01 
.214384E-03 .117488E-04 .352341E-06 .443384E-08 

-.301103E+00 .791383E+00 
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D + D2 -> D + D2 

ECM = 0.1eV 

D + D2 -> D + D2 

ECM = 0.1995eV 

10"5 10"4 10"3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I 11 I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"| Q ' ' ' ' ' •' ' i . . . . . . . . . i 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + D2 -> D + D2 

ECM = 0.5012 eV 

D + D2 -> D + D2 

ECM = 1 eV 

10" r 

1<f r 

101 r 

10L 

-1 

^ 1 0 

gio"2 

<x> 
c 

"co 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10° • 

<* 102 t 

101 

10u 

10" 

10"' 

I I I I • I I 11 I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

1 ' ' 
0 

Scattering Angle in Center of Mass System (rad) 
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D + D2 -> D + D2 

ECM = 1.995 eV 

D + D2 -> D + D2 

ECM = 5.012 eV 
1 0 • i m m i n i u q i iirnq i mnq i iiinq !•• • i I I I I U | i I I I I M | I I I I M J aq • I I I M | i j 

10* Ir 

x-3 I Q I . . . — J . . . . — J - i - i • • • • •J . 1 I . . . . - J -J -J -J - J . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1 0 i i 11111111111111111111111111111 

10 

10 -2 

Fit to Elastic 
Elastic 

I • I I I I I I I | I I T T T T 1 - I I | I I I I I I I I I | 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 

541 



D + D2 -> D + D2 D + D2 -> D + D2 

ECM = 10eV ECM = 19.95 eV 
• I I H U | i inunj iniunj i IIIUMJ 11ni«| i 

10"5 10"4 10"3 10"2 10"1 10° 
. . . . . . J . . . . — J . . . . — J - I . . . . — J . 

10"5 10^ 10"3 10"2 10"1 10° 

10" 
1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 I 11 I I I 11 1111 

Fit to Elastic 
Elastic 

-J Q I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ll ' ' ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + D2->D + D2 

ECM = 50.12 eV 

D + D2 -> D + 
ECM=100eV 

D, 

104 

103 

102 

101 

10° 

-1 

I m m i muq i IIIW| . i IIIMJ i nigq i 

10 

13 10 

10̂  

-2 

" 

' 

• • • — J - 1 - 1 - J »•••— J 

10"5 10"4 10"3 10"2 10"1 10" 1CT 10" 10"° 10" 10" 

I I I I I I I I I I I I I I I I I I I I I I • I I I I I I I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

* * i 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom—hydrogen-molecule elastic collisions 

5.6 T + D2 



5.6 

T + D2 —+ T + D2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.226302E+03 

.216573E+03 

.205103E+03 

.195756E+03 

. 180510E+03 

.165150E+03 

.152538E+03 

.142421E+03 

.133233E+03 

.110983E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.787478E+02 
.637686E+02 
.379906E+02 
.212158E+02 
.833523E+01 
.274659E+01 
.131844E+01 
.628859E+00 
.201806E+00 
.680516E-01 

Viscosity 
(a.u.) 

.667250E+02 

.581330E+02 

.424157E+02 

.252929E+02 

.109651E+02 

.358853E+01 

.169492E+01 

.834727E+00 

.310101E+00 

.105269E+00 

Analytic fitting function 

°ei,mtAE) = fea.-(/n(£))i) / (L + £b;(M£))j) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

&Q-&2'-

ao-a3: 
a ĵ-as: 
bi-b3: 

ao-a3: 
34-3.5'. 

bi-b4: 

.193480E+03 

.202935E+02 
.812557E-01 
.177703E+00 

.248999E+02 

.365328E+00 

.235109E+00 

Elastic 
-.158790E+02 -.215057E+00 

Momentum Transfer 
-.186784E+02 .789671E+01 
.457301E-02 
.207055E+00 .761365E-02 

Viscosity 
-.193586E+02 .925552E+01 
-.214739E-01 
.414259E+00 .264070E-01 

.150729E+01 

.256249E+01 

.307997E-02 
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T + D2 -> T + D2 

o-e-e-c H ^ 

§£ Sfca 

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to C 
Cc imputed from fit to T 

^ ^ v 

)CS 
cs 

J 

b̂  
V >. 

^ -W 
sS 

\ 

10" 10 L 10' 10' 
Energy in Center of Mass System (eV) 
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5.6 

T + D2 

Elastic Differential Cross Sections 

Analytic fitting function 

T + D2 

2xsin(9)^{0) =\A + 5(1 - cos(9)) + Csin2{6J\ 
n.\l. L J 

exp 5>(/n(W / 1. + EMMW 
<i=0 J \ j-1 

a.u., 

where A,B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a^: .447003E+01 
b r b 3 : .196647E+00 

A,B,C: .108938E+01 

E = .1259 eV 
Elastic 
ao-a4: .444274E+01 
bj-b3: .177997E+00 

A,B,C: .106706E+01 

E = .1585 eV 
Elastic 
a0-a5: .407936E+01 
bi-b4: -.412285E+00 

A,B,C: .101654E+01 

E = .1995 eV 
Elastic 
a0-a5: .400957E+01 
b r b 4 : -.317388E+00 

A,B,C: .991078E+00 

E = .2512 eV 
Elastic 
ao-aLi: .415648E+01 
b r b 4 : -.105987E+00 

A,B,C: .113569E+01 

E - .3162 eV 
Elastic 
a0-a4: .411160E+01 
b r b 4 : -.115151E+00 

A,B,C: .111372E+01 

.713396E+00 
-.189403E+00 
.488702E+00 

.552670E+00 
-.186358E+00 
.488680E+00 

-.235955E+01 
-.359879E+00 
.755175E-01 

-.188084E+01 
-.351931E+00 
-.342799E-01 

-.978273E+00 
-.220270E+00 
.275361E+00 

-.110556E+01 
-.217092E+00 
.221443E+00 

-.215191E+01 
-.112916E+00 
-.871355E+00 

-214866E+01 
-.105262E+00 
-.838143E+00 

-.172986E+01 
-.276635E-01 
-.145357E+00 

-.153358E+01 
-.565689E-01 
-.360824E-01 

-.166763E+01 
-.648530E-01 
-.614861E+00 

-.167139E+01 
-.616052E-01 
-.523112E+00 

-.142815E+01 

-.135741E+01 

.144536E+00 
.213650E-01 

-.122060E+00 
.328429E-02 

-.693047E+00 
-.864635E-03 

-.664509E+00 
-.851140E-03 

-.112870E+00 

-.105083E+00 

.307383E+00 .251888E-01 

.814324E-01 .718546E-02 

-.481240E-01 

-.451321E-01 
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E = .3981 eV 
Elastic 
ao-JM: .403231E+01 
bi-b4: -.137367E+00 

A,B,C: .108918E+01 

E = .5012 eV 
Elastic 
ao-a4: .392779E+01 
bi-b4: -.157286E+00 

A,B,C: .109277E+01 

E = .6310 eV 
Elastic 
ao-a^: .378210E+01 
bi-b4: -.180002E+00 

A,B,C: .113122E+01 

E = .7943 eV 
Elastic 
a0-a5: .343946E+01 
bi-b4: -.568067E+00 

A,B,C:. .101482E+01 

E = 1.0000 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.319923E+01 
-.402482E-02 
-.560718E+00 
.102128E+01 

E = 1.2590 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.281044E+01 
-.945978E-02 
-.550814E+00 
.994040E+00 

E = L5850 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.236456E+01 
-.116628E-01 
-.506872E+00 
.971895E+00 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.201851E+01 
-.934654E-02 
-.459251E+00 
.956564E+00 

E = 2.5120 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C:. 

.167391E+01 
-.751077E-02 
-.415495E+00 
.947194E+00 

•.131085E+01 -.161289E+01 -.610182E+00 -.405525E-01 
-.211301 E+00 -.571456E-01 -.852314E-03 
.133406E+00 -.389147E+00 

.159065E+01 -.152100E+01 -.509136E+00 -.325502E-01 

.201237E+00 -.492828E-01 -.862303E-03 

.783236E-01 -.329705E+00 

.188716E+01 -.136363E+01 -.373394E+00 -.224043E-01 

.189839E+00 -.400645E-01 -.919600E-03 

.690733E-01 -.381367E+00 

.380469E+01 -.598150E+00 .793132E+00 .251165E+00 .148382E-01 

.282217E+00 .117905E-01 .114475E-01 

.126343E-01 -.306435E-01 

-.390792E+01 -.102777E+00 .878942E+00 .704627E-01 -.513782E-01 

-.241679E+00 .639820E-02 -.552748E-02 -.422461E-02 
.802299E-01 -.119175E+00 

•.384577E+01 .821364E+00 .722505E+00 -.315198E+00 -.151346E+00 

.143366E+00 -.121295E-02 -.323659E-01 -.960822E-02 

.206247E-01 -.130330E-01 

.357436E+01 .139484E+01 .473908E+00 -.561899E+00 -.199119E+00 

-.833596E-01 -.173990E-01 -.480771E-01 -.117846E-01 
-.254476E-01 .755837E-01 

.328049E+01 .134412E+01 .324711E+00 -.512440E+00 -.164913E+00 

.101132E+00 -.333882E-01 -.437039E-01 -.949744E-02 
-.512834E-01 .131218E+00 

.297682E+01 .130282E+01 .226174E+00 -.462850E+00 

.121776E+00 -.461505E-01 -.396548E-01 -.769311E-02 
-.505279E-01 .151246E+00 

.137155E+00 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.131817E+01 
-.623248E-02 

-. 390771E+00 
.945363E+00 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.955072E+00 
-.237407E-02 
-.175197E+00 
.943671E+00 

E = 5.0120 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.674399E+00 
-.144808E-02 
-140635E+00 
.954856E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

as: 
b i -b 5 : 

A,B,C: 

.501601E+00 
-.264758E-02 

-.290089E+00 
.987599E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 

b i -b 5 : 
A,B,C: 

.284734E+00 
-.232046E-02 

-.199819E+00 
.101225E+01 

E = 10.0000 eV 
Elastic 
ao-aj: 
bi-b6: 
b r b u : 

A,B,C: 

.121553E+00 
-.279363E-01 
.535424E-02 
.100869E+01 

E = 19.9500 eV 
Elastic 
ao-ai: 
b!-b6: 
b7-bi2: 

bi3: 
A,B,C: 

-.343687E+00 
-.444564E+00 
-.336886E-01 
-.171688E-08 
.101797E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
bj-b 6 : 
b7-bi2: 

A,B,C: 

-.123049E+01 
-.568491 E+00 

.331279E-02 
.968854E+00 

E = 100.0000 eV 
Elastic 
a0-ai : 
b i -b 6 : 
b r -bn : 

A,B,C: 

-.320114E+01 
.516250E-02 

-.235374E-03 
.997803E+00 

.269089E+01 .131808E+01 .141596E+00 -.435693E+00 -.118126E+00 

.145930E+00 -.594150E-01 -.375619E-01 -.644944E-02 
-.594640E-01 .159099E+00 

.217704E+01 .497233E+00 .449060E+00 -.751748E-01 -.414849E-01 

.344434E+00 -.134600E+00 -.331509E-01 -.390391E-02 

.111324E+00 .329998E+00 

.197999E+01 .394425E+00 .441296E+00 -.170462E-01 -.247044E-01 

.366649E+00 -.143034E+00 -.303654E-01 -.307304E-02 

.195867E+00 .475423E+00 

.185446E+01 .900008E+00 -.434567E-01 -.269266E+00 -.564850E-01 

.211890E+00 -.805042E-01 -.253294E-01 -.291871E-02 
-.592748E-01 .907314E-01 

.157537E+01 .623822E+00 -.243884E+00 -.285791E+00 -.522626E-01 

.191689E+00 -.828017E-01 -.243725E-01 -.255288E-02 
-.626374E-01 .551734E-01 

.104281E+01 

.616898E+00 -.252702E+00 

.568908E-03 .362455E-04 

.185845E+00 .136319E+00 

.132878E+01 

.303368E+00 .295086E+00 
-.704990E-02 -.929618E-03 

.149041E+00 .602461E-01 

-.163431E+01 
-.500362E+00 .149659E+00 
.244301E-03 .849642E-05 
.132979E+00 -.534680E-01 

-.266700E+01 
-.220570E-01 .174960E-01 
-.630906E-04 -.626775E-05 
-.234777E+00 .542651E+00 

.888892E-01 .923080E-01 .301766E-01 

.128047E-05 .193242E-07 

.150995E+00 -.894459E-01 -.915623E-01 
-.789853E-04 -.421150E-05 -.128551E-06 

.267910E+00 .115573E+00 .257107E-01 
-.427285E-07 -.126159E-07 -.277276E-09 

.315149E-01 .108179E-01 .877510E-03 
-.294831E-06 -.547143E-08 
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T+D 2 ->T + D2 T + D2->T + D2 

ECM = 0.1eV ECM = 0.1995 eV 
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T + D2 -> T + D2 T + D 2 - > T + D2 
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T + D2 -> T + D2 

ECM = 1.995 eV 

T + D2 -> T + D2 

ECM = 5.012 eV 
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T + D2 -> T + D2 

ECM = 10eV 

T + D2 -> T + D2 

ECM = 19.95 eV 
4 I I I I I M f I I I I U | I I I I IH | I I I IMJ I I llll 
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1 n ' • • " • - j *•* - * • - " " ^ - * • 
I U -,-5 jn-4 „„ -3 „~-2 ^-.-1 ^-,0 

i i n u q i 

. • • • — j . . . . . . J . . . . — J - J . . . . . - J . 

-5 Jn-4 i f t -3 *n-2 „ r t-1 *n0 

10' 

10 10 10 10 10 10 10 10 10 10 10 10 
I I I 11 I I I I I I I I I I I I I I I I I I I I I I I I I 

1 0 * • 
Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Scattering Angle in Center of Mass System (rad) 

554 



T + D2 -> T + D2 

ECM = 50.12 eV 

T + D2 -> T + D2 

ECM = 100eV 

1(T 

10° 

1(f 

101 

10° 

-1 
10 

^ 1 0 " 2 

>Sio"3 

§10" 

•a 
<X> 104 

c 
"CO 1 0 3 

^ 102 

101 

10° 

10"1 

10"2 

10"3 

j i I m i i m m i i I I I I i • m w r m i M ^ r n i w I • m— i mw"r* 

f L 
10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I • I I I I I I I I I I I I I I I I I 11 I I I I I • I I 

Fit to Elastic 
Elastic 

10" i . . . . . . . . . i i 

0 
Scattering Angle in Center of Mass System (rad) 

555 





5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.7 H + T2 

557 



5.7 

H + T2 —> H + T2 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.211103E+03 

.204793E+03 

.194644E+03 

.183349E+03 

.170684E+03 

.153025E+03 

.141828E+03 

.138019E+03 

.112717E+03 

.882771E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.786453E+02 
.638129E+02 
.378839E+02 
.176906E+02 
.731253E+01 
.236627E+01 
.140488E+01 
.683420E+00 
.200213E+00 
.780214E-01 

Viscosity 
(a.u.) 

.665665E+02 

.580932E+02 

.425943E+02 

.227881E+02 

.104496E+02 

.309562E+01 

.166574E+01 

.932125E+00 

.331989E+00 

.121090E+00 

Analytic fitting function 

<Td,mtAE) = fcl*(ln(E)A / (1. + Y,hAHE))J) a.u, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2: .182155E+03 -.132950E+02 -.125340E+01 

ao-a3: 
a^: 

bi-b4: 

b5: 

ao-a3: 
SL4'. 

bi-b3: 

.183485E+02 

.233715E+00 
.928054E-01 
.542320E-02 

.237353E+02 

.133551E+00 

.317646E+00 

Momentum Transfer 
-.213931E+02 .118285E+02 

.221253E+00 -.109615E-01 

Viscosity 
-.184386E+02 .835938E+01 

.433238E+00 .428071E-01 

-.280454E+01 

.153802E-01 

-.178528E+01 
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H + T2 -» H + T2 

Ea 
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5.7 

H + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

, dcrei, 

H + T2 

2vsin(9)=^(6) =[A+ 5(1 - cos(6)) + Csin\6)\ 

exp £a,-(/B(fl)) i)/|l. + j;b,-(in(^ 
3 = 1 \i=0 

a.u.. 

where A, B, C, a,-, and b,- axe coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a,: .439910E+01 
bi-b3: .275513E+00 

A,B,C: .109745E+01 

E = .1259 eV 
Elastic 
ao-a^: .437730E+01 
bi-b3: .247213E+00 

A,B,C: .107522E+01 

£; = .1585eV 
Elastic 
a0-a5: .409450E+01 
b r b 4 : -.305250E+00 

A,B,C: .101191E+01 

i ; = .1995eV 
Elastic 
a0-a5: .402758E+01 
bi-b5: -.219322E+00 

A,B,C: .111366E+01 

E = .2512 eV 
Elastic 
a0-a5: .388540E+01 
bi-b5: -.713443E-01 

A,B,C: .944292E+00 

E = .3162 eV 
Elastic 
a0-a5: .389632E+01 
bj-bg: -.323271E+00 

A,B,C: .100255E+01 

.130491E+01 
•.201529E+00 
.374443E+00 

.108242E+01 
-.197695E+00 
.381270E+00 

.187264E+01 

.423442E+00 

.594020E-01 

.143900E+01 

.335584E+00 

.764388E-01 

.122115E+01 

.466680E+00 
-.386591E-01 

-.231619E+01 
-.404406E+00 
-.259909E-01 

.210772E+01 

.164599E+00 

.767535E+00 

.211326E+01 

.150249E+00 

.740620E+00 

.208071E+01 
-.492426E-01 
.156608E+00 

.170771E+01 
-.731781E-01 
.289529E+00 

•.203837E+01 
•-138802E+00 
.172835E+00 

-.178605E+01 
-.514991E-01 
.729265E-01 

.186858E+01 -.165066E+00 

.174834E+01 -.150560E+00 

.186286E-01 .333810E+00 .302424E-01 

.248056E-01 

-.336720E+00 .111119E+00 .121814E-01 
.635419E-02 -.209835E-03 

.167266E+00 .134756E+00 .124370E-01 
-.103699E-01 -.121501E-02 

.266024E+00 .307740E+00 .245822E-01 
.133684E-01 -.494221E-03 
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E = .3981 eV 
Elastic 
a0-a5: .388988E+01 
bj-bs: -.348608E+00 

A, B, C: .954348E+00 

E = .5012 eV 
Elastic 
a0-a5: .375943E+01 
bj-bj: -.343995E+00 

A, B, C: .943414E+00 

E = .6310 eV 
Elastic 
a0-a5: .359118E+01 
bi-b5: -.360385E+00 

A, B, C: .957897E+00 

E = .7943 eV 
Elastic 
a0-a5: .338690E+01 
bi-b4: -.519168E+00 

A,B,C: .106567E+01 

E = 1.0000 eV 
Elastic 
ao-a-j: .340543E+01 
bi-b3: .964125E-01 

A,B,C: .110267E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A, B, C: 

.271127E+01 
-.119706E-01 
-.544081E+00 
.102070E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.234892E+01 
-.119192E-01 
-.472812E+00 
.102628E+01 

E = 1.9950 eV 
Elastic 

ao-as: 

bi-b5: 
A,B,C: 

.197292E+01 
-.101274E-01 
-.436419E+00 
.102823E+01 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.158353E+01 
-.740143E-02 
-.435719E+00 
.102320E+01 

-.259467E+01 -.163131E+01 .373506E+00 .274798E+00 .205485E-01 
-.388878E+00 -.396764E-01 .109820E-01 -.360803E-03 
-.641201E-01 .101081E+00 

-.283104E+01 
-.392033E+00 
-.407128E-01 

.316559E+01 

.401352E+00 

.351058E-02 

-.359212E+01 
-.325694E+00 
-.616794 E-01 

-.163112E+01 
•.111676E+00 
.344180E+00 

•.155029E+01 .538759E+00 .298122E+00 .211098E-01 
-.376847E-01 .941752E-02 -.488885E-03 
.156630E+00 

-.146805E+01 .786064E+00 .382907E+00 .263423E-01 
-.362136E-01 .103185E-01 -.808682E-03 
.131628E+00 

-.919747E+00 .835418E+00 .330277E+00 .216445E-01 
.946823E-02 .168103E-01 
.357502E-01 

.183444E+01 -.587055E+00 -.371473E-01 
-.363135E-01 
.679564E+00 

-.399546E+01 .819865E+00 .845069E+00 -.317360E+00 -.177574E+00 

-.131744E+00 .934602E-02 -.356965E-01 -.121312E-01 
.275033E-01 -.688621E-01 

-.368191E+01 .105073E+01 .611474E+00 -.454198E+00 -.188506E+00 

-.113041E+00 -.128872E-01 -.446520E-01 -.120948E-01 
.112159E-03 -.571294E-01 

-.350663E+01 .112624E+01 .507451E+00 -.443532E+00 -.165857E+00 

-.119620E+00 -.262819E-01 -.431041E-01 -.103279E-01 
-.689483E-02 -.626796E-01 

-.343577E+01 .114343E+01 .536789E+00 -.327470E+00 -.123221E+00 

.345803E-01 -.763643E-02 .146252E+00 
.959485E-02 

-.320814E-01 
-.787697E-01 
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E = 3.1620 eV 
Elastic 
ao-Ek: .166585E+01 -.267349E+01 -.117273E+01 
bi-b3: .536938E-01 -.517326E-01 -.147713E-01 

A,B,C: .109158E+01 .612266E+00 -.951843E+00 

.269563E+00 -.149448E-01 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.807162E+00 
-.364209E-02 
-.458710E+00 
.999307E+00 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.409661E+00 
-.360211E-02 
-.495531E+00 
.974821E+00 

E = 6.3100 eV 
Elastic 

ao-as: 

bi-b5: 
A,B,C: 

.798028E-01 
-.443298E-02 
-.436442E+00 
.956156E+00 

E = 7.9430 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

-.127140E+00 
-.522601E-02 
-.333487E+00 
.942712E+00 

E = 10.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

-.214486E+00 
-.506660E-02 
-.236675E+00 
.941361E+00 

.306002E+01 .135583E+01 .631365E+00 -.148387E+00 -.626174E-01 

.208913E+00 -.459028E-01 -.225569E-01 -.395601E-02 

.850954E-01 -.848434E-01 

-.273483E+01 .171996E+01 .573806E+00 -.186820E+00 -.648474E-01 

-.218546E+00 -.577549E-01 -.251317E-01 -.392473E-02 
.486318E-01 .405757E-01 

-.212648E+01 .184554E+01 .255085E+00 -.328605E+00 -.851738E-01 

-.200799E+00 -.772972E-01 -.330643E-01 -.473505E-02 
.913103E-02 .180280E+00 

-.146593E+01 .172450E+01 -.173528E+00 -.484072E+00 -.105746E+00 

-.173684E+00 -.964640E-01 -.406224E-01 -.548519E-02 
-.586038E-01 .275630E+00 

-.105173E+01 .135211E+01 -.475753E+00 -.537404E+00 -.106657E+00 

E = 19.9500 eV 
Elastic 

ao-a!: 
bi-b6: 
b7-bn: 

A,B,C: 

-.346144E+00 
-.699010E-01 
.524486E-02 
.990093E+00 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

A,B,C: 

•.154073E+01 
-566657E+00 
-.152910E-01 
.964664E+00 

E = 100.0000 eV 
Elastic 
ao-ai: 
bi-b 6 : 
b7-bi2: 

bi3^ 
A,B,C: 

-.353240E+01 
.535239E+00 
.632649E-01 
.319163E-08 
.973151E+00 

.162992E+00 

.146605E+00 

.116554E+01 

.579423E+00 

.560191E-03 

.278609E+00 

.246491E+01 
-.613973E-01 
-.254900E-02 
.248405E-01 

.305755E+01 

.265368E+00 

.126821E-01 

-.105733E+00 -.415389E-01 -.529219E-02 
.356306E+00 

-.212115E+00 .976547E-01 .913880E-01 .295269E-01 
.359296E-04 .127841E-05 .194313E-07 
.265174E+00 

.293550E+00 .738205E-01 -.741921E-01 -.522758E-01 
-.259669E-03 -.160415E-04 -.553540E-06 -.820280E-08 
.215010E+00 

-.626393E+00 -.141178E-01 .296785E+00 .193646E+00 
.165283E-02 .140917E-03 .759659E-05 .235254E-06 

.421993E+00 .140236E+01 
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H + T2 -> H + T2 

ECM = 0.1eV 

H + T2 -> H + T2 

ECM = 0.1995 eV 
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H + T2 -> H + T2 

ECM = 0.5012 eV 

H + T2 -> H + T2 

ECM = 1 eV 
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H + T2 -> H + T2 

ECM= 1.995 eV 

H + T 2 - > H + T 2 

ECM = 5.012 eV 
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H+.T2->H+T2 H + T2 -> H + T2 

ECM = 10eV ECM = 19.95 eV 
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H + T2->H + T2 

E0M = 50.12 eV 

H + T2 -> H + T2 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.8 D + T2 



5.8 

D + T2 —• D + T2 

Energy (CM) 
(eV) 

Elastic 
(a.u.) 

Cross Section 
Momentum Transfer 

(a.u.) 
Viscosity 

(a.u.) 
0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

.223095E+03 

.214277E+03 

.204234E+03 

.194877E+03 

.177280E+03 

.165014E+03 

.147777E+03 

.141831E+03 

.130394E+03 

.107857E+03 

.788143E+02 

.638806E+02 

.381399E+02 

.191783E+02 

.750324E+01 

.268597E+01 

.133258E+01 

.646498E+00 

.211558E+00 
.773122E-01 

.667427E+02 

.581773E+02 

.427096E+02 

.239669E+02 

.104107E+02 

.335320E+01 

.167507E+01 

.856889E+00 

.322746E+00 

.116659E+00 

Analytic fitting function 

crei,mtAE) = fe*(/w(W) I (1. + I > ( / n ( £ ) ) ' ' ] a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a2: 

ao-a3: 
a4-a5: 

b r b 4 : 
b5: 

ao-a3: 
a^-as: 
b r b 4 : 

.191240E+03 

.190180E+02 

.258991E+00 

.281965E+00 
.199636E-01 

.239830E+02 

.345515E+00 

.473220E+00 

Fitting parameters 

Elastic 
-.158613E+02 -.248014E+00 

Momentum Transfer 
-.186252E+02 .156500E+02 
.662290E-02 
.693078E+00 .313562E+00 

Viscosity 
-.150605E+02 .823334E+01 
-.202951E-01 
.584542E+00 .105644E+00 

-.393152E+01 

.129068E+00 

-.244448E+01 

.150956E-01 
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D + T2 -> D + T2 

10 ^ 
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o Computed from fit to D 
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v 
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5.8 

D + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

D + T2 

2vsin(0)^($) =\A + 5(1 - cos(O)) + Csin2(6)] 
ail L J 

exp E^MWj/ll. + EMMW' 
<t=0 

a.u., 

where A,B,C, a;, and b, are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a\ 
srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a*i: 
bi-b3: 

A,B,C: 

.445132E+01 

.204109E+00 

.107940E+01 

E = .1259 eV 
Elastic 
ao-a4: 
bi-b3: 

A,B,C: 

.444848E+01 

.196803E+00 

.109153E+01 

E = .1585 eV 
Elastic 
a0-a5: 
bi-b4: 

A,B,C: 

.408190E+01 
-.321431E+00 
.104294E+01 

E = .1995 eV 
Elastic 
ao-a5: 
bi-b4: 

A, B, C: 

.403540E+01 
-.385358E+00 
.101330E+01 

E = .2512 eV 
Elastic 
ao-as: 
b,-b5 : 

A,B,C: 

.396163E+01 
-.266858E+00 
.108049E+01 

E = .3162 eV 
Elastic 
ao-a-j: 
bi-b4: 

A,B,C: 

.412332E+01 
-.997372E-01 
.113023E+01 

.798572E+00 
-.190839E+00 
.463978E+00 

.640107E+00 
-.189694E+00 
.487924E+00 

-.206768E+01 
-.407125E+00 
.939824E-01 

-.223306E+01 
-.351316E+00 
.181084E-01 

-.177362E+01 
-.327347E+00 
.200527E-01 

-.105874E+01 
-.216850E+00 
.250367E+00 

-.212531E+01 
-.121831E+00 
-.831963E+00 

-.218099E+01 
-.109435E+00 
-.872888E+00 

-.193176E+01 
-.470383E-01 
-.194877E+00 

-.161713E+01 
-.350807E-01 
-.103767E+00 

-.151935E+01 
-.642400E-01 
-.159074E+00 

-.170341E+01 
-.627740E-01 
-.577834E+00 

.150535E+01 -.121807E+00 

.139413E+01 -.109489E+00 

.117503E+00 .284822E+00 .235382E-01 
.175828E-01 

.634698E-01 .217570E+00 .178600E-01 

.143046E-01 

-.179540E+00 .771090E-01 .720399E-02 
.106423E-02 -.222169E-03 

.682260E+00 -.468492E-01 
-.827787E-03 
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E = .3981 eV 
Elastic 
ao-ek: .404897E+01 
bi-b4: -.119486E+00 

A,B,C: .110206E+01 

E= .5012 eV 
Elastic 
a0-a4: .394531E+01 
bi-b4: -.122040E+00 

A,B,C: .109068E+01 

E = .6310 eV 
Elastic 
a0-a5: .369530E+01 
bi-b4: -.583271E+00 

A,B,C: .102457E+01 

E = .7943 eV 
Elastic 
a0-a5: .347348E+01 
bx-b4: -.572948E+00 

A,B,C: .101447E+01 

E = 1.0000 eV 
Elastic 
a0-a4: .346877E+01 
b!-b3: .936716E-01 

A,B,C: .113644E+01 

E = 1.2590 eV 
Elastic 
ao-a^ .315421E+01 
bi-b3: .728923E-01 

A,B,C: .114548E+01 

•.124222E+01 
-.212197E+00 
.159270E+00 

.145348E+01 

.198502E+00 

.758158E-01 

.373961E+01 

.279786E+00 
-.459790E-01 

.384750E+01 

.279927E+00 

.376658E-01 

-.165278E+01 
-.103078E+00 
.461985E+00 

-.199131E+01 
-.958820E-01 
.601866E+00 

.166522E+01 -.641828E+00 -.432131E-01 
-.591723E-01 -.824733E-03 
.440095E+00 

.160051E+01 -.563346E+00 -.366904E-01 
-.518633E-01 -.789260E-03 
.325208E+00 

.906191E+00 .742590E+00 .317089E+00 .206213E-01 
.204942E-01 .179412E-01 
-.358663E-01 

-.624633E+00 .803003E+00 .263643E+00 .158638E-01 
.143454E-01 .125288E-01 

-.101691E+00 

.176793E+01 -.504120E+00 -.296421E-01 
-.290465E-01 
.854257E+00 

.170119E+01 -.448218E+00 
-.251281E-01 
.102691E+01 

.255844E-01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.232175E+01 
-.114022E-01 
-.478693E+00 
.985320E+00 

E = 1.9950 eV 
Elastic 

ao-as: 

bi-b5: 
A,B,C: 

.194813E+01 
-.967847E-02 
-.465261E+00 
.971625E+00 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.156598E+01 
-.751286E-02 
-.436862E+00 
.959364E+00 

-.364353E+01 .123055E+01 .517814E+00 -.514422E+00 -.191133E+00 

-.853703E-01 -.130042E-01 -.454409E-01 -.115307E-01 
-.277104E-01 .534922E-01 

-.348537E+01 .135303E+01 .442327E+00 -.486326E+00 -.166989E+00 

-.976217E-01 -.256259E-01 -.430341E-01 -.983636E-02 
-.489146E-01 .984219E-01 

-.326044E+01 .135107E+01 .404965E+00 -.408831E+00 -.133476E+00 

770966E-02 .123456E+00 -.362864E-01 -.373108E-01 
-.357498E-01 .111968E+00 
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E = 3.1620 eV 
Elastic 

ao-as: 
a6: 

b!-b5: 
A, B, C: 

.115632E+01 
-.665658E-02 
-.476047E+00 
.948747E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.816500E+00 
-.579021E-02 
-.423551E+00 
.948767E+00 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.459707E+00 
-.453114E-02 
-.294255E+00 
.925402E+00 

E = 6.3100 eV 
Elastic 
a0-a4: .902233E+00 
bi-b3: -.347966E-01 

A,B,C: .101346E+01 

E = 7.9430 eV 
Elastic 

ao-as: 
a6: 

b r b 5 : 
A,B,C: 

.886928E-01 
-.387000E-02 
-.240683E+00 
.973006E+00 

E = 10.0000 eV 
Elastic 

ao-as: 
ae: 

bi-bs: 
A,B,C: 

-.333214E-01 
-.285880E-02 
-.154954E+00 
.100641E+01 

E = 19.9500 eV 
Elastic 

304596E+01 .167666E+01 .398271E+00 -.402218E+00 -.122059E+00 

372550E-01 -.689056E-02 .148292E+00 
-.280025E-02 

-.491175E-01 
.107127E+00 

255001E+01 .165807E+01 .195323E+00 -.420569E+00 -.111045E+00 

374883E-01 -.603731E-O2 .159796E+00 
-.156765E-01 

-.660741E-01 
.131109E+00 

-.199446E+01 .139634E+01 .210183E+00 -.335710E+00 -.887045E-01 

-.256963E+00 
-.137265E+00 

-.250570E+01 
-.511285E-01 
.125197E+01 

-.113846E+00 -.406155E-01 
.363316E+00 

.539999E-02 

.695708E+00 -.197683E+00 -.110805E-01 
-.136696E-01 
.131330E+01 

.128153E+01 .112021E+01 

.179829E+00 

.156425E+00 
-.980607E-01 
.291431E+00 

.393569E+00 -.449691E+00 -.850011E-01 

-.350501E-01 -.410033E-02 

.108202E+01 .654111E+00 -.490462E+00 -.386474E+00 -.658419E-01 

ao-ai: 
bi-b6: 
br-bn: 

A, B, C: 

-.387119E+00 
-.113650E+00 
.407110E-02 
.103646E+01 

E = 50.1200 eV 
Elastic 
a0-ai: 
bi-b6: 
b7-t>io: 

A, B, C: 

-.128255E+01 
-.432111E+00 
.160316E-02 
.966092E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
by-bio: 

.4, B, C: 

-.311209E+01 
.104133E+00 
.180100E-02 
.984238E+00 

.194361E+00 

.210826E+00 

-.103077E+01 
-.591927E+00 
.402103E-03 

-.216264E+00 

-.180397E+01 
-.363635E+00 
.113572E-03 
.233362E+00 

-.246411E+01 
-.173990E+00 
.141474E-03 

-.343235E+00 

-.101230E+00 -.303528E-01 -.310155E-02 
.301506E+00 

-.167756E+00 .113567E+00 .855726E-01 .249447E-01 
.239173E-04 .790130E-06 .111523E-07 
.107335E+00 

.791283E-01 .153964E+00 .632657E-01 .132428E-01 

.438029E-05 J11648E-07 
-.122629E+00 

-.486027E-01 .778311E-01 .499146E-01 .129436E-01 
.593006E-05 .103424E-06 
.901940E+00 
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D + T2 -> D + T2 D + T2 -> D + T2 

ECM = 0.1 eV ECM = 0.1995 eV 
i iiiuq i m m i m m 'JJ"^ ' " " 1 ' 

D 
• o 

<g 103 

CO 

W 102 
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I 

1 0 w 

11 I 111 I I 1 1 1 1 11 11 I I I I 11 I 11 1 1 1 1 1 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-J Q ' | | | I I I I I I I I I I I I I I I I I I I I I I I I I I I I |l ' • • * ' ' •' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + T2 -> D + T2 

ECM = 0.5012 eV 

D + T2 -> D + T2 

ECM = 1 eV 

10* r 

1(T r 

101
 P 

10u 

1 Q ' I • • • • • -J . ...—J -J -J - I . 1 I . . . . m i -J - I - I - I . 1 
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10u 
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Fit to Elastic 
Elastic 

•j Q I I . . I I J I I . . I . I 
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Scattering Angle in Center of Mass System (rad) 
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10" 

10J 

10' 

101 

10u 

10" 

D + T2 -> D + T2 

ECM = 1.995 eV 

D + T2 -> D + T2 

ECM = 5.012 eV 
I I I I I U J iii i ia| i i I IMJ i niuq i I I IMJ i i • i uiiiq i iiiuq I I I I W | i imm iniuq i\ 

-2 
CS 10 r 

a -3 F 
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10"3 10" 10"° 10" 10"' 10" 10"5 10"4 10"3 10"2 10"1 10° 

10" r 

1 1 1 1 1 1 1 • i • • 1 1 1 • 1 1 1 1 1 1 1 • • • i 

Fit to Elastic 
Elastic 

10" 
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1 Q ' t • . i i i .1 I t . . . . . . . . . i . • 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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D + T2 -> D + T2 

EC M=10eV 

D + T2 -> D + T2 

ECM = 1.995 eV 

10 

m m i i n i i 11imq 1 1 I I I ^ i m m 

| i o - 3 

© 104 
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CO 1 Q 3 
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D + T2 -> D + T2 D + T2 -> D + T2 

104 r 

ECM = 50.12 eV EC M=100eV 

10J 

102 

101 

10° 

10-1 

Sio 3 

i I I I IU| I muq I I I I U J i uiuq iinuq i 
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0 0 1 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.9 T + T2 



Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

T + T2 

Elastic 
(a.u.) 

.230476E+03 

.219598E+03 

.208349E+03 

.198060E+03 

.184599E+03 

.165821E+03 

.157660E+03 

.141821E+03 

.136803E+03 

.117680E+03 

—• T + T2 

Cross Section 
Momentum Transfer 

(a.u.) 
.788710E+02 
.639031E+02 
.382680E+02 
.201951E+02 
.795900E+01 
.273686E+01 
.132009E+01 
.639738E+00 
.205667E+00 
.702140E-01 

Viscosity 
(a.u.) 

.668041E+02 

.582057E+02 

.426275E+02 

.246580E+02 

.106573E+02 

.350923E+01 

.168251E+01 

.844258E+00 

.320860E+00 

.110530E+00 

Analytic fitting function 

<Tei,mtAE) = (X^n(E)A/ [ 1. + Y,bj(ln(E)y) a.u, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. — a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
-.165701E+02 .173510E+00 

Momentum Transfer 
-.169143E+02 .784121E+01 -.177717E+01 

.293035E+00 .211585E-01 

Viscosity 
-.758931E+01 .268601E+01 -.468177E+00 

.641119E+00 .203106E+00 .262377E-01 

ao-a2: .194517E+03 

ao-a3: .195376E+02 
a*: .147781E+00 

b!-b3: .303629E+00 

ao-a3: .242905E+02 
a*: .112830E-01 

b!-b4: .750819E+00 
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T + T2 -> T + T2 

-

<>-e-e-t *-©H 

fee 
^ V 

Elastic 
— — Momentum Transfer 

Viscosity 
o Computed from fit to C 
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5.9 

T + T2 

Elastic Differential Cross Sections 

Analytic fitting function 

, do ei, 

T + T2 

2itsin{e)-^{6) =[A + B{\ - cos{0)) + Csin2{0)\ 

exp 
\i=0 I \ j=\ 

a.u., 

where A, B,C', a», and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u 
srad"1 = 2.80028E-17 cm2 srad"1). 

~al 

Fitting parameters 

£ = .1000eV 
Elastic 
ao-a-,: .447226E+01 
bi-b3: .179081E+00 

A,B,C: .107234E+01 

E = .1259 eV 
Elastic 
a0-a5: .410307E+01 
bx-b4: -.381212E+00 

A, B, C: .102904E+01 

E = .1585 eV 
Elastic 
a0-a5: .405142E+01 
bi-b4: -.350283E+00 

A,B,C: .100951E+01 

E= .1995 eV 
Elastic 
a0-a5: .398812E+01 
bi-b5: -.253516E+00 

A,B,C: .108929E+01 

E = .2512 eV 
Elastic 
ao-eui: .391047E+01 
bi-b6: -100078E+00 

A,B,C: .102649E+01 

E = .3162 eV 
Elastic 
ao-a-,: .388395E+01 
bi-b6: -.100391E+00 

A,B,C: .102723E+01 

.618658E+00 
-.186139E+00 
.498099E+00 

.224787E+01 

.381651E+00 

.965415E-01 

.201969E+01 

.355564E+00 

.105074E-01 

.163364E+01 

.328728E+00 

.249149E-01 

.110929E+01 

.379718E+00 
-.546269E-01 

-.117699E+01 
-.363843E+00 
-.729569E-01 

.213393E+01 

.106711E+00 

.856408E+00 

.183854E+01 
-.359376E-01 
.161175E+00 

.160704E+01 
-.472018E-01 
-.890164E-01 

.150757E+01 
-.712566E-01 
.176863E+00 

.168702E+01 

.127162E+00 
.142895E-01 

-.167369E+01 
-.120322E+00 
.272849E-01 

-.137456E+01 -.106463E+00 

.138045E+00 .315827E+00 .258873E-01 
.210540E-01 

-.386406E-01 .152833E+00 .127532E-01 
.893145E-02 

-.250341E+00 .427094E-01 .467569E-02 
-.157724E-02 -.227401E-03 

.416342E+00 
-.173008E-01 

.414182E+00 
-.160138E-01 

.240305E-01 

.132621E-02 -.384655E-04 

.237579E-01 

.121770E-02 -.351644E-04 
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E = .3981 eV 
Elastic 
ao-a4: .383368E+01 
bj-be: -.105084E+00 

A,B,C: .103241E+01 

E = .5012 eV 
Elastic 
a0-a4: .375305E+01 
bi-b6: -.952842E-01 

A, B, C: .104335E+01 

E = .6310 eV 
Elastic 
a0-a5: .364389E+01 
bi-b4: -.577367E+00 

A,B,C: .100632E+01 

E = .7943 eV 
Elastic 
a0-a5: .351920E+01 
bj-b4: -.570429E+00 

A,B,C: .100619E+01 

E = 1.0000 eV 
Elastic 
a0-a5: .321541E+01 
bj-b4: -.531175E+00 

A,B,C: .951701E+00 

E = 1.2590 eV 
Elastic 
a0-a5: .304360E+01 
bj-b4: -.589796E+00 

A,B,C: .105780E+01 

E = 1.5850 eV 
Elastic 
a0-a5: .271195E+01 
b!-b4: -.476463E+00 

A,B,C: .104647E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

bi-b5: 
A,B,C: 

.199266E+01 
-.819354 E-02 
-.484989E+00 
.944273E+00 

E = 2.5120 eV 
Elastic 

ao-as: 
a6-' 

bi-b5: 
A,B,C: 

.161628E+01 
-.680716E-02 
-.468925E+00 
.943069E+00 

-.130731E+01 
-.346890E+00 
-.105346E+00 

.143535E+01 

.333357E+00 

.132234E+00 

-.377799E+01 
-.272237E+00 
-.154906E-01 

-.163428E+01 -.385754E+00 -.215390E-01 
-.112125E+00 -.148136E-01 -.111420E-02 -.319453E-04 
.505823E-01 

.160414E+01 -.344554E+00 -.182773E-01 

.106680E+00 -.145205E-01 -.109515E-02 -.315198E-04 

.568288E-01 

-.758786E+00 .740560E+00 .264084E+00 
.177004E-01 .135865E-01 
.172912E-01 

.161092E-01 

.385647E+01 -.643833E+00 .801837E+00 .255458E+00 .149712E-01 

.277556E+00 .148468E-01 .118488E-01 
.598967E-01 -.158855E+00 

•.380321E+01 -.452024E+00 .839295E+00 .226436E+00 .125237E-01 
•.296117E+00 .157618E-02 .797352E-02 
.103264E+00 -.720888E-01 

-.431197E+01 -.274764E+00 .979344E+00 .303260E+00 .173643E-01 
-.191460E+00 .421304E-01 .158066E-01 
.740175E+00 -.871968E+00 

•.384426E+01 -.220238E+00 .685662E+00 .195853E+00 .108414E-01 
•.165224E+00 .223521E-01 .941114E-02 
.650705E+00 -.792161E+00 

.341987E+01 .131088E+01 .418113E+00 -.434030E+00 -.145268E+00 

.114223E+00 -.280738E-01 -.379922E-01 -.834828E-02 
-.504996E-01 .157853E+00 

-.317905E+01 .140159E+01 .360164E+00 -.402038E+00 -.124427E+00 

-.136449E+00 -.411489E-01 -.359019E-01 -.700140E-02 
-.447799E-01 .154790E+00 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.130964E+01 
-.944976E-03 
-.136591E+00 
.917004E+00 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.861199E+00 
-.340384 E-02 
-.254703E+00 
.936256E+00 

E = 5.0120 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.470632E+00 
-.320487E-02 
-.224177E+00 
.946045E+00 

E = 6.3100 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bg: 

A,B,C: 

.363337E+00 

.339754E+00 
-.324579E-03 
.999655E+00 

E = 7.9430 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.219443E+00 
-.246104 E-02 
-.263208E+00 
.103390E+01 

E = 10.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

-.406682E-01 
.121755E+00 
.203930E-02 
.105005E+01 

E = 19.9500 eV 
Elastic 
ao-ai: 
bi-be: 
b7-bi2: 

A,B,C: 

-.412498E+00 
-.172189E+00 
-.341682E-02 
.101397E+01 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bi2: 
A,B,C: 

-.126696E+01 
-.609969E+00 
-. 100564 E-01 
.975053E+00 

E = 100.0000 eV 
Elastic 
ao-as: 
bi-b4: 

A,B,C: 

-.315005E+01 
-.148626E-01 
.978688E+00 

.247649E+01 -.372723E-01 .722196E+00 .132621E+00 -.842602E-02 

.403162E+00 -.140037E+00 -.258865E-01 -.288543E-02 

.424342E-01 .199529E+00 

-.226596E+01 .909550E+00 .392910E+00 -.185723E+00 -.636207E-01 

-.298090E+00 -.115146E+00 -.344837E-01 -.450082E-02 
-.116694E+00 .370408E+00 

-.193804E+01 .105699E+01 .243319E+00 -.223662E+00 -.632742E-01 

-.291669E+00 -.133345E+00 -.385522E-01 -.453591E-02 
-.201543E+00 .582778E+00 

.136721E+01 

.232942E+00 -.354060E+00 
-.127044E-04 -.207700E-06 
.206370E+00 .300658E+00 

-.156363E+00 -.350592E-01 -.445071E-02 

-.150015E+01 .871508E+00 -.211241E+00 

-.211042E+00 -.877538E-01 -.258834E-01 
-.838803E-01 .490692E-01 

.302679E+00 -.557862E-01 

-.270860E-02 

.913189E+00 

.524928E+00 -.276548E+00 

.169116E-03 .738097E-05 

.403144E+00 .460890E+00 

-.115507E+01 
-.449815E+00 -.533073E-01 
-.749122E-03 -.878992E-04 
-.240686E+00 .205837E+00 

-.183507E+01 
-.215958E+00 .270282E+00 
-.168193E-02 -.168897E-03 
.106884E+00 -.845133E-02 

.279399E+01 .167209E+00 
-.483666E-01 -.336483E-02 
.165189E+00 .516397E+00 

.142002E-01 .429309E-01 .134618E-01 

.132954 E-06 

.805268E-01 .221358E-01 -.484664E-02 
-.592464E-05 -.216934E-06 -.335623E-08 

.124951E+00 -.287210E-01 -.323955E-01 
-.102140E-04 -.344043E-06 -.497156E-08 

.206472E+00 .273677E-01 
.156782E-03 

.998383E-03 
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T + T2 —> T + T2 

ECM = 0.1eV 

T + T2 —> T + T2 

ECM = 0.1995 eV 

10"5 10"4 10"3 10"2 10"1 10° 10 ' 5 10"4 10"3 10"2 10"1 10° 

10J 

Vf 

10' 

10u 

1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 • i • 1 1 1 1 

"| Q ' I 11 i i i i i i 11 11 i i 1 1 1 i 1 1 1 1 i i i 11 i i I il ' ' ' • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + T2 -^ T + T2 

103 

102 

101 

10° 

n"1 

• 

r 

r 

r 

X 

^CM 
=r 0.5012 eV 

s 
Tj 

T + T2 -> T + T2 

EC M=1eV 

• • " - ' • • • • • - * • • • — * - j - ^ • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10° • 

1(T r 

101 -

10u 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 Q ' ' ' ' J * ' ' ' 
0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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1(T 

10J 

10' 

101 

10L 

T + T2 -> T + T2 

ECM = 1.995 eV 

T + T2 -> T + T2 

ECM = 5.012 eV 
1 i m m i niuq I m m i m m i m m i • i i imm i m m i m m ' i'i»1 " " " 1 ' I 

-1 
10 

CO 10" r 

^ i n" 3 

•D 10' 

. . . . - j . . . . . - J - j • »indl i i m i d • " •—* -* • • " - J -^ • •••—J »1 

10"5 10"4 10"3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10'1 10° 

W 10' 

CM 

I I I 11 I I I 11 I I I I I I 11 11 111 

Fit to Elastic 
Elastic 

10 
-2 

10" I I I I I I I I I I I I I I I I I I I I I I I I I 11 I I 

0 1 2 3 0 
Scattering Angle in Center of Mass System (rad) 
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T + T2 -» T + T2 

E C M = 1 0 e V 

T + T2 -> T + T2 

ECM = 19.95 eV 

10" 

10J 

itf 

10' 

10L 

10" 

a 
"O 
15 
"O 
c 

"co 

CM 

10 

10" 

10" 

-2 

I I I IUJ I I I IW| I IHMf I I I I M | I I I I M J I 

• • • " " » - 1 * -* " J " ^ • 

• 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10 

10" 

r z 1^3 
1 0 * • 

1(f 

101 

10L 

10 -

10" 

10" 

10" 

111 i 111 1111 n i i i i 11 i i 111 i 11 

Fit to Elastic 
Elastic 

' * ' • 
0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + T2 —» T + T2 

ECM = 50.12 eV 

T + T2 -> T + T2 

ECM = 100eV 

10'° 10" 10"° 10" 10" 10u 10"5 10"4 10"3 10"2 10"1 10° 

I . . . . . . • • • I I .1 

0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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5• Hydrogen-atom-hy drogen-molecule elastic collisions 

5.10 H + HD 



5.10 

H + HD H + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.214188E+03 

.208007E+03 

.198869E+03 

.189968E+03 

.172401E+03 

.154887E+03 

.147088E+03 

.139456E+03 

.109539E+03 

.857515E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.805132E+02 
.653879E+02 
.396438E+02 
.220070E+02 
.991898E+01 
.329730E+01 
.142391E+01 
.624815E+00 
.151960E+00 
.467375E-01 

Viscosity 
(a.u.) 

.681481E+02 

.594594E+02 

.437473E+02 

.259920E+02 

.125787E+02 

.443935E+01 

.201822E+01 

.921470E+00 

.249252E+00 
.792550E-01 

Analytic fitting function 

crei,mt,vi(E)'= ( j X M W ) I ( l - + I > ( Z n ( £ ) ) M a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

BQ-SL^' 

&Q-&3'-

0,4'. 

bx-b3: 

ao-a3: 
&4'. 

bi-b3: 

.185552E+03 

.216562E+02 
.955958E-01 
.278506E+00 

.260357E+02 

.102714E+00 

.416761E+00 

Elastic 
-.133826E+02 -.151274E+01 

Momentum Transfer 
-.164006E+02 .615164E+01 

.221826E+00 .141451E-01 

Viscosity 
-.136096E+02 .478690E+01 

.373101E+00 .460610E-01 

-.122035E+01 

-.112477E+01 
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H + H D ^ H + HD 

10" 

10' 

3, to1 

c 
g 

"•4—» 

o 
CD 

CO 
CO i n o 
CO 1 U 

o 
o 

10" 

10" 

O 0 0 ( 

<ME£§3 t f t -^ fc^L* 

> » > 
isO 

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to D 
Co mputed frorr ifil ttoT< 

JSi 
> : ^ 

-

cs 
3S 

} — 

[ \ 
V 

^ V \ ^ 

^ 

V N, K-O 

10" 1 0 u 10' 10' 
Energy in Center of Mass System (eV) 
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5.10 

H + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

H + HD 

2ir8in(6)^(0) =[A + B{\ - cos(0)) + Csin\6)] 

exp 
Ki=0 / \ j=l 

a.u. 

where A, B, C, a,-, and b_,- are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028&17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a-,: .439704E+01 
bi-b3: .277794E+00 

A,B,C: .108276E+01 

E- .1259 eV 
Elastic 
ao-a4: .439399E+01 
bi-b3: .259274E+00 

A,B,C: .108278E+01 

E = .1585 eV 
Elastic 
a0-a5: .413020E+01 
bi-b4: -.301220E+00 

A,B,C: .103319E+01 

E = .1995 eV 
Elastic 
a0-a5: .408004E+01 
bi-b4: -.282046E+00 

A,B,C: .997128E+00 

E = .2512 eV 
Elastic 
a0-a5: .405106E+01 
bi-b4: -.264633E+00 

A,B,C: -971736E+00 

E = .3162 eV 
Elastic 
a0-a5: .402958E+01 
bKb 4 : -.400270E+00 

A,B,C: .104912E+01 

.135950E+01 -.203954E+01 -.195387E+01 -.175752E+00 
-.198207E+00 -.175326E+00 
.352962E+00 -.721925E+00 

.116306E+01 -.211259E+01 -.180551E+01 -.157377E+00 
•.199032E+00 -.156969E+00 
.369787E+00 -.739130E+00 

.191066E+01 -.224196E+01 .581510E-01 .427903E+00 .390809E-01 

.443804E+00 -.507108E-01 .326178E-01 

.939140E-01 -.210680E+00 

.183178E+01 -.201348E+01 .954422E-02 .262049E+00 .232614E-01 

.419768E+00 -.534764E-01 .176448E-01 
.309514E-01 -.115447E+00 

.188824E+01 -.197987E+01 .640982E-01 .231425E+00 .195825E-01 

.421838E+00 -.553488E-01 .132663E-01 

.330496E-01 -.861695E-01 

.259444E+01 -.185605E+01 .355905E+00 .381690E+00 .307382E-01 

.387433E+00 -174286E-01 .257621E-01 

.589197E-01 -.189992E+00 
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E = .3981 eV 
Elastic 
a0-a5: .394583E+01 

.bi-b4: -.484006E+00 
A,B,C: .101730E+01 

E = .5012 eV 
Elastic 
a0-a5: .374881E+01 
b r b 4 : -.433533E+00 

A,B,C: .100642E+01 

£ = . 6 3 1 0 e V 
Elastic 
a0-a5: .360883E+01 
b r b 4 : -.464843E+00 

A,B,C: .101440E+01 

E - .7943 eV 
Elastic 

a0-a5: 
a6: 

bi-b5: 
A,B,C: 

.349662E+01 
-.109775E-01 
-.587862E+00 
.101545E+01 

E = 1.0000 eV 
Elastic 

a0-a5: 
ae: 

bi-b5: 
A,B,C: 

.316784E+01 
-.172628E-01 
-.623075E+00 
.100607E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.286232E+01 
-.144442E-01 
-.530546E+00 
.101391E+01 

E = 1.5850 eV 
Elastic 
a0-a5: .265540E+01 
bi-b5: -.514200E+00 

A,B,C: .108666E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.220366E+01 
-.111537E-01 
-.390402E+00 
.102717E+01 

E = 2.5120 eV 
Elastic 

a0-a5: 
a6: 

bi-b5: 
A,B,C: 

.193502E+01 
-.789840E-02 
-.378442E+00 
.102774E+01 

.296737E+01 -.153600E+01 .437552E+00 .367036E+00 .285470E-01 

.338953E+00 .109609E-02 .253738E-01 
-.349042E-01 -.344255E-01 

.289174E+01 -.132112E+01 .433278E+00 .251385E+00 .180898E-01 

.340448E+00 -.118466E-01 .141003E-01 

.114227E+00 .173295E+00 

.318399E+01 -.119636E+01 .627088E+00 .290562E+00 .198787E-01 

.340632E+00 -.113348E-02 .155151E-01 

.100124E+00 .173371E+00 

-.403316E+01 -.231440E+00 .104308E+01 .187355E-01 -.134856E+00 

-.210541E+00 .378988E-01 -.104512E-01 -.111293E-01 
.671034E-01 -.970351E-01 

.420623E+01 .757170E+00 .103498E+01 -.353855E+00 -.243097E+00 

.118417E+00 .354868E-01 -.396308E-01 -.173725E-01 

.883489E-02 -.201317E-01 

.374491E+01 .919327E+00 .707602E+00 -.447185E+00 -.216733E+00 

.113544E+00 .187072E-02 -.451095E-01 -.145857E-01 

.392019E-02 -.306440E-01 

-.369412E+01 -.111738E+00 .853014E+00 .218212E+00 .121501E-01 
-.285270E+00 -.116512E-01 .407095E-02 -.292539E-03 
.216416E+00 -.389725E+00 

-.298885E+01 .108858E+01 .228832E+00 -.563432E+00 -.185771E+00 

-.115166E+00 -.454036E-01 -.510243E-01 -.113444E-01 
-.246596E-01 -.356123E-01 

-.291768E+01 .923742E+00 .248490E+00 -415670E+00 -.134546E+00 

-.150965E+00 -.497550E-01 -.396782E-01 -.812352E-02 
-.169767E-01 -.515297E-01 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
b i - b s : 

A,B,C: 

.166697E+01 
-.549416E-02 
-.345738E+00 
.102166E+01 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
b i -b 8 : 

A, B, C: 

.140048E+01 
-.182004E-02 
-.386814E+00 
.102586E+01 

E - 5.0120 eV 
Elastic 
ao-as: 

a6: 
b i -b 5 : 

A,B,C: 

.108086E+01 
-.155168E-02 
-.401518E+00 
.994672E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

ae: 
b i -b 5 : 

A, B, C: 

.801206E+00 
-.156785E-02 
-.358740E+00 
.971365E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b r b n : 
A,B,C: 

.233384E+00 

.292670E+00 
-.305943E-02 
.948148E+00 

E = 10.0000 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b7-bi2: 

A,B,C: 

.263743E+00 
-.465679E-02 
.809161E-02 
.932110E+00 

E = 19.9500 eV 
Elastic 
ao-aj: 
b i -b 6 : 
b7-bi2^ 

b n : 
A, B, C: 

-.282548E+00 
-.108213E+01 
-.161783E+00 
-.151374E-07 
.101239E+01 

E - 50.1200 eV 
Elastic 
ao-ai: 
b i -b 6 : 
b7-bn : 
A.B.C: 

-.209483E+01 
-.273941E+00 

.238654E-02 
.970466E+00 

E = 100.0000 eV 
Elastic 
a0-ai : 
b i -b 6 : 
b7-bi2: 

A,B,C: 

-.443175E+01 
.110832E+00 
-.119242E-01 
.973265E+00 

-.274593E+01 

-.178445E+00 
.534493E-02 

-.282616E+01 

-.238072E+00 
.350897E-01 

-.265366E+01 

-.240511E+00 
.310621E-01 

-.236495E+01 

-.232242E+00 
-.280591E-01 

-.178377E+01 
-.942504E-01 
-.364564E-03 
-.480851E+00 

-.162115E+01 
-.466020E+00 

.111669E-02 
-.290842E+00 

-.225283E+01 
-.415917E-01 
-.376771E-01 

.718687E-01 

-.252461E+01 
-.263415E+00 

.186459E-03 
.205285E+00 

-.359351E+01 
.302280E-00 
-.1813C3E-02 
-.59708SE-01 

.741978E+00 

-.561562E-01 
-.639038E-01 

.580306E+00 

-.514176E-01 
-.894171E-01 

.759262E+00 

-.564572E-01 
-.149051E-01 

.726190E+00 

-.644594E-01 
.108282E+00 

-.282470E+00 
-.274415E-04 
.952014E+00 

-.283701E+00 
.974938E-04 
.426973E+00 

.127026E+01 
-.553194E-02 

-.389205E-01 

.704751E-01 

.797832E-05 

.154189E-01 

.115437E+00 
-.172998E-03 
.277050E+00 

.210092E+00 

-.315468E-01 

.430102E+00 

-.148837E-01 

.397734E+00 

-.148537E-01 

.235174E+00 

-.164810E-01 

-.182922E+00 
-.116655E-05 

.290377E-01 

.527921E-05 

.530286E+00 
-.522042E-03 

.160980E+00 
.150673E-06 

- :862831E-01 
-.101193E-04 

-.312269E+00 

-.574501E-02 

-.608210E-01 

-.212222E-02 

-.647950E-01 

-.185043E-02 

-.105890E+00 

-.184914E-02 

-.683109E-01 
-.212367E-07 

.827580E-01 . 

.162398E-06 . 

-.367222E+00 
-.307919E-04 

.756711E-01 . 

.351625E-09 

-.106858E+00 
-.332351E-06 

-.964654E-01 

-.308162E-01 

-.274366E-01 

-.299838E-01 

-.173058E-01 

357642E-01 
217602E-08 

-.398204E+0' 
-.103476E-0J 

177809E-01 

-.479521E-01 
-.469924E-08 
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H + HD -> H + HD H + HD -> H + HD 
ECM = 0.1eV ECM = 0.1995 eV 

10* r 

1<f 

10 r 

10u 

»-i -j Q I ••••—J - I -» -» -« •* I . . . . ~ J -J -J -J -J 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10'1 10° 

10J 

1(f r 

10' 

10u 

-J Q i I I 

0 1 2 v 

Scattering Angle in Center of Mass System (rad) 
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H + HD -> H + HD H + HD -VH + HD 
ECM = 0.5012 eV ECM = 1 eV 

10d r 

10* 

101
 r 

10L 

10' 

-J Q I -1 - 1 - 1 - 1 -1 •' ' •••"••* -J - J -» - J • 

10~5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10° 

itf 

10' 

10L 

10" 

-J Q I I . 1 I .1 I . I I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + HD -> H + HD H + HD -» H + HD 
ECM = 1.995 eV ECM = 5.012 eV 

10* -

1(f r 

10n r 

10 r 

10"1
 r 

~| Q I . . . . ~ i • • • • • - J • . . . . - i - i _j . 1 I . . . . . . j . . . . . - i . . . . . . i ~i ^ . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10"1 t 

10" 

Fit to Elastic 
Elastic 

I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | U LI • • < • I I I I I I I I I I I I I I I I I I I I I I I I I I 

I I I I I I I I I I I I I I I I I I I I I ll I • . 

0 3 0 
Scattering Angle in Center of Mass System (rad) 
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H + HD -> H + HD H + HD -> H + HD 
ECM = 10eV 

a 

"D 

"co 

CM 

ECM= 19.95 eV 

"| Q""* I . . . . ~ i . ....-J - i - i - i .1 I . ...—i - i -J -J . . . .—i . 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

1(T I I I I I I I I 11 I I I I I I I I I I 11 I I I I I I I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + HD -» H + HD H + HD -> H + HD 
ECM = 50.12 eV ECM = 100eV 

10' 

10J 

10' 

10' 

10u 

10" 

-2 

gio 
2-1Q-3 

i m m i mil l i m«q i m i l i iiiMj i I IlllJJf I I I I H f I I l l U f I I I IMJ I I I I M J I 

Sio^.L *** -* -1 - 1 -* 
5 . , « - * „«-3 „-.-2 -~-1 J (~0 

" 

' ** • • " - l i • • • • — J . . . . . - I , . . . . - ! . 

10" 10" 10"" 10" 10"' 10" 10"5 10"4 10"3 10"2 10"1 10° 

o 10" 

"co 103 

<M 10
2 

101 

10° 

10"1 fr 

.-2 
10' 

10' 

I I I 11 I I 1 1 1 1 1 1 1 1 1 1 1 1 1 11 I I I 1 1 1 1 I 

Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ii 

' ' ' <• -J Q I I I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.11 D + HD 



5.11 

D + HD —-• D + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.224032E+03 

.216039E+03 

.206078E+03 

.196336E+03 

.183707E+03 

.169392E+03 

.148506E+03 

.146587E+03 

.126215E+03 

.101383E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.806777E+02 
.654509E+02 
.396960E+02 
•228899E+02 
.104522E+02 
.313554E+01 
.137289E+01 
.578251E+00 
.163939E+00 
.491127E-01 

Viscosity 
(a.u.) 

.683197E+02 

.595432E+02 

.436938E+02 

.265833E+02 

.128761E+02 

.439699E+01 

.194369E+01 

.858993E+00 

.257043E+00 
.762312E-01 

Analytic fitting function 

. <ret,mt,vl(E) = (T^n{E)y) I ( 1 . + Y,bj(ln{E))i\ a.u, 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

&Q-&2'-

a<ra3: 

34'. 

bi-b3 : 

ao-a3: 
5L4'. 

bi-b3 : 

.192037E+03 

.2250.14E+02 
.679401E-01 
.122265E+00 

.266534E+02 
.369840E-01 
.366493E+00 

Elastic 
-.136973E+02 -.998193E+00 

Momentum Transfer 
-.191562E+02 .671610E+01 

.132596E+00 -.303953E-02 

Viscosity 
-.141016E+02 .367401E+01 

.310221E+00 .438488E-01 

-.109662E+01 

-.565073E+00 
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D + HD->D + HD 

u 

o2 

o1 

n° 

• ' 

< 

Sr* 
\ a i 

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to D 
Cc imputed from fit to T( 

El 

cs 
3S 

\ 
^ 

\i> 

10 _, 
10 10 L 101 10/ 

Energy in Center of Mass System (eV) 
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5.11 

D + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

D + HD 

2irsin(9)^(6) =[A + B(1- COS{6)) + Csin\0)\ 

exp 
W=0 / \ j = l 

a.u., 

where A, B, C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

£ = .1000eV 
Elastic 
a0-a5: .417317E+01 
b!-b4: -.302437E+00 

A,B,C: .102139E+01 

£; = .1259eV 
Elastic 
a0-a5: .412762E+01 
bi-b4: -.225951E+00 

A, B, C: .980925E+00 

£ = .1585eV 
Elastic 
a0-a5: .408343E+01 
bi-b5: -.254879E+00 

A,B,C: .109220E+01 

E = .1995 eV 
Elastic 
a0-a5: .396787E+01 
bi-b5: -.162838E+00 

A,B,C: .100491E+01 

E = .2512 eV 
Elastic 
a0-a5: .383666E+01 
bi-b5: -.239263E+00 

A,B,C: .988218E+00 

E = .3162 eV 
Elastic 
a0-a4: .413459E+01 
ba-b4: -.927132E-01 

A,B,C: .112046E+01 

.183085E+01 

.434420E+00 

.991410E-01 

.149485E+01 

.427964E+00 

.402556E-01 

.157408E+01 

.343402E+00 

.871834E-01 

.151318E+01 

.443535E+00 
-.186558E-01 

-.181386E+01 
-.407942E+00 
-.836815E-01 

•.994106E+00 
-.215790E+00 
.228608E+00 

.219422E+01 
-.550324E-01 
.185479E+00 

.202798E+01 
-.746280E-01 
.101426E+00 

.174185E+01 
-.660487E-01 
.263491E+00 

.197045E+01 

.112027E+00 
.586618E-01 

•.165647E+01 
-.882909E-01 
.252587E+00 

.168789E+01 
-.669063E-01 
.543564E+00 

-.123585E-01 .387251E+00 .353282E-01 
.292885E-01 

.152417E+00 .175491E+00 .162503E-01 

.993730E-02 

.255373E+00 .152560E+00 .149851E-01 

.916247E-02 -.208813E-03 

.827370E-01 .183030E+00 .159023E-01 

.249499E-02 -.956960E-03 

.109409E-02 .149248E+00 .122320E-01 

.101732E-02 -.604348E-03 

.725920E+00 -.513410E-01 
-.805433E-03 
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E = .3981 eV 
Elastic 
ao-jn: .427377E+01 
th-ba: .129762E+00 

A,B,C: .107408E+01 

E = .5012 eV 
Elastic 
a0-a5: .383972E+01 
b1-b4: -.504681E+00 

A,B,C: .101686E+01 

E = .6310 eV 
Elastic 
a0-a5: .365873E+01 
bj-b4: -.558656E+00 

A,B,C: .106601E+01 

E = .7943 eV 
Elastic 
a0-a5: .347696E+01 
b1-b4: -.560402E+00 

A,B,C: .100443E+01 

E = 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 

.323282E+01 
-.580639E-02 
-.536466E+00 

A,B,C: .102605E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 

.293958E+01 
-.968749E-02 
-.483282E+00 

A,B,C: .101845E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

b!-b5: 

.252268E+01 
-.119652E-01 
-.463030E+00 

A,B,C: .100270E+01 

E = 1.9950 eV 
Elastic 

ao-a5: 
a6: 

bi-b s : 
A,B,C: 

.220006E+01 
-.112604E-01 
-.428989E+00 
.989779E+00 

-.400907E+00 -.222785E+01 
-.169567E+00 -.691169E-01 
.451337E+00 -.775888E+00 

.994405E+00 -.692708E-01 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.195561E+01 
-.801113E-02 
-.357327E+00 
.977377E+00 

-.330711E+01 -.131051E+01 .624964E+00 .328907E+00 .226993E-01 
-.325578E+00 .783123E-02 .191692E-01 
.876693E-02 -.381099E-01 

.358364E+01 -.100323E+01 .713498E+00 .333130E+00 .223600E-01 

.298560E+00 .134671E-01 .188870E-01 
-.293578E-01 -.207715E-01 

.366372E+01 -.613662E+00 .679130E+00 .234945E+00 .145106E-01 

.277567E+00 .577476E-02 .112080E-01 
-.174901E-01 .852768E-02 

-.374631E+01 -.286058E-01 .778987E+00 -.239609E-01 -.793387E-01 

-.223147E+00 .237189E-02 -.122672E-01 -.599534E-02 
.676222E-01 -.117349E+00 

.346717E+01 .591115E+00 .555264E+00 -.339248E+00 -.152931E+00 

.153887E+00 -.134463E-01 -.345088E-01 -.985285E-02 

.302551E-01 -.668024E-01 

.333061E+01 .117215E+01 .394816E+00 -.560336E+00 -.199381E+00 

.100187E+00 -.257746E-01 -.495662E-01 -.121129E-01 
-.150435E-01 .533379E-02 

-.302017E+01 .131234E+01 .209017E+00 -.619834E+00 -.195720E+00 

-.103051E+00 -.440991E-01 -.524713E-01 -.114265E-01 
-.661501E-01 .814988E-01 

-.272164E+01 .990315E+00 .749051E-01 -.496783E+00 -.143986E+00 

-.129116E+00 -.549344E-01 -.424395E-01 -.819903E-02 
-.582043E-01 .930436E-01 
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E = 3.1620 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A, B, C;. 

.169444E+01 
-.473026E-02 
-.345789E+00 
.966276E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.140571E+01 
-.213558E-02 
-.376123E+00 
.968580E+00 

E = 5.0120 eV 
Elastic 
ao-as: 

bx-b5: 
A,B,C: 

.108766E+01 
-.128164E-02 
-.377026E+00 
.977481E+00 

-.269729E+01 .708686E+00 .148025E+00 -.299284E+00 -.865129E-01 

-.172724E+00 -.553599E-01 -.287407E-01 -.495408E-02 
-.623409E-01 .116421E+00 

-.277019E+01 .595248E+00 .346872E+00 -.102684E+00 -.383895E-01 

-.222187E+00 -.515202E-01 -.163434E-01 -.240622E-02 
-.366965E-01 .968238E-01 

-.269825E+01 .615347E+00 .394084E+00 -.463752E-01 -.229946E-01 

-.240766E+00 -.535748E-01 -.129302E-01 -.157409E-02 
-.257624E-01 .738280E-01 

E = 6.3100 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-b12: 
A,B,C: 

.823800E+00 
-.713795E-01 
-.396290E-01 
.929912E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-b12: 
A,B,C: 

.361411E+00 

.220115E+00 
-.321694 E-01 
.955126E+00 

-.251753E+01 
.287027E+00 
-.657146E-02 
-.198624E+00 

-.225986E+01 
.352993E+00 
-.502914E-02 
-.266126E+00 

.233225E+00 
-.676859E-03 
.312560E+00 

.597285E-01 
-.494150E-03 
.435431E+00 

.173628E+00 -.280445E+00 
-.424264E-04 -.148295E-05 

.143964E+00 
-.221696E-07 

.290966E+00 -.287651E+00 
-297294E-04 -.100060E-05 

.127095E+00 
-.144246E-07 

E= 10.0000 eV 
Elastic 

ao- ai: 
b i -b 6 : 
b7-bi2: 
A,B,C: 

.238913E+00 
-.191985E-01 
-.177516E-01 
.955969E+00 

.181817E+01 

.107227E+00 -.144161E-01 
-.316191E-02 -.350480E-03 
.384363E+00 .449434E+00 

.726680E-01 -.107692E+00 -.598418E-01 
-237556E-04 -.903368E-06 -.147868E-07 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b 7 - b n : 
A,B,C: 

-.467477E+00 
-.148302E+00 
.218745E-02 
.103830E+01 

.168334E+01 

.412777E+00 

.187032E-03 

.160892E+00 

-.108222E+00 .785401E-01 .550396E-01 .148693E-01 
.905972E-05 .219192E-06 .177988E-08 
.189372E-01 

E = 50.1200 eV 
Elastic 

ao-a2: 
bi -b 6 : 
b7-b1 0 : 
A,B,C: 

•.176080E+01 
•.626174E+00 
.121624E-02 
.100570E+01 

-.148834E+01 .665628E+00 
-.324462E+00 .110504E+00 .168632E+00 .628500E-01 
.728931E-04 .238162E-05 .338572E-07 
.713307E+00 -.484915E+00 

.116637E-01 

E = 100.0000 eV 
Elastic 

ao-a^ 
bi -b 6 : 
br-bjo: 

A,B,C: 

-.445790E+01 
.309506E+00 
-.197602E-03 
.985910E+00 

-.349200E+01 
.196083E+00 -.396303E-01 
-.109272E-04 -.253736E-06 
.152504E+00 .645926E+00 

-.444649E-01 
.283387E-09 

-.128326E-01 -.203092E-02 
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D + HD -> D + HD D + HD -» D + HD 
ECM = 0 - 1 e V ECM = 0.1995 eV 

10J
 r 

1tf 

10' r 

10u r 

"| Q " ' • • • • • - * - » - * - » -* ' l I • • • • - ' - J - J - » - ' 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I 11 

Fit to Elastic 
Elastic 

•J Q ' ' I I I I .1 * ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + HD -> D + HD D + HD -> D + HD 
ECM = 0.5012 eV ECM = 1 eV 

10d r 

1<f 

101 r 

10u r 

10 
-1 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10' 

10* • 

itr 

101 r 

10" r 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ij 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

"| Q * ' ' I I 1 * ' ' ' •' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + HD -> D + HD D + HD -> D + HD 
ECM= 1.995 eV ECM = 5.012 eV 

D 
• o 

• i 1°3 

<M 102 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

101 • 

10 r 

10"1 I 

10" 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + HD -» D + HD D + HD -> D + HD 
ECM=10eV ECM = 19.95 eV 

10 

10" 

3 
a 
"O 

•o 

c 
"co 

eg 

10 

10"" 

-3 

l . ^ J . • • •—J - J - I mt 

5 *n-4 „ „-3 ., „-2 .. „-1 a «0 -5 J f t -4 ., n-3 j rt-2 ., rt-1 ., „0 
10 10 10 10 10 10 10 10 10 10 10 10 

4 I i I ii l • I l I i I i ii I I I I i i i I I I i i I I i i i I 

Fit to Elastic 
Elastic 

I i • i i i i i g i 11 i i i i 11 • i I i i i i i i i i i | I I 

i i i i i i i i i 11 i i i i i i i i I i i i i i i i i i I i 

0 
Scattering Angle in Center of Mass System (rad) 
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D + HD-^D + HD D + HD-^D + HD 
Ea, = 50.12 eV EOM = 100eV 

10' • 

10* r 

10' 

101 

10° 

10"1 

io-2 

-S.10"3 

T3 

• IIIIUJ I IMUq I IllUm I HUM) I II I IBf I 

"in"4 1 m i d m i l d d rf iiiiwrf i 
I U -.rt-5 „ « - * ^^-3 ^,-,-2 „-,-1 „-.0 

* • • • * • * - 1 • • • • — J - 1 • • • •—J • 

D 
• D 
<X> 10" r 

CO 1 Q 3 

W 102 

101 

10° 

-1 

10" 10" 10"* 10" 10" 10w 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I • I I I I I I I 111 I I I • I I I I j 

Fit to Elastic 
Elastic 

10 

10 

10" 

10" 

-2 

1 ' • * ' 

i i i i i i i i i | i i i i i i i i i | i i i i i i i l i | 

0 
1 • ' ' • 

3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.12 T + HD 



5.12 

T + HD —• T + HD 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.228629E+03 

.220052E+03 

.209038E+03 

.201963E+03 

.184502E+03 

.170886E+03 

.153630E+03 

.147069E+03 

.133211E+03 

.109472E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.804420E+02 
. 654718E+02 
.396761E+02 
.229478E+02 
.107017E+02 
.312296E+01 
.136453E+01 
.586931E+00 
.161021E+00 
.453675E-01 

Viscosity 
(a.u.) 

.681551E+02 

.595715E+02 

.437145E+02 

.266264E+02 

.131239E+02 

.440530E+01 

.193107E+01 

.851411E+00 

.254943E+00 
.752303E-01 

Analytic fitting function 

<Tei,mtAE) = (j2*i(ln(E)y) J f 1. + S b i ( K ^ ) ) J ] a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a\ = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

ao-a3: 
a4-a5i 

bi-b4 : 

b5 : 

ao-a3: 
a^-as*. 
bi-b4 : 

.197877E+03 

.228720E+02 
-.966939E+00 
.187467E+00 
.135778E-01 

.268926E+02 
-.393801E+00 
.379668E+00 

Elastic 
-.157806E+02 -.492862E+00 

Momentum Transfer 
-.164468E+02 .184220E+01 
.904201E-01 
.960613E-02 .906058E-01 

Viscosity 
-.129280E+02 -.704402E-01 
.322409E-01 
.185403E+00 .401981E-01 

.270535E+01 

.504952E-01 

.148496E+01 

-.900607E-02 
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T + HD->T + HD 
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5.12 

T + HD 

Elastic Differential Cross Sections 

Analytic fitting function 

T + HD 

2TSin(e)^j-(9) =[A + B{\ - cos{9)) + Csin2{9)\ 

exp 

dQ. 

a.u., 

where A, B,C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (6, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-as: 
bi-b 4 : 

A,B,C: 

.414779E+01 
-.216694E+00 
.985290E+00 

E = .1259 eV 
Elastic 
ao-cL): 
bi-b3: 

A,B,C: 

.446771E+01 

.190060E+00 

.108060E+01 

E = .1585 eV 
Elastic 
a.o-B-5-

bi-b 4 : 
A,B,C: 

•E = .1995 
Elastic 
ao-as: 
bi -b 4 : 

A,B,C: 

.410574E+01 
-.354671E+00 
.104295E+01 

eV 

.405586E+01 
-.381790E+00 
.101299E+01 

E = .2512 eV 
Elastic 
ao-a^: 
bi-b4: 

A,B,C: 

.417172E+01 
-.105291E+00 
.112359E+01 

E = .3162 eV 
Elastic 
a0-av 
bi-b 4 : 

A,B,C: 

.413611E+01 
-.108183E+00 
.112330E+01 

-.143526E+01 
-.431911E+00 
.508752E-01 

.619430E+00 
-.188391E+00 
.484928E+00 

-.219995E+01 
-.393541E+00 

.944985E-01 

-.222917E+01 
-.350864E+00 
.162698E-01 

-.941239E+00 
-.220538E+00 
.264197E+00 

-.107933E+01 
-.216288E+00 
.231798E+00 

-.204748E+01 
-.792373E-01 
-.108753E+00 

-.216709E+01 
-.108826E+00 
-.854172E+00 

-.188755E+01 
-.394489E-01 
-192486E+00 

-.161036E+01 
-.362253E-01 
-.100574E+00 

-.165912E+01 
-.680836E-01 
-.588963E+00 

-.167341E+01 
-.623351E-01 
-.549333E+00 

-.179356E+00 .169853E+00 .158214E-01 
.922830E-02 

.139092E+01 -.108790E+00 

.145240E+00 .305155E+00 .250680E-01 
.197148E-01 

.565329E-01 .205447E+00 .167635E-01 

.131823E-01 

-.727592E+00 -.514653E-01 
-.854540E-03 

.672560E+00 -.460598E-01 
-.843591E-03 
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E = .3981 eV 
Elastic 
ao-a-j: .406317E+01 
bi-b4: -.124896E+00 

A,B,C: .110067E+01 

E = .5012 eV 
Elastic 
ao-a-j: 

b1-b4: 
A,B,C: 

.396649E+01 
-.141956E+00 
.109252E+01 

E = .6310 eV 
Elastic 
a0-a5: .367602E+01 
bi-b4: -.576431E+00 

A,B,C: .103533E+01 

E = .7943 eV 
Elastic 
a0-a5: .348953E+01 
bi-b4: -.574273E+00 

A,B,C: .101741E+01 

E = 1.0000 eV 
Elastic 

ao-a5: 
a6: 

bi-b5: 
A,B,C: 

.323009E+01 
-.552269E-02 
-.528460E+00 
.102263E+01 

E = 1.2590 eV 
Elastic 
ao-a5: 

a6: 
bi-bg: 

A, B, C: 

.294378E+01 
-.921594E-02 
-.499244E+00 
.100439E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
bi-b4: 

A,B,C: 

.295393E+01 
-.415237E+00 
.109889E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.224227E+01 
-.975790E-02 
-.428336E+00 
. 965551E+00 

E = 2.5120 eV 
Elastic 
ao-a5: 

a6: 
b1-b5: 

A,B,C: 

-202316E+01 
-.724509E-02 
-.324959E+00 
.954325E+00 

-.125910E+01 -.163231E+01 -.624878E+00 -.418503E-01 
-.210667E+00 -.580842E-01 -.838720E-03 
.153034E+00 -.431326E+00 

-.150153E+01 -.155858E+01 -.544436E+00 -.353180E-01 
-.201314E+00 -.514788E-01 -.835519E-03 
.106971E+00 -.367309E+00 

.364999E+01 -.864476E+00 .678412E+00 .287928E+00 .186221E-01 

.276756E+00 .152872E-01 .160165E-01 
-.341085E-01 -.101012E-01 

.379098E+01 -.617432E+00 .773862E+00 .252790E+00 .151388E-01 

.281414E+00 .120857E-01 .118924E-01 
-.113971E-02 -.281193E-01 

.371685E+01 -.179182E-01 .756074E+00 -.359831E-01 -.778780E-01 

.221010E+00 .338922E-03 -.127069E-01 -.570816E-02 
.667660E-01 -.109114E+00 

.350885E+01 .635703E+00 .551486E+00 -.337864E+00 -.148288E+00 

.151824E+00 -.130084E-01 -.335634E-01 -.937113E-02 

.218496E-01 -.297970E-01 

-.339826E+01 -419429E+00 . .476392E+00 .149166E+00 .851991E-02 
-.170419E+00 .986156E-02 .713746E-02 
.648217E+00 -.892577E+00 

.297860E+01 .119429E+01 .160090E+00 -563927E+00 -.172844E+00 

.107940E+00 -.441320E-01 -.469506E-01 -.990873E-02 
-.701753E-01 .133324E+00 

.256874E+01 .825417E+00 -.449485E-01 -.490676E+00 -.134008E+00 

.126865E+00 -.578170E-01 -.401597E-01 -.741423E-02 
-.691172E-01 .149501E+00 
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E = 3.1620 eV 
Elastic 
a0-a5: .173501E+01 

a6: -.424236E-02 
bi-b5: -.356779E+00 

A,B,C: .951573E+00 

E = 3.9810 eV 
Elastic 
a0-a5: .143472E+01 

a6: -.200479E-02 
bi-bs: -.380435E+00 

A, B, C: .965427E+00 

E = 5.0120 eV 
Elastic 
a0-ai: .122610E+01 
b!-b6: -.226829E+00 
b7-bi2: -.594578E-01 

A, B, C: .929486E+00 

E = 6.3100 eV 
Elastic 
a0-a i : .875260E+00 
bi-b6: -.879129E-01 
b7-b12: -.649060E-01 

A,B,C: .939821E+00 

E = 7.9430 eV 
Elastic 
ao-aj: .410285E+00 
b!-b6: .295911E+00 
b7-b12: -.477520E-01 

A, B, C: .953358E+00 

E- 10.0000 eV 
Elastic 
•ao-ai: .187526E+00 
bi-b6: -.102532E-03 
b7-b12: -.215805E-02 

A, B, C: .996744E+00 

E = 19.9500 eV 
Elastic 
a0-ai: -.459546E+00 
bi-b6: -.146573E+00 
b7-b10: .180845E-02 
A,B,C: .103466E+01 

E = 50.1200 eV 
Elastic 
a0-ai: -.183324E+01 
bi-b6: -.173605E+00 
b7-bu-. .284523E-02 
A,B,C: .966413E+00 

E = 100.0000 eV 
Elastic 
ao-ai: -.411267E+01 
bj-bg: -.142919E+00 
b7-b12: -.188474E-01 
A,B,C: .991537E+00 

.271295E+01 .675804E+00 .159067E+00 

.178702E+00 -.538638E-01 -.264298E-01 
-.849671E-01 .171841E+00 

.274102E+01 .576376E+00 .323210E+00 

.226950E+00 -.533070E-01 -.161862E-01 
-.585373E-01 .121050E+00 

.274207E+00 -.788936E-01 

-.446152E-02 

.104526E+00 -.368630E-01 

-.227419E-02 

-.264730E+01 
.288309E+00 .418601E+00 
-.106090E-01 -.116756E-02 
-.140589E+00 .197553E+00 

-.902549E-01 
-.779950E-04 

-.329735E+00 -.197096E+00 
-.290415E-05 -.462863E-07 

-.284557E+01 
.631521E+00 
-.108983E-01 
-.101112E+00 

-.254117E+01 
.687325E+00 
-.736780E-02 
-.112831E+00 

.492207E+00 
-.114192E-02 
.139390E+00 

.206032E+00 
-.714739E-03 
.126268E+00 

.250640E+00 
-.731490E-04 

.450322E+00 -.233761E+00 
-.262454E-05 -.404487E-07 

.415233E+00 
-.424746E-04 

-.433857E+00 -.190949E+00 
-.141244E-05 -.201170E-07 

.169575E+01 

.330434E+00 -.172195E+00 
-.507893E-03 -.631366E-04 
.230894E+00 .251624E+00 

-.796890E-02 
-.444865E-05 

.544806E-02 -.313077E-02 
-.168544E-06 -.267703E-08 

.163852E+01 

.408456E+00 

.142430E-03 
-.634016E-01 

-.205205E+01 
-.378635E+00 
.261509E-03 
.187689E+00 

-.102312E+00 .753771E-01 
.600142E-05 .105364E-06 

-.706247E-01 

-.504173E-01 .118077E+00 
.144104E-04 .437756E-06 

-.723427E-02 

.504365E-01 .130181E-01 

.704878E-01 .187521E-01 

.562239E-08 

-.319546E+01 
.307006E+00 .309091E+00 -.452377E-01 
-.287467E-02 -.273373E-03 -.159346E-04 
-.102181E-01 .121533E+00 

.148189E+00 -.739649E-01 
•.522321E-06 -.738800E-08 
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T + HD -> T + HD T + HD -> T + HD 
ECM = 0-1 eV ECM = 0.1995eV 

10"5 Kf1 10"3 10"2 10"1 10° 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

10"5 10"4 10"3 10"2 10"1 10' 

Scattering Angle in Center of Mass System (rad) 
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T + HD->T + HD T + HD->T + HD 
ECM = 0.5012 eV E«=1eV 

. . . . -J . . . . . J - I - I . . . - J . 1 I . . . .—J • • • • ~ i . . . . — J - I . . . . . ^ 
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Fit to Elastic 
Elastic 

"| Q I i i i 1 1 1 1 1 1 1 1 1 1 1 11 i I il ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + HD -> T + HD T + HD -> T + HD 
ECM = 1.995 eV ECM = 5.012 eV 

b i I I IUJ i uiuq i iniHf i IIMH| iiiiuq i | • 1111114 i iiiMf iiiiiaj i uiuq I I I I M J i 

• • • — J - 1 ~* - 1 - 1 

1(T 

10° 

1(f 

10r 

10u 

10" 

s 1 0 

Cl .Q-8 

5 10~5 W~* 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 
jo 4 

( J 1 0 ei 111111 > 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

- § 103 

CM 1 0 2 

• * • • • — J • " , , J - 1 • * 

101 r 

10L 

10' r 

10" 

-J Q 1 • • • • . . . . . I I I .1 I I I I .1 

0 1 2 3 0 1 2 3 
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T + HD->T + HD T + H D ^ T + HD 
EO M=10eV ECM = 19.95 eV 

10' 

i n * •** • • • • - j -* -* 
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Scattering Angle in Center of Mass System (rad) 

626 



T + HD -> T + HD T + HD -> T + HD 
ECM = 50.12 eV EC M=100eV 

3 
a 

<X> 

c 

C\] 
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104 

103 

102 

101 

10° 

10"1 

10"2 

I I I I I I I I 11 I I I I I I I 11 I I I I I I I I 

Fit to Elastic 
Elastic 

10 
-3 

1 Q I i i i i i i i i 11 i i i i i i 11 i I i i i i i i i i i I il ' ' ' ' 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 

627 





5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.13 H -f HT 



5.13 

H + HT — • H + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.218458E+03 

.211965E+03 

.202356E+03 

.193309E+03 

.178060E+03 

.160055E+03 

.148492E+03 

.142474E+03 

.114640E+03 

.904550E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.816143E+02 
.663538E+02 
.406215E+02 
.229734E+02 
.109754E+02 
.348859E+01 
.152731E+01 
.613660E+00 
.141868E+00 
.491116E-01 

Viscosity 
(a.u.) 

.690450E+02 

.602359E+02 

.444640E+02 

.269280E+02 

.136393E+02 

.477168E+01 

.210731E+01 

.942224E+00 

.245934E+00 
.758710.E-01 

Analytic fitting function 

crei.mt.viiE) = fe>(Zn(J5))«) I ( 1 . + J2bJ(ln(E)y) a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2, = 2.80028E-17 cm2) 

Fitting parameters 

ao-a2: 

a<ra3: 

a4-a5: 
bi-b3 

ao-a2: 
bi-b4 

b5-b8 

b9-b10 

.189785E+03 

.224141E+02 

.378364E+00 

.127995E+00 

.264981E+02 

.454857E+00 
.530061E-01 

: .362573E-03 

Elastic 
-.137048E+02 -.145135E+01 

Momentum Transfer 
-.197860E+02 .900706E+01 
-.232513E-01 
.196936E+00 -.157534E-01 

Viscosity 
-.127758E+02 .292910E+01 
.266933E+00 -.537719E-01 
.135679E-01 -.578166E-02 
.874882E-04 

-.249948E+01 

-.235101E-02 
-.152609E-02 
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H + HT -> H + HT 

tt-Q Q < *-<H>-3 
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5.13 

H + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

da, 

H + HT 

2xSin(6)^{6) =[A + 5(1 - cos(e)) + Csin\6)\ 

exp 
W=0 / \ j = l 

a.u., 

where A,B,C, a;, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad-1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-JM: .442233E+01 

•bi-b3: .270622E+00 
A,B,C: .108416E+01 

E =..1259 eV 
Elastic 
ao-a^: .440791E+01 
bi-b3: .245920E+00 

A,ByC: .107158E+01 

E = .1585 eV 
Elastic 
a0-a5: .413558E+01 
bi-b4: -.335328E+00 

A,B,C: .101656E+01 

E = .1995 eV 
Elastic 
a0-a5: .408897E+01 
bi-b4: -.261278E+00 

A, B, C: .979953E+00 

£ = .2512eV 
Elastic 
a0-a5: .406745E+01 
bi-b4: -.293654E+00 

A,B,C: .100650E+01 

E = .3162 eV 
Elastic 
a0-a3: 403734E+01 
b]-b4: -.442875E+00 

A,B,C: .103888E+01 

.130912E+01 
-.198859E+00 
.365861E+00 

.109368E+01 
-.196720E+00 
.377703E+00 

.202071E+01 

.420561E+00 

.802144E-01 

.176192E+01 

.421282E+00 

.322146E-01 

-.205131E+01 
-.419025E+00 
.629823E-01 

-.272722E+01 
-.363501E+00 
.500393E-01 

.207114E+01 

.167841E+00 

.738793E+00 

.210127E+01 

.151816E+00 

.731564E+00 

.211243E+01 
-.414613E-01 
.176614E+00 

.199647E+01 
-.596477E-01 
•.951013E-01 

.198736E+01 
-.471561E-01 
.150582E+00 

.174409E+01 
•-100687E-01 
.166128E+00 

-.189849E+01 -.168232E+00 

-.176489E+01 -.152103E+00 

.689716E-01 .393520E+00 .354606E-01 

.302480E-01 

•.180909E-01 .221385E+00 .194871E-01 
.135160E-01 

.142306E+00 .277548E+00 .230319E-01 
.167954E-01 

.356561E+00 .385930E+00 309657E-01 
.269374E-01 
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E = .3981 eV 
Elastic 
a0-a5: .393802E+01 
bx-b4: -.440112E+00 

A,B,C: .101420E+01 

E = .5012 eV 
Elastic 
a0-a5: .377540E+01 
b!-b4: -.418937E+00 

A, B, C: .999066E+00 

E = .6310 eV 
Elastic 
a0-a5: .364446E+01 
b!-b4: --491932E+00 

A,B,C: -101810E+01 

E = .7943 eV 
Elastic 
a0-a5: .348748E+01 
bi-b4: -.516480E+00 

A,B,C: .106031E+01 

E = 1.0000 eV 
Elastic 
a0-a5: .329948E+01 
bi-b4: --494258E+00 

A,B,C: .104857E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi -b 5 : 
A, B, C: 

.286232E+01 
-.120580E-01 
-.546018E+00 
.101586E+01 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.256913E+01 
-.120639E-01 
-.424577E+00 
.102029E+01 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi -b 5 : 
A,B,C: 

.233203E+01 
-.108557E-01 
-.192601E+00 
.102011E+01 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi -b 5 : 
A, B, C: 

.207276E+01 
-.648129E-02 
-.369664E+00 
.102132E+01 

-.276011E+01 -.149716E+01 .325507E+00 .281280E+00 .215910E-01 
-.339261E+00 -.121916E-01 .182114E-01 
-.612711E-01 -.458914E-03 

-.282113E+01 -.133513E+01 .394367E+00 .230384E+00 .164234E-01 
-.340228E+00 -.156317E-01 .124048E-01 
-.106102E+00 .152603E+00 

-.330651E+01 -.118196E+01 .676288E+00 .315320E+00 .215505E-01 
-.334739E+00 .531867E-02 .174688E-01 
-.763419E-01 .133852E+00 

-.349872E+01 -.956869E+00 .761021E+00 .311847E+00 .205859E-01 
-.324769E+00 .577680E-02 .160040E-01 
.196454E-02 -.364243E-01 

-.353714E+01 -.660537E+00 .746731E+00 .227183E+00 .135822E-01 
-.315367E+00 -.485914E-02 .851165E-02 
.106585E+00 -.216441E+00 

-.381632E+01 .780800E+00 .744357E+00 -.342226E+00 -.180011E+00 

-.138533E+00 .178575E-02 -.370071E-01 -.122144E-01 
.180388E-01 -.504538E-01 

.326546E+01 .933572E+00 .408447E+00 -.508977E+00 -.193727E+00 

.109817E+00 -.242212E-01 -.472954E-01 -.122244E-01 
-.384976E-03 -.434075E-01 

.233200E+01 .676320E+00 -.156003E+00 -.640038E+00 -.186916E+00 

-.648556E-01 -.535444E-01 -.525839E-01 -.109845E-01 
-.180608E-01 -.249084E-01 

-.293852E+01 .668674E+00 .256710E+00 -.329831E+00 -.110242E+00 

-.164704E+00 -.461016E-01 -.328100E-01 -.670104E-02 
-.343596E-01 -.137736E-01 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

AtB,C: 

.179796E+01 
-.429789E-02 
-.366888E+00 
.101118E+01 

E = 3.9810 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.150778E+01 
-.110146E-02 
-.412573E+00 
.100912E+01 

E = 5.0120 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.117799E+01 
-.131309E-02 
-.417753E+00 
.986659E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.875112E+00 
-.904822E-03 
-.380804E+00 
..964822E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bg: 

A,B,C: 

.410915E+00 

.192409E+00 
-.661832E-04 
.948765E+00 

E- 10.0000 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bio: 

A,B,C: 

.977934E-01 
.334867E+00 
-.589594E-03 
.933744E+00 

E = 19.9500 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 

A, B, C: 

-.441614E+00 
-.111201E+00 
.401743E-02 
.991564E+00 

E = 50.1200 eV 
Elastic 
ao-ai: 
bi-b6: 
b7-bn: 

A, B, C: 

-.234710E+01 
-.174188E+00 
-.139288E-02 
.963054E+00 

E = 100.0000 eV 
Elastic 
a0-ai: 
bi-b6: 
b7-b9: 

A.B.C: 

-.418965E+01 
.359103E-01 
.514371E-03 
.100103E+01 

.287958E+01 .554294E+00 .280519E+00 -.219476E+00 -.744999E-01 

.196888E+00 -.503630E-01 -.248220E-01 -.454902E-02 
-.153082E-01 -.157667E-01 

.300901E+01 .478770E+00 .542255E+00 .180875E-01 -.161207E-01 

.248719E+00 -.428126E-01 -.953115E-02 -.140172E-02 
.247764E-01 -.398163E-01 

-.279519E+01 .697976E+00 .466439E+00 -.280753E-01 -.220234E-01 

-.245553E+00 -.509356E-01 -.124018E-01 -.161026E-02 
.366604E-01 -.110468E-02 

-.260529E+01 .645610E+00 .384605E+00 -.238119E-01 -.158521E-01 

-.242959E+00 -.548198E-01 -.114003E-01 -.119405E-02 
-.351830E-01 .129788E+00 

.161490E+01 

.243339E+00 -.287558E+00 

.136749E-05 .105131E-06 

.500691E+00 .743927E+00 

.155580E+01 

.186858E+00 -.333400E+00 
-.378372E-04 -.150073E-05 
.417333E+00 .663091E+00 

-.111751E+00 -.210227E-01 -.193625E-02 

-.160818E+00 
-.277978E-07 

.402897E-01 -.606436E-02 

.175965E+01 

.461860E+00 -.184001E+00 .670064E-01 .693764E-01 .227232E-01 

.422920E-03 .265573E-04 .920452E-06 .135697E-07 

.282024E+00 .267187E+00 

.287633E+01 
-.967766E-01 .185345E-01 
-.219736E-03 -.186274E-04 
.141832E+00 .360649E+00 

.255731E-01 
-.823108E-06 

.136564 E-03 
-.149285E-07 

-.405626E-02 

-.319210E+01 
.722139E-01 .118078E+00 .869534E-01 .294712E-01 .527190E-02 
.259340E-04 .529138E-06 

-.115020E-01 .839291E-01 
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H + HT -> H + HT H + HT -» H + HT 
ECM = 0.1 eV ECM = 0.1995 eV 

10' r 
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H + HT -» H + HT H + HT -» H + HT 
ECM = 0.5012 eV ECM = 1 eV 
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H + HT -> H + HT H + HT -» H + HT 
ECM = 1.995 eV ECM = 5.012 eV 
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H + HT -> H + HT H + HT -> H + HT 
ECM = 10eV ECM= 19.95 eV 
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H + H T ^ H + HT H + H T ^ H + HT 
ECM = 50.12 eV ECM = 100eV 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.14 D + H T 
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5.14 

D + HT —» D + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.229631E+03 

.220898E+03 

.209632E+03 

.201362E+03 

.186720E+03 

.172430E+03 

.153040E+03 

.148105E+03 

.131658E+03 

.107863E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.817772E+02 
.664152E+02 
.406040E+02 
.238124E+02 
.112331E+02 
.320406E+01 
.141493E+01 
.607060E+00 
.150060E+00 
.435725E-01 

Viscosity 
(a.u.) 

.692176E+02 

.603185E+02 

.444000E+02 

.273530E+02 

.138022E+02 

.465580E+01 

.201857E+01 

.883868E+00 

.249822E+00 
.702575E-01 

Analytic fitting function 

<rd,mt,vi(E) = ( X > ( M £ ) r ) I f1- + E b i ( M ^ ) ) J ) a.u.,. 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a\ = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2: .196354E+03 -.144898E+02 -.790110E+00 

Momentum Transfer 
ao-a3: 

&4'. 

bi-b3: 

ao-a3: 
£4! 

bi-b3: 

.231786E+02 
.718895E-01 
.114450E+00 

.272664E+02 
-.891417E-02 
.447573E+00 

-.196425E+02 

.133717E+00 

Viscosity 
-.114595E+02 

.292730E+00 

.689127E+01 

-.281342E-02 

.155106E+01 

-514570E-01 

-.113697E+0] 

-.242158E-01 
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D + HT -» D + HT 

0 0 0 ( J-e-

Elastic 
Momentum Transfer 
Viscosity 

o Computed from fit to D 
Coi nputed from fil ttoT( 

CS 
2$ 

s^ 

& 

— " \ V 
W 

io-1 
10L 10' 10' 

Energy in Center of Mass System (eV) 

643 



5.14 

D + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

D + HT 

2*sin(O)^(0) =[A + B{\ - cos(0)) + Csin2{6)\ 

exp E^(fl))i)/I1-+Ebi(1»(*))i 

j=i \i=Q 
a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (9, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .417573E+01 
bi-b4: -.287483E+00 

A,B,C: .100829E+01 

E = .1259 eV 
Elastic 
a0-a5: .411357E+01 
bj-bs: -.228726E+00 

A,B,C: .110065E+01 

E = .1585 eV 
Elastic 
a0-a5: .399282E+01 
bi-b5: -.513995E-01 

A,B,C: .970981E+00 

E = .1995 eV 
Elastic 
a0-a5: .398321E+01 
b r b 5 : -.277801E+00 

A, B, C: .994209E+00 

E = .2512 eV 
Elastic 
a0-a5: .377159E+01 
bi-bs: -.168908E+00 

A, B, C: .978367E+00 

E = .3162 eV 
Elastic 
a0-a4: .414704E+01 
bi-b4: -.103446E+00 

A,B,C: .112490E+01 

-.174984E+01 -.211193E+01 
-.426381E+00 -.580124E-01 
.768606E-01 -.151239E+00 

-.137799E+01 -.171516E+01 
-.339557E+00 -.768262E-01 
.796967E-01 -.270020E+00 

.976774E+00 -.206645E+01 
•.467369E+00 -.152256E+00 
-.200427E-01 .104154E+00 

-.191899E+01 -.177712E+01 
-.405106E+00 -.745174E-01 
-.300708E-01 .802908E-01 

-.145722E+01 
-.414968E+00 
-.146367E+00 

-.104772E+01 
-.216217E+00 
.236801E+00 

-.159767E+01 
-.115866E+00 
.390783E+00 

-.167413E+01 
-.640370E-01 
-.558588E+00 

•.481938E-01 .302137E+00 .272173E-01 
.214998E-01 

-.375157E+00 .102879E+00 .114714E-01 
.565492E-02 -.209185E-03 

.318372E+00 .876038E-01 .913796E-02 
-.138009E-01 -.123958E-02 

.298263E-01 .209036E+00 .172754E-01 

.578889E-02 -.511117E-03 

.175813E+00 .504969E-01 .479718E-02 
-.108082E-01 -.745429E-03 

.691007E+00 -.479373E-01 
-.834039E-03 
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E = .3981 eV 
Elastic 
a0-a4: .408149E+01 
bi-b4: -.111280E+00 

A, B,C: .110907E+01 

E = .5012 eV 
Elastic 
ao-a4: .398278E+01 
bi-b4: -.136691E+00 

A,B,C: .109526E+01 

E= .6310 eV 
Elastic 
a0-a5: .366511E+01 
bi-b4: -.558887E+00 

A,B,C: .104440E+01 

E = .7943 eV 
Elastic 
a0-a5: .351819E+01 
b!-b4: -.553031E+00 

A,B,C: .102296E+01 

-.120571E+01 -.165119E+01 -.641242E+00 -.433455E-01 
-.209462E+00 -.590799E-01 -.816864E-03 
.169324E+00 -.461774E+00 

-.145212E+01 
-.202292E+00 
.110696E+00 

.355584E+01 

.287916E+00 
-.420643E-01 

.361205E+01 

.279257E+00 
-.370412E-01 

.156817E+01 
-.532869E-01 
.380353E+00 

-.565751E+00 
-.830097E-03 

.372286E-01 

.927284E+00 .661050E+00 .296213E+00 .195137E-01 

.110432E-01 .164535E-01 

.258805E-01 

.663313E+00 .663395E+00 .229114E+00 .140145E-01 
.546998E-02 .108449E-01 
-.259648E-01 

E- 1.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.326261E+01 
-.527970E-02 
-. 544713E+00 
.102412E+01 

E = 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.293046E+01 
-.894299E-02 
-.510728E+00 
.101043E+01 

-.376452E+01 -.585629E-01 .784773E+00 -.625436E-02 -.721136E-01 

-.231256E+00 .128937E-02 -.108704E-01 -.547246E-02 
.640278E-01 -.110439E+00 

.360898E+01 .587346E+00 .619271E+00 -.292608E+00 -.141068E+00 

.309015E-01 -.910597E-02 .159917E+00 
.272413E-01 

.911110E-02 

.499033E-01 

E= 1.5850 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.258755E+01 
-.112303E-01 
-.463725E+00 
.991356E+00 

.330301E+01 .109766E+01 .375028E+00 -.536023E+00 -.189501E+00 

.105610E+00 -.255860E-01 -.467385E-01 -.113704E-01 
-.247404E-01 .360235E-01 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A, B, C: 

.233157E+01 
-.941014E-02 
-.356377E+00 
.975933E+00 

.279844E+01 .937945E+00 .843683E-01 

.101240E+00 -.441420E-01 -.451340E-01 
-.498486E-01 .916146E-01 

.544780E+00 -.165980E+00 

-.955306E-02 

E = 2.5120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.207549E+01 
-.640681E-02 
-.399595E+00 
.965120E+00 

.288014E+01 .816504E+00 .189196E+00 -.374551E+00 -.114939E+00 

.161945E+00 -.496953E-01 -.339883E-01 -.660953E-02 
-.863292E-01 .149381E+00 
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E = 3.1620 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.180636E+01 
-.323741E-02 
-.371726E+00 
.961746E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.148670E+01 
-.123235E-02 
-.431352E+00 
.969136E+00 

.288758E+01 .498684E+00 .278098E+00 -.172373E+00 -.580798E-01 

.199498E+00 -.477271E-01 -.202722E-01 -.347283E-02 
-.909778E-01 .159179E+00 

.302226E+01 .574016E+00 .536678E+00 .113953E-02 -.195211E-01 

.245007E+00 -.425640E-01 -.101868E-01 -.151773E-02 
-.125859E-01 .793443E-01 

E = 5.0120 eV 
Elastic 
a0-a4: .153559E+01 
bi-b3: .262969E-01 

A, B, C: .999453E+00 

E = 6.3100 eV 
Elastic 

•.277541E+01 
-.637585E-01 
.743409E+00 

-.126905E+01 
-.157633E-01 
-.873249E+00 

.291763E+00 -.152435E-01 

ao-ai: 
bi-b6: 
b7-bn: 
A,B,C: 

.705608E+00 
.438470E-01 
.416951E-02 
.955771E+00 

.186665E+01 

.371667E+00 -.278059E+00 -.100421E-01 .487128E-01 .207651E-01 

.478057E-03 .320708E-04 .117480E-05 .181821E-07 

.316013E+00 .447212E+00 

E = 7.9430 eV 
Elastic 
ao-ai: 
b!-b6: 
brbi2: 

bi3: 
A,B,C: 

.500378E+00 
•.106202E+00 
-.167207E-01 
-.924454 E-09 
.968055E+00 

.206355E+01 

.234245E+00 
-.367951E-02 

-.240332E-01 .280015E-01 
-.500095E-03 -.431378E-04 

-.393363E-01 -.421817E-01 
-.230832E-05 -.700803E-07 

.237646E+00 .310744E+00 

E = 10.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 

A, B, C: 

.172267E+00 
.862068E-01 
.888299E-03 
.984583E+00 

.178161E+01 

.291232E+00 -.236392E+00 -.491821E-01 .682754E-02 .476331E-02 

.820077E-04 .383878E-05 .728728E-07 

.232457E+00 .308322E+00 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bio: 
A,B,C: 

-.539872E+00 
-.227952E-01 
.127405E-02 
.103387E+01 

.177990E+01 

.319065E+00 

.103626E-03 

.131041E+00 

-.141871E+00 .224249E-01 .295346E-01 
.445510E-05 .792701E-07 
.278079E-01 

.866144E-02 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

bi3: 
A,B,C: 

-.206792E+01 
-.122125E+00 
.271946E-01 
.173484E-08 
.954315E+00 

-.238946E+01 
-.348173E+00 -.182789E+00 .759983E-01 .141943E+00 .825193E-01 
.567214E-02 .774107E-03 .689848E-04 .386974E-05 .124082E-06 

-.127123E+00 .414596E+00 

E = 100.0000 eV 
Elastic 

a0-ai: 
bi-b6: 
b7-bi2i 

bi3-' 
A,B,C: 

-.430836E+01 
-.233555E-01 
-.581458E-02 
.403956E-09 

.100361E+01 

-.320497E+01 
.180551E+00 
-.549199E-03 

.194321E+00 .120559E-01 -.549758E-01 -.274388E-01 
.185293E-05 .566894E-05 .561312E-06 .241082E-07 

-.486803E-03 .109332E+00 
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D + HT -> D + HT D + HT -> D + HT 
ECM = 0-1 eV ECM = 0.1995 eV 
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10J 

10' 

10' 

10L 

Fit to Elastic 
Elastic 

"I Q I i i i 111 i i 111 11 i 11 i i 11 11 i 1 1 1 1 1 1 1 il ' ' • • ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + HT -> D + HT D + HT -» D + HT 
ECM = 0.5012 eV ECM=1eV 

10* r 

1<T r 

10 r 

10u 

10 . . . _ j . . . . _ J - J . j . . . . . J . J i . . . . - J . . . . _ j . . . . . J ^ - i 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10' 

102 

10' 

10° 

n"1 

. r'li IO Liasnc 
Elastic 

1 
• 

» ^ ^ ^ W ^ • 

/ 

r \,-: 

3 0 
Scattering Angle in Center of Mass System (rad) 
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D + HT -> D + HT D + HT -> D + HT 

10' 

10J 

10' 

10' 

10u 

10" 

• - V 

CO 10 r 

ECM = 1.995 eV ECM = 5.012 eV 
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D + HT -> D + HT D + HT -> D + HT 
ECM = 10eV ECM = 19.95 eV 

•1<T 

10* -

1tf 

10n 

10u 

10" 

10 

10" 

-2 

10"5 10"4 10"3 10"2 10"1 10° 10~* 10" 10" 10" 10" 10 
• * - 1 *** - * 1 - 1 * 
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D + HT -> D + HT D + HT -> D + HT 
ECM = 50.12 eV ECM = 100eV 

I I I IMq l l l l « | I I I IHq I I I I IM| I I I I M f I 

O 
"D 
CD 104 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 

, ' 
-J Q I I I 

0 1 2 
Scattering Angle in Center of Mass System (rad) 

651 





5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.15 T + H T 



5.15 

T + HT —* T + HT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.236029E+03 

.225613E+03 

.214239E+03 

.204541E+03 

.189807E+03 

.172550E+03 

.161013E+03 

.148316E+03 

.138676E+03 

.116767E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.818317E+02 
.664355E+02 
.406716E+02 
.240700E+02 
.114160E+02 
.316408E.+01 
.133768E+01 
.596583E+00 
.155861E+00 
.409573E-01 

Viscosity 
(a.u.) 

.692777E+02 

.603464E+02 

.444685E+02 

.275586E+02 

.140212E+02 

.460960E+01 

.194956E+01 

.867193E+00 

.255755E+00 
.703908E-01 

Analytic fitting function 

<Tel,mt,vi{E) = fe*(/n(W) I ( 1. + E b i ( M ^ ) ) i ) a - U -

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

&o-a2: 

ao-a3: 
a4-ae>: 
bi-b4: 

b5: 

ao-a3: 
84*. 

bi-b3: 

.201930E+03 

.237059E+02 
-.276060E+01 
.262654E-01 
.146913E-01 

.277000E+02 
-.513972E-01 
.403696E+00 

Elastic 
-.163346E+02 -.253170E+00 

Momentum Transfer 
-.205392E+02 .189190E+00 
.459809E+00 -.277921E-01 
-.199419E+00 .777187E-01 

Viscosity 
-.120341E+02 .968253E+00 

.248474E+00 .484505E-01 

.637959E+01 

.206723E-01 

.318714E+00 
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T + HT -> T + HT 
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ft fl,~ 
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5.15 

T + HT 

Elastic Differential Cross Sections 

Analytic fitting function 

T + HT 

2-Ksin{9)^{e) ={A + B(l - cos{6)) + Csin\6)\ 

exp 
<i=0 I \ j = l 

a.u. 

where A, B, C, a,-, and bj axe coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (0, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

£ = .1000eV 
Elastic 
ao-34: .450216E+01 
bi-b3: .188162E+00 

A,B,C: .107550E+01 

E = .1259 eV 
Elastic 
a0-a5: .413379E+01 
bi-b4: -.278063E+00 

A,B,C: .102245E+01 

E = .1585 eV 
Elastic 
a0-a5: .410891E+01 
bi-b4: -.413420E+00 

A,B,C: .101363E+01 

E = .1995 eV 
Elastic 

ao-as: 
a6: 

bi -b 5 : 
A, B, C: 

.391805E+01 
.684787E-03 

-.241967E+00 
.101868E+01 

E = .2512 eV 
Elastic 
ao-a-,: .418464E+01 
bi-b4: -.117488E+00 

A,B,C: .112590E+01 

E = .3162 eV 
Elastic 
&0-&4: .413249E+01 
bi-b4: -.132323E+00 

A,B,C: .110441E+01 

.687759E+00 
-.187754E+00 
.487067E+00 

-.186374E+01 
-.422028E+00 
.964290E-01 

.236307E+01 

.353535E+00 

.672077E-01 

.165844E+01 

.386116E+00 
-.866818E-01 

-.100550E+01 
•.221149E+00 
.270948E+00 

-.114715E+01 
-.217627E+00 
.206861E+00 

.213753E+01 

.111785E+00 

.850023E+00 

.142222E+01 -.111626E+00 

.199682E+01 .349349E-01 .246335E+00 .205628E-01 
-.605297E-01 .138831E-01 
.160391E+00 

.169019E+01 .123480E+00 .282214E+00 .229702E-01 
-.283777E-01 .193810E-01 
.134049E+00 

.158898E+01 -.160038E+00 .896344E-01 .159480E-01 

-.885031E-01 -.207367E-02 .276742E-03 
.138703E+00 

.164932E+01 -.689439E+00 -.476570E-01 
-.648252E-01 -.884391E-03 
.598430E+00 

.162433E+01 -.649367E+00 -.439350E-01 
-.611414E-01 -.884193E-03 
.496296E+00 
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E = .3981 eV 
Elastic 
a0-a4: .405552E+01 
bi-b4: -.159556E+00 

A,B,C: .108769E+01 

E = .5012 eV 
Elastic 
a0-a4: .396695E+01 
bi-b4: -.182580E+00 

A,B,C: .109736E+01 

E = .6310 eV 
Elastic 
a0-a5: .370395E+01 
b!-b4: -.563717E+00 

A,B,C: .102321E+01 

E ~ .7943 eV 
Elastic 

ao-as: 
bi-b5: 

A,B,C: 

.353372E+01 
-.447125E+00 
.997812E+00 

E = 1.0000 eV 
Elastic 

ao-as-. 
a6-a7: 
bi-b6: 

A,B,C: 

.327722E+01 
.389145E-02 

•.261946E+00 
.101236E+01 

.137211E+01 
•.212877E+00 
.129567E+00 

•.164160E+01 
-.206447E+00 
.103106E+00 

.360683E+01 

.273194E+00 
-.235170E-01 

.342975E+01 

.336446E+00 

.440117E-01 

•-281950E+01 
.927859E-04 

•.416111E+00 
.109290E+00 

.155381E+01 
-.561108E-01 
.384319E+00 

-.582365E+00 
-.902991E-03 

-.384481E-01 

.147810E+01 -.487700E+00 -.309191E-01 
-.490686E-01 -.931682E-03 
.367514E+00 

.828256E+00 .634293E+00 .248812E+00 
.114730E-01 .131500E-01 
-.310024E-01 

.155962E-01 

.969156E+00 J31793E+00 .278400E+00 .169187E-01 
-.261337E-01 .562338E-02 -.568260E-03 
-.878309E-01 

133630E+01 .601971E+00 .361348E+00 .586671E-01 

.242659E-02 .452605E-03 .191376E-04 -.906060E-01 
-.117423E+00 

E = 1.2590 eV 
Elastic 

ao-a5: 
a6: 

bi-b5: 
A,B,C: 

•295888E+01 
-.810612E-02 
-.539296E+00 
•989650E+00 

E = 1.5850 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.265830E+01 
-.977259E-02 
-.486558E+00 
• 966069E+00 

E = 1.9950 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.236243E+01 
-.770008E-02 
-.398326E+00 
.952235E+00 

E = 2.5120 eV 
Elastic 
ao-as: 

a6: 
bi-b5 : 

A,B,C: 

.213336E+01 
-.603206E-02 
-.347023E-f00 
.946419E+00 

.367192E+01 .607008E+00 .628615E+00 -.268874E+00 -.130184E+00 

.166488E+00 -.901557E-02 -.284008E-01 -.826264E-02 

.129735E-01 .214104E-02 

-.333120E+01 .102800E+01 .364142E+00 -.477604E+00 -.167750E+00 

-.113676E+00 -.242372E-01 -.411470E-01 -.989890E-02 
-.266296E-01 .851590E-01 

-.292661E+01 .871497E+00 .157596E+00 -.446777E+00 -.137725E+00 

-.123114E+00 -.405899E-01 -.376679E-01 -.784658E-02 
-.630708E-01 .152679E+00 

-.265041E+01 .666221E+00 -.112223E-02 -.409230E+00 -.112399E+00 

-.147620E+00 -.552552E-01 -.342875E-01 -.620530E-02 
-.872970E-01 .183563E+00 
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E = 3.1620 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.184005E+01 
-.300629E-02 
-.366238E+00 
.950467E+00 

E = 3.9810 eV 
Elastic 

ao-as: 

bi-b5: 
A,B,C: 

.152869E+01 
-.201664E-02 
-.346352E+00 
.960958E+00 

E = 5.0120 eV 
Elastic 

ao-ai 
bi-b6 

by-bg 
A,B,C 

.914372E+00 

.201808E+00 
-.437737E-03 
.967273E+00 

E = 6.3100 eV 
Elastic 

ao-ai 
bi-b6 

b7-bi2 
A, B, C 

.805297E+00 

.101541E+00 
-.567641E-01 
.948606E+00 

E = 7.9430 eV 
Elastic 

ao-ai 
bi-b6 

b7-b12 

A,B,C: 

.574346E+00 
-.168058E+00 
-.432686E-01 
.968567E+00 

E = 10.0000 eV 
Elastic 

ao-as 
bi-b6 

b7-bg 
A,B,C: 

.166290E+00 
-.367224E+00 
.169217E-03 
.923775E+00 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-b10: 

A,B,C: 

-.605894E+00 
.247965E-02 
.919884E-03 
.102078E+01 

E = 50.1200 eV 
Elastic 

ao-ai: 
b!-b6: 
b7-bi0: 

A,B,C: 

-.196159E+01 
-.202488E+00 
.164361E-02 
.978640E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

A,B,C: 

-.457438E+01 
-.226269E+00 
-.202998E-01 
.991672E+00 

-.286189E+01 .468901E+00 .266139E+00 

-.197596E+00 -.464441E-01 -.191609E-01 
-.962254E-01 .192638E+00 

.275911E+01 .395811E+O0 .244103E+00 

.214206E+00 -.515874E-01 -.159525E-01 
-.571742E-01 .126424E+00 

.166183E+00 -.550870E-01 

-.323176E-02 

.117391E+00 -.378576E-01 

-.226127E-02 

.214382E+01 

.104754E+00 -.288619E+00 
-.186268E-04 -.331426E-06 
.325658E+00 .518065E+00 

.154174E+00 -.392392E-01 -.550030E-02 

•.292362E+01 
.708488E+00 .351068E+00 -.352737E+00 
-.913261E-02 -.920477E-03 -.567678E-04 
•.128618E+00 .183000E+00 

-.278981E+01 
.347972E+00 .339536E+00 -.151715E+00 
-.713999E-02 -.732432E-03 -.458439E-04 
-.123108E+00 .835325E-01 

.454224E+00 -.215737E+00 
-.195958E-05 -.290083E-07 

-.301070E+00 -.157386E+00 
-.160579E-05 -.241549E-07 

.250747E+01 

.408000E+00 

.771946E-05 

. 102351E+00 

.183171E+01 

.309329E+00 

.753636E-04 

.106626E-01 

.224881E+01 

.308958E+00 
.123106E-03 
-.581311E-01 

-.354602E+01 
.397284E+00 
-.306020E-02 
.121386E-01 

.665548E+00 .894582E+00 .174788E+00 .795747E-02 
-.541622E-01 .226689E-01 .103376E-01 .188268E-02 
.143501E-06 
.320326E+00 

-.169414E+00 -.476221E-02 .182187E-01 .605605E-02 
.323087E-05 .570497E-07 
-.148904E-01 

-.987887E-02 .106267E+00 .540130E-01 .126151E-01 
.496999E-05 .840119E-07 
.255443E+00 

.407393E+00 -.279272E-01 -.159391E+00 -.803072E-01 
-.287366E-03 -.165388E-04 -.535414E-06 -.748240E-08 
.113315E+00 
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T + HT -> T + HT T + HT -» T + HT 
ECM = 0.1eV ECM = 0.1995eV 

10J 

10' r 

10' r 

10L 

-J Q I . . . . . .J - I -J -J . . . . — I . I I . . . . . . J - I - I _l -J 

10"5 10" 10~3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10° I Fit to Elastic 
Elastic 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ii 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 

j j j j 1 Q I . . . . . . . . . i i . . . . . . . . . i .1 1 ' i . . . • 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + HT -> T + HT T + HT -»T + HT 
E ^ = 0.5012 eV E « = 1 e V 

10 
10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10* 

1(T : 

10 r 

10u r 

Fit to Elastic 
Elastic 

1 1 1 1 « 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 * 1 1 i i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

"| Q ' ' • ' ' 

0 1 2 3 0 
Scattering Angle in Center of Mass System (rad) 
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T + HT -» T + HT T + HT -> T + HT 

1<T 

10° 

nr 

10' 

10L 

ECM = 1.995 eV ECM = 5.012 eV 

10 
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-2 
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§10" 3 
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Scattering Angle in Center of Mass System (rad) 
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T + HT -» T + HT T + HT -> T + HT 
ECM = 10eV ECM= 19.95 eV 

& I i ima| • •••uq i uiuq i iiiuq i i mm i 

O r s«\ 1 

D 

© 104 

'CO 1 Q 3 

C\] 

10"5 10"4 10'3 10"2 10~1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I 11 11 I 111 I I I I I I I I I I I 11 I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Scattering Angle in Center of Mass System (rad) 
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T + H T ^ T + HT . T + HT->T + HT 
ECM = 50.12 eV ECM=100eV 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.16 H + DT 



5.16 

H + DT —• H + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.214094E+03 

.207711E+03 

.197865E+03 

.187752E+03 

.173273E+03 

.156289E+03 

.144604E+03 

.139877E+03 

.113860E+03 

.894167E+02 

Cross Section 
Momentum Transfer 

(a.u.) 
.798688E+02 
.648721E+02 
.390081E+02 
.189090E+02 
.873642E+01 
.302476E+01 
.149532E+01 
.704119E+00 
.180613E+00 
.588025E-01 

Viscosity 
(a.u.) 

.675777E-I-02 

.589737E+02 

.434448E+02 

.237487E+02 

.117599E+02 

.392744E+01 

.196721E+01 

.975164E+00 

.285853E+00 

.101971E+00 

Analytic fitting function 

<7e/,mt,«(£) = fea,(/n(£)/) I ( l - + E M M ^ ) ) ' ] a . U , 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

ao-a2: 

ao-a3: 
a4~a5: 

bi-b4: 
b5: 

ao-a3: 
3,4'. 

bi-b3: 

.190871E+03 

.199664E+02 

.293670E+01 
-.148391E+01 
.578214E-02 

•254863E+02 
•151979E+00 
-213187E+00 

Fitting parameters 

Elastic 
-.156946E+02 -.106922E+01 

Momentum Transfer 
-.522883E-f-02 .348702E+02 
-.241869E+00 
-.406487E+00 -.506567E+00 

Viscosity 
-.191750E+02 .829932E+01 

.347131E+00 .220942E-01 

-.137430E+02 

-.238860E-01 

-.184731E+01 
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H + DT -> H + DT 

»r^y^y^ 

EJ 

Mc 
astic 
MTiontiim T r a n c f o r 

Viscosity 
o Computed from fit to D 

Cc imputed from fit to T< 
CS 
3S 
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\ \ 
s, 
v\ 

V W - -

I) 

10" 10 u 10' 10' 
Energy in Center of Mass System (eV) 
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5.16 

H + DT —• H + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

2irsin(e)^{9) =[A + B{1 - cos{9)) + Csin2{0)\ 

exp 
w=o / V j=i j 

a.u. 

where A, B, C , a,, and bj a re coefficients depending on the center of mass collision energy (E: 

eV) and scat ter ing angle (0, radians) and t h e cross section is in a tomic uni t s (1 a.u. = a2
0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a^: .427476E+01 
bi-b4: .102484E+00 

A,B,C: .112349E+01 

E = .1259 eV 
Elastic 
a0-a4: .424062E+01 
bi-b4: .613980E-01 

A,B,C: .110680E+01 

E = .1585 eV 
Elastic 
a0-a5: .411148E+01 
bi-b4: -.318269E+00 

A,B,C: .101387E+01 

E = .1995 eV 
Elastic 
a0-a5: .404364E+01 
bi-b5: -.234937E+00 

A,B,C: .110319E+01 

E = .2512 eV 
Elastic 
a0-a5: 390074E+01 
bi-b5: -.764006E-01 . 

A,B,C: .951427E+00 

E = .3162 eV 
Elastic 
a0-a5: .391261E+01 
bi-b5: -.313939E+00 

A,B,C: .100510E+01 

.578984E+00 
-.221721E+00 
.236933E+00 

.319843E+00 
-.221768E+00 
.225299E+00 

.193505E+01 

.422013E+00 

.678471E-01 

.151520E+01 

.338540E+00 

.804330E-01 

.124312E+01 

.466515E+00 
-.332461E-01 

.227741E+01 

.406955E+00 
-.307000E-01 

.177735E+01 

.150930E+00 

.613275E+00 

.175444E+01 

.136490E+00 

.570863E+00 

.209278E+01 
-.458328E-01 
.165050E+00 

.172837E+01 
-.694262E-01 
.277540E+00 

-.204665E+01 
-.137087E+00 
.158141E+00 

.180265E+01 
-.549937E-01 
.667610E-01 

.159085E+01 -.141217E+00 
-.500818E-03 

.145209E+01 -.125584E+00 
-.555481E-03 

.397295E-01 .358394E+00 .323904E-01 

.270705E-01 

-.299440E+00 .140318E+00 .145822E-01 
.879962E-02 -.207548E-03 

.158348E+00 .141615E+00 .129818E-01 
-.964841E-02 -.120466E-02 

.248189E+00 .302096E+00 .241897E-01 
.124950E-01 -.525324E-03 
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E = .3981 eV 
Elastic 
ao-a5: .391451E+01 
bj-bs: -.374428E+00 

A, B, C: .967405E+00 

E = .5012 eV 
Elastic 
a0-a5: .375389E+01 
b!-b5: -.340959E+00 

A,B,C: .951114E+00 

E = .6310 eV 
Elastic 
a0-a5: .364001E+01 
b!-b5: -.381562E+00 

A, B, C: .965048E+00 

E = .7943 eV 
Elastic 
ao-a*,: .376591E+01 
b!-b3: .110461E+00 

A,B,C: .109638E+01 

E = 1.0000 eV 
Elastic 
ao-ELi: .348399E+01 
b!-b3-. .855510E-01 

A,B,C: .110576E+01 

E = 1.2590 eV 
Elastic 
a0-a5: .310015E+01 
bi-b4: -.464238E+00 

A,B,C: .109394E+01 

E = 1.5850 eV 
Elastic 
ao-ag: 
bi-b8: 

A, B, C: 

-285106E+01 
-.303230E+00 
.106331E+01 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.213406E+01 
-.988361E-02 
-.440043E+00 
.102656E+01 

E = 2.5120 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A, B, C: 

.181043E+01 
-.756192E-02 
-.419430E+00 
.102143E+01 

.269984E+01 

.386888E+00 
-.300595E-01 

.279097E+01 

.392857E+00 
-.444229E-01 

.314912E+01 

.391458E+00 
-.870474E-03 

-.116660E+01 
-.129410E+00 
.343505E+00 

-.156010E+01 
-.116742E+00 
.411612E+00 

-.372858E+01 
-.177891E+00 
.606226E+00 

.284628E+01 

.228531E+00 

.948163E-01 

-.165945E+01 
-.300084E-01 
.513052E-01 

•.154776E+01 
-.400016E-01 
.180096E+00 

.143164E+01 
-.301966E-01 
.858425E-01 

.429431E+00 
.147737E-01 

.519696E+00 
.903951E-02 

.735438E+00 
.112430E-01 

.194363E+01 -.713023E+00 
-.465198E-01 
.678652E+00 

.312559E+00 
-.309654E-03 

.294096E+00 
-.500914E-03 

.358547E+00 
-.620650E-03 

-.471695E-01 

.234321E-01 

.208839E-01 

.246419E-01 

.184048E+01 
-.389027E-01 
.770019E+00 

.616444E+00 -.394362E-01 

-.606248E+00 .613721E+00 
.259676E-01 .147021E-01 

-.845830E+00 

-528565E+00 .459273E+00 
-.182939E-01 .289527E-02 

-.220842E+00 

.247823E+00 .159832E-01 

.335202E+01 .107131E+01 .454047E+00 

-.131778E+00 
-.215310E-01 

-.315102E-01 -.428776E-01 
-.403693E-01 

318903E+01 .104544E+01 .408685E+00 

365783E-01 -.151638E+00 
-.873370E-02 

-.401337E-01 
-.514232E-01 

.148355E+00 
-.211637E-03 

.442789E+00 

-.100887E-01 

.364502E+00 

-.779159E-02 

.870735E-02 

-.162409E+00 

-.127494E+00 
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E = 3.1620 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 

.148400E+01 
-.541707E-02 
-.416598E+00 

A, B, C: .101015E+01 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.118370E+01 
-305037E-02 
-.413644E+00 
.100239E+01 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

b!-b5: 
A,B,C: 

.849040E+00 
-.266858E-02 
-.437532E+00 
.981113E+00 

E = 6.3100 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.555108E+00 
-.288962E-02 
-.399889E+00 
.963065E+00 

-.302681E+01 .103837E+01 .426747E+00 -.266803E+00 -.933590E-01 

-.182656E+00 -.468701E-01 -.295258E-01 -.568293E-02 
.310569E-01 -.669760E-01 

-.286407E+01 .946863E+00 .466042E+00 -.137505E+00 -.531709E-01 

-.219262E+00 -.514058E-01 -.205639E-01 -.334988E-02 
.426850E-01 -.565662E-01 

-.263411E+01 .116692E+01 .433508E+00 -.141118E+00 -.483300E-01 

-.229728E+00 -.591904E-01 -.206877E-01 -.297472E-02 
.667201E-01 -.165474E-01 

-.223262E+01 .123087E+01 .245834E+00 -.208194E+00 -.554886E-01 

-.222332E+00 -.709330E-01 -.241389E-01 -.318367E-02 
.115282E-01 .108480E+00 

E = 7.9430 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A, B, C: 

.332220E+00 
-.336222E-02 
-.318261E+00 
.947058E+00 

-.178359E+01 .110162E+01 -.636223E-01 

-.201149E+00 -.835401E-01 -.288253E-01 
-.739796E-01 .237924E+00 

.310855E+00 -.682423E-01 

-.362131E-02 

E = 10.0000 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.154596E+00 
-.281468E-02 
-.264557E+00 
.945108E+00 

-.162331E+01 .837861E+00 -.171160E+00 -.292417E+00 -.592543E-01 

-.262074E-01 -.305595E-02 

E = 19.9500 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 
A, B, C: 

-.396535E+00 
.267226E-01 
.248919E-02 
.992835E+00 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bn: 

A, B, C: 

-.170963E+01 
-.468206E+00 
-.681823E-02 
.975649E+00 

E = 100.0000 eV 
Elastic 

ao-ai: 
b i -b 6 : 
b7-bi2'-
A,B,C: 

-.385525E+01 
.682011E+00 
.612671E-01 
.953258E+00 

-.199874E+00 
-.177710E+00 

-.152008E+01 
-.379080E+00 
.261066E-03 

-.221405E+00 

-.256172E+01 
.603345E-02 

-.896499E-03 
.724415E+00 

-.356874E+01 
-.374104E+00 
.102870E-01 
.479184E+00 

-.843248E-01 
.359853E+00 

-.206506E+00 .105053E-01 .381777E-01 .137846E-01 
.161222E-04 .544568E-06 .776217E-08 
.226824E+00 

.233099E+00 .381863E-01 -.516763E-01 -.287129E-01 
-.678245E-04 -.277073E-05 -.474489E-07 
-.580316E+00 

-.929019E+00 -.605363E-01 .356912E+00 .214604E+00 
.106889E-02 .677375E-04 .240340E-05 .366397E-07 

-.244657E+00 
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H + DT -> H + DT H + DT ->• H + DT 
ECM = 0.1 eV ECM = 0.1995 eV 

10J r 

10' 

10' r 

10U r 

10" 

i HUH i uiwq iiuuq i i m i iniuq i 

• * ** • •'•—* - J • • • • » - ' • 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

* ' ' ' • * * ' ' ' • 

Scattering Angle in Center of Mass System (rad) 
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H + DT -> H + DT H + DT -> H + DT 
ECM = 0.5012 eV ECM=1eV 

10* r 

Itf 

101
 r 

10L 

10"1 t 

10 
-2 

T t T W T " I I IIUJ T n n f I IIIIB) I IIIIMJ 

10"5 10"4 10"3 10"2 10"1 10° 
• * • • • " - J " J - J . • • » — * • 

10"5 10"4 10"3 10"2 10"1 10° 

I 11 I I I 11 I 111 I I I 111 I 

Fit to Elastic 
Elastic 

10J 

1(f 

101 

10L 

10' r 

i Q ' ' ' ' • 
0 3 0 

Scattering Angle in Center of Mass System (rad) 
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H + D T ^ H + DT H + DT->H + DT 
ECM = 1.995 eV ECM = 5.012 eV 

1CT r 

1(f 

10' r 

10L 

10" 

i n ' * • * •* • * -* •* • * i . . . . . . J . . . . . - J - j -J . . . . . ^ 

10"5 10"4 10'3 10* 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I 11 I I I 11 I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

' • • • • ' * * 

Scattering Angle in Center of Mass System (rad) 
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H + DT -» H + DT H + DT -> H + DT 
EOM = 10eV ECM= 19.95 eV 

IIIIWj l l l l l l IIIIM^ I IIIMq I I l l l f 

D 

£ i o < 
e 

"CO 1 Q 3 

^ 2 

102 

10"5 10"4 10"3 10"2 10"1 10° 1(T 10" 10"° 10" 10" 10 
" • ^ • * * - * ^ 

5 ur>-4 „„-3 jn-2 „„-1 „«0 

I I • • I I I I t I | I I I I M I I I | I I I I I I I I » | I 

• I 

101 r 

10L 

10 -1 

10 
-2 

"| Q I i i i i i i i i i I i i i i i i i i i I i i i i i i i i i I il ' ' ' ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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H + DT -> H + DT H + DT ->H + DT 
ECM = 50.12 eV ECM=100eV 

10" 

10J 

itf 

101 

10" 

1 0 • 

io-2 t 

S10"3 

^2 I U ^rt-5 i«-4 4^-3 jrv-2 ^^-1 „ o0 

i uiuq i mm i mm i uiiiq iiiiHq 

10 10 10 10 10"1 10° 10"° 10 10 10" 10 10 

O 10 

"co 103 

<N 102 

101 

10° 

10 • 

10" 

10" 

10" 

I I I 11 I I I I I I I I I I I I I I I I I I I I 11 I I I 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

• • • ' i . . . . . . . . . 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.17 D + DT 



5.17 

D + DT —» D + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.225731E+03 

.216957E+03 

.206482E+03 

.197090E+03 

.180264E+03 

.168135E+03 

.150156E+03 

.144478E+03 

.131034E+03 

.108151E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.800352E+02 
.649372E+02 
.392525E+02 
.204648E+02 
.886677E+01 
.301416E+01 
.139762E+01 
.674557E+00 
.172476E+00 
.561386E-01 

Viscosity 
(a.u.) 

.677529E+02 

.590579E+02 

.433556E+02 

.249633E+02 

.116628E+02 

.402064E+01 

.188861E+01 

.923135E+00 

.276596E+00 
.949447E-01 

Analytic fitting function 

cra.wi.viiE) = fea,-(/n(WJ / f 1. + 5 > ( / n ( £ ) ) ' j a.u., 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a?0 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2: .193666E+03 -.158623E+02 -.321888E+00 

ao-a3: 
a4-a5i 

bx-b3: 

ao-a3: 
a4-a5: 

b r b 3 : 

.205230E+02 
.905539E-01 
.347623E+00 

.252254E+02 

.330956E+00 

.330214E+00 

Momentum Transfer 
-.156913E+02 .653333E+01 
.300160E-02 
.281738E+00 .258246E-01 

Viscosity 
-.169003E+02 .792948E+01 
-.175051E-01 
.412781E+00 .237879E-01 

-.136373E+01 

.232359E+01 
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D + DT -> D + DT 

1 0 ' Ly 
10 

Viscosity 
o Computed from fit to DCS 

Computed from fit to TCS 

10L 10' 1(T 
Energy in Center of Mass System (eV) 
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5.17 

D + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

D + DT 

2Tcsin(6)^(6) = [A+B{1 - cos{6)) + Csin2{6)\ 

exp E«.-(M*)n/ L + E W ^ 
i=0 / V j= l 

a.u. 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u. = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
a0-a5: .414441E+01 
bi-b4: -.245269E+00 

A,B,C: .100307E+01 

E = .1259 eV 
Elastic 
ao-a^: .445647E+01 
b!-b3: .197942E+00 

A, B, C: .109303E+01 

E = .1585 eV 
Elastic 
a0-a5: .409217E+01 
bi-b4: -.292743E+00 

A,B,C: .103826E+01 

£ = .1995eV 
Elastic 
a0-a5: .405550E+01 
bi-b4: -.407722E+00 

A,B,C: .101763E+01 

E = .2512 eV 
Elastic 
ao-a^: .415706E+01 
bi-b4: -.100425E+00 

A,B,C: .112136E+01 

E = .3162 eV 
Elastic 
ao-a^: .412967E+01 
bi-b4: -.997181E-01 

A,B,C: .113205E+01 

-.154890E+01 
-.430340E+00 
.581234E-01 

.656209E+00 
-.189874E+00 
.486176E+00 

-.195498E+01 
-.417519E+00 
.934140E-01 

-.235464E+01 
-.350730E+00 

.418337E-01 

-.903611E+00 
-.220403E+00 
.258182E+00 

-.105151E+01 
-.216042E+00 
.246171E+00 

-.207661E+01 
-.702966E-01 
-.131815E+00 

-.217651E+01 
-.111009E+00 
-.869327E+00 

-.197479E+01 
-.541308E-01 
-.188083E+00 

-.164587E+01 
-.283049E-01 
-.123854E+00 

-.165915E+01 
-.701367E-01 
-.575565E+00 

-.169002E+01 
-.630853E-01 
-.571476E+00 

-.127624E+00 .225225E+00 .206545E-01 
.144813E-01 

.140860E+01 -.111066E+00 

.823861E-01 .264664E+00 .220068E-01 

.155742E-01 

.122119E+00 .262936E+00 .214529E-01 
.179777E-01 

.750460E+00 -.537416E-01 
-.841026E-03 

683912E+00 -.471523E-01 
-.827606E-03 
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E = .3981 eV 
Elastic 
a0-a5: .390563E+01 
bi-b4: --444543E+00 

A,B,C: .991123E+00 

E = .5012 eV 
Elastic 
a0-a5: .384734E+01 
bi-b4: -.565174E+00 

A,B,C: -105121E+01 

E = .6310 eV 
Elastic 
a0-a5: .366478E+01 
bi-b4: --592742E+00 

A,B,C: .103862E+01 

E = .7943 eV 
Elastic 
aQ-a5: .351345E+01 
b!-b4: -.569823E+00 

A,B,C: .102003E+01 

.290567E+01 

.337404E+00 

.205412E-02 

.353579E+01 

.294854E+00 

.166073E-01 

.373708E+01 

.280437E+00 
-.651341E-01 

.141665E+01 .427213E+00 .259027E+00 .181773E-01 
-.974706E-02 .144541E-01 
.375916E-02 

.117517E+01 .665047E+00 .351788E+00 .241640E-01 
.183403E-01 .214469E-01 
.102377E+00 

.883760E+00 
.206126E-01 
.353917E-01 

.747286E+00 
.185235E-01 

.324441E+00 .212331E-01 

E = 1.0000 eV 
Elastic 

a0-a5: 
a6: 

bi-b5: 
A,B,C: 

• 318420E+01 
-.464007E-02 
-.550709E+00 
.102732E+01 

E~ 1.2590 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.280379E+01 
-.921701E-02 
-.540381E+00 
.100774E+01 

E ~ 1.5850 eV 
Elastic 
a0-a5: 

a6: 
bi-b5: 

A, B, C: 

.260344E+01 
-.615674E-02 
-.444941E+00 
•998186E+00 

E= 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

.210718E+01 
-.936198E-02 
--468633E+00 
.974813E+00 

E = 2.5120 eV 
Elastic 
ao-as: 

a6". 
bi-b5: 

A,B,C: 

.179773E+01 
-.727218E-02 
•.421522E+00 
.962166E+00 

.379349E+01 -.645644E+00 .760866E+00 .253794E+00 .153517E-01 

.278185E+00 .127089E-01 .121649E-01 

.514358E-01 -.135675E+00 

.390804E+01 -.817477E-01 .877369E+00 .491992E-01 -.603435E-01 

.233815E+00 .774857E-02 -.716142E-02 -.483718E-02 

.745123E-01 -.123584E+00 

-.384897E+01 .727396E+00 .745402E+00 -.279517E+00 -.144331E+00 

-.152166E+00 -.740521E-03 -.305591E-01 -.937961E-02 
.256025E-01 -.429513E-01 

-.305608E+01 .558238E+00 .449508E+00 -.237376E+00 -.101697E+00 

-.189466E+00 -.309962E-01 -.260020E-01 -.636433E-02 
-.548933E-01 .823928E-01 

-.335304E+01 .125263E+01 .399377E+00 -.473869E+00 -.161563E+00 

-.114382E+00 -.304604E-01 -.421713E-01 -.952844E-02 
-.535864E-01 .977723E-01 

-.305488E+01 .116409E+01 .294493E+00 -.414321E+00 -.130040E+00 

-.138090E+00 -.437008E-01 -.372843E-01 -.747172E-02 
-.493293E-01 .114345E+00 
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E = 3.1620 eV 
Elastic 

ao-as: 

bi-b5: 
A,B,C: 

.149115E+01 
-.561398E-02 
-.412322E+00 
.952245E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.119881E+01 
-.366739E-02 
-.388974E+00 
.955453E+00 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

bi-b5: 
A,B,C: 

.865790E+00 
-.101201E-02 
-.186827E+00 
.959253E+00 

E = 6.3100 eV 
Elastic 
ao-as: 

a6: 
bi-b5: 

A,B,C: 

663044E+00 
-.191136E-02 
.328323E+00 
981155E+00 

E = 7.9430 eV 
Elastic 

ao-ai: 
bi-b 6 : 
b7-bi0: 

A,B,C: 

.233311E+00 

.240016E+00 
.508699E-03 
.964525E+00 

E = 10.0000 eV 
Elastic 

ao-ai: 
bi-b 6 : 
b7-bi2: 

bn : 
A,B,C: 

.200573E+00 
.318270E-01 
.148848E-01 
.477698E-09 
.980523E+00 

E = 19.9500 eV 
Elastic 

.285178E+01 .114967E+01 .245678E+00 -.353502E+00 -.103510E+00 

.163380E+00 -.534381E-01 -.328640E-01 -.583983E-02 
-.466409E-01 .130672E+00 

.266669E+01 .999957E+00 .257837E+00 -.241443E+00 -.692061E-01 

.193786E+00 -.578100E-01 -.252842E-01 -.392224E-02 
-.442273E-01 .130934E+00 

.221631E+01 .308482E+00 .548805E+00 .406263E-01 -.146798E-01 

.369489E+00 -.125216E+00 -.242842E-01 -.242164E-02 
•.157394E+00 .357270E+00 

.220829E+01 .773475E+00 .159538E+00 -.159569E+00 -.390644E-01 

.229478E+00 -.693892E-01 -.192765E-01 -.219758E-02 
-.494276E-01 .105587E+00 

.133836E+01 

.326228E+00 

.469156E-04 

.404876E+00 

.120629E+01 

.620233E+00 
.251608E-02 

-.315712E+00 -.898368E-01 
.203288E-05 .339156E-07 
.655475E+00 

-.547482E-02 .216131E-02 

-.351847E+00 
.290738E-03 

.628325E-01 .126639E+00 .577017E-01 

.228817E-04 .117513E-05 .354961E-07 

ao-ai: 
bi-b6: 
b7-bi2: 

A,B,C: 

-.300244E+00 
-.507408E+00 
-.437855E-01 
.104141E+01 

E = 50.1200 eV 
Elastic 

ao-ai: 
bi-b6: 
b7-bi2: 

A, B, C: 

-.175413E+01 
-.438535E+00 
-.152032E-01 
.962170E+00 

E = 100.0000 eV 
Elastic 

a0-ai: 
bi-b6: 
b7-bi2: 

A,B,C: 

•.357227E+01 
-.206226E-01 
-.480157E-02 
.993514E+00 

.247039E+00 .242954E+00 

-.191844E+01 
.165526E+00 .514383E+00 
-.737342E-02 -.773284E-03 
-.141898E+00 .248145E-01 

-.244924E+01 
.114459E-01 .271433E+00 
-.243398E-02 -.240155E-03 
.194521E+00 -.835131E-01 

-.293204E+01 
.320900E-01 .400572E-01 

-.697361E-03 -.616303E-04 
-.196725E+00 .474507E+00 

-.263201E-01 -.269989E+00 -.154612E+00 
-.497173E-04 -.179807E-05 -.280580E-07 

.322438E-01 
-.144361E-04 

.921631E-01 

.486189E-06 
-.552697E-01 
-.704757E-08 

-.200718E-01 -.395435E-01 -.193420E-01 
-.325437E-05 -.938999E-07 -.112828E-08 
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D + DT -» D + DT D + DT -> D + DT 
ECM = 0.1eV ECM = 0.1995 eV 

• '••-* - » - * - » -* • ' * • * - » • • • • — J - i • • • • - j • 

10"5 10"4 10"3 10"2 10'1 10° 10"5 10"4 10"3 10"2 10"1 10° 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Fit to Elastic 
Elastic 

"| Q • . • . ! • . . . i i .1 I . . . . . . . . . i . . i i .1 

• 0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + DT -> D + DT D + DT -> D + DT 
ECM = 0.5012 eV ECM = 1 eV 

• iiiuq ininq I I I I M J i inuq i unaq i 

10 10 10"° 10" 10 10 
• • • • ~ J - 1 • • ' " - J - » - 1 • 

10"5 10"4 10"3 10"2 10"1 10° 

10° 

1(f 

10' : 

10 r 

1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fit to Elastic 
Elastic 

• 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 • • 1 1 1 1 1 1 1 1 • 1 1 1 1 

*] o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 » 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i * »• ' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + DT -> D + DT D + DT -» D + DT 

1<T 

10J 

10' 

101 

10u 

ECM = 1.995 eV ECM = 5.012 eV 

-1 
10 

CC 10 r 

^ i rv 3 
• • • • • — * - « - * - J • • • • - J • 

i i mm i m m i m m i iiinq i iiiuq i 

10"5 10"4 10"3 10"2 10"1 10° 
• • • " • J -* . . . . — J -J - I . 

10"5 10"4 10"3 10"2 10"1 10° 

-j Q I I I I .1 I • . . I I I .1 

0 1 2 3 0 1 2 3 
Scattering Angle in Center of Mass System (rad) 
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D + DT -> D + DT D + DT-> D + DT-
ECM = 10eV ECM = 19.95 eV 

I IIIMj I l l i m I Il lUq I 11 111 I IIIMj I I 

D 

"CO 1 Q 3 

102 

10"5 10" 10"3 10"2 10"1 10° 10"5 10" 10"3 10"2 10"1 10° 

101 

10u 

10"1 

10 -2 

I I I I I I I I 11 I I I I I I I I I I I I I I I 11 I I I I 

Fit to Elastic 
Elastic 

i i iri i 11 111 i i i 111 i i | i i i i i 111 i | 

•j Q I I I I I I I I I I I I » I I I I I I I I I I I I I I I B I I ll ' ' ' I 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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D + DT->D + DT D + DT-^D + DT 
ECM = 50.12 eV ECM = 100eV 

1(T 

10J 

1tf 

101 

10u 

10' 

CO 10"' r 

"D 

"c/5 

i n i l " i m i l i i uuq i iniiq i m m i 

M , i J - J - 1 •** * * " — J 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

CM 
10J 

I I I 11 I I I 11 I I I I I I I I I I I I I I I I 11 I I 

Fit to Elastic 
Elastic 

10 * 

0 1 2 3 0 1 2 

Scattering Angle in Center of Mass System (rad) 
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5. Hydrogen-atom-hydrogen-molecule elastic collisions 

5.18 T + DT 



5.18 

T + DT —• T + DT 

Energy (CM) 
(eV) 

0.1000 
0.1995 
0.5012 
1.0000 
1.9950 
5.0120 

10.0000 
19.9500 
50.1200 

100.0000 

Elastic 
(a.u.) 

.232680E+03 

.222013E+03 

.210162E+03 

.197876E+03 

.186853E+03 

.168423E+03 

.159364E+03 

.144580E+03 

.137762E+03 

.112111E+03 

Cross Section 
Momentum Transfer 

(a.u.) 
.800913E+02 
.649588E+02 
.392955E+02 
.213830E+02 
.928409E+01 
.296929E+01 
.140324E+01 
.689364E+00 
.183861E+00 
.707707E-01 

Viscosity 
(a.u.) 

.678135E+02 

.590864E+02 

.433986E+02 

.256157E+02 

.119134E+02 

.406283E+01 

.186613E+01 

.914325E+00 

.281014E+00 

.107146E+00 

Analytic fitting function 

eei,mtAE) = (j2zi(HE)Y) I (l- + J2HHE))J) a.u, . 

where E is the collision energy in the center of mass (CM) system expressed in eV and the 
cross section is in atomic units (1 a.u. = a2

0 = 2.80028E-17 cm2) 

Fitting parameters 

Elastic 
ao-a2: .193666E+03 -.158623E+02 -.321888E+00 

ao-a3: 
cLj! 

bx-b4: 

ao-a3: 
a 4 " a 5 : 

ba-b3: 

.205141E+02 

.118842E+00 

.306816E+00 

.252254E+02 

.330956E+00 

.330214E+00 

Momentum Transfer 
-.164677E+02 .680592E+01 

.248161E+00 .625914E-02 

Viscosity 
-.169003E+02 .792948E+01 
-.175051E-01 
.412781E+00 .237879E-01 

-.145490E+01 

-.315022E-02 

-.232359E+01 
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T + DT -> T + DT 

OOCH 

llftft7 ' t l * = © ^ 

• -©-

i. _ s ̂ 

Ea 

V ^ 
P^ S&»-

Vs> j r * 

stic 
IvIOn m i l i u m irciiit>iwr 

Viscosity 
o Computed from fit to C 

Coi nputed from fit to T 

< * < > — < 

Is. 

)CS 
CS 

> — 

^ 
X k, s 

k ' 

\ , 

Vv 
:v 

v 

10"1 10 L 10' 10' 
Energy in Center of Mass System (eV) 
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5.18 

T + DT 

Elastic Differential Cross Sections 

Analytic fitting function 

T + DT 

2Tsin{0)^{B) =[A + B{1 - cos{9)) + Csin\0)] 

exp £ a,-(/n(W / l. + 5X7n(*))' a.u., 

where A, B, C, a,-, and bj are coefficients depending on the center of mass collision energy (E, 
eV) and scattering angle (8, radians) and the cross section is in atomic units (1 a.u^ = a2

0 

srad"1 = 2.80028E-17 cm2 srad"1). 

Fitting parameters 

E = .1000 eV 
Elastic 
ao-a4-. .428834E+01 
bi-b4: -.378705E-01 

A,B,C: .112040E+01 

E = .1259 eV 
Elastic 
a0-a5: .411470E+01 
bi-b4: -.338509E+00 

A,B,C: .103669E+01 

E = .1585 eV 
Elastic 
a0-a5: .407618E+01 
bi-b4: -.381072E+00 

A,B,C: .101205E+01 

E - .1995 eV 
Elastic 
a0-a5: .400378E+01 
bi-b5: -.265186E+00 

A,B,C: .107896E+01 

E = .2512 eV 
Elastic 
a0-a5: .397841E+01 
b!-b5: -.291392E+00 

A,B,C: .106964E+01 

E - .3162 eV 
Elastic 
a0-a5: .386493E+01 
bi-b5: -.256140E+00 

A,B,C: .968406E+00 

-.233655E+00 
-.228092E+00 
.273662E+00 

-.209951E+01 
-.399640E+00 
.975209E-01 

.218589E+01 

.354486E+00 

.362821E-01 

.169117E+01 

.330046E+00 

.273285E-01 

.192022E+01 

.329875E+00 
.269348E-01 

.201399E+01 

.399365E+00 

.113624E+00 

.173560E+01 -.106375E+01 -.825733E-01 
-.972244E-01 -.740128E-03 
.624559E+00 

.190582E+01 
-.457441E-01 
.172333E+00 

.164417E+01 
-.377682E-01 
• 109778E+00 

.151992E+01 
-.684876E-01 
•163890E+00 

-.151434E+01 
-.580636E-01 
-.145964E+00 

-.162907E+01 
-.813962E-01 
.210802E+00 

.105412E+00 .288208E+00 .237208E-01 
.180734E-01 

.424531E-01 .212922E+00 .174312E-01 

.137583E-01 

-.223396E+00 .616187E-01 .612024E-02 
-.603975E-04 -.223888E-03 

-.955246E-01 .996502E-01 .834142E-02 
.216114E-02 -.223966E-03 

.915623E-01 .156184E+00 .115488E-01 
-.168514E-02 -.623233E-03 
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E = .3981 eV 
Elastic 
ao-a5: .397004E+01 
bi-b5: -.756363E+00 

A,B,C: .103139E+01 

E = .5012 eV 
Elastic 
a0-a5: .396809E+01 
b r b 5 : -.846874E+00 

A, B, C: .101504E+01 

E= .6310 eV 
Elastic 
a0-a5: .367340E+01 
b!-b5: -.464977E+00 

A,B,C: .102916E+01 

E = .7943 eV 
Elastic 
a0-a5: .350083E+01 
bi-b5: -.465412E+00 

A, B, C: .997522E+00 

E = 1.0000 eV 
Elastic 
ao-as: 

as: 
bj-bs: 

A,B,C: 

.321741E+01 
-.358332E-02 
-.561170E+00 
.101215E+01 

E = 1.2590 eV 
Elastic 
ao-as: 

a6: 
bi-b 5 : 

A, B, C: 

.286276E+01 
-.863505E-02 
-.548117E+00 
.981102E+00 

E= 1.5850 eV 
Elastic 
ao-as: 

a6: 
b!-b5: 

A,B,C: 

.258821E+01 
-.786317E-02 
-.427880E+00 
.960052E+00 

E = 1.9950 eV 
Elastic 
ao-as: 

a6: 
bi-b 5 : 

A,B,C: 

.214501E+01 
-.802754 E-02 
-.473562E+00 
.946865E+00 

E = 2.5120 eV 
Elastic 
ao-as: 

a6: 
bi-b 5 : 

A,B,C: 

.184892E+01 
-.665720E-02 
-.406649E+00 
.942737E+00 

-.412477E+01 -.848931E+00 .788302E+00 .351348E+00 .233733E-01 
-.226424E+00 .775710E-01 .318131E-01 .687256E-03 
.695121E-01 -.156234E+00 

•.464672E+01 -.648410E+00 .983955E+00 .391128E+00 .251833E-01 
•.192038E+00 .104971E+00 .359949E-01 .807934E-03 
.184956E+00 -.309281E+00 

.330402E+01 -.105929E+01 .590895E+00 .258189E+00 .163962E-01 

.299164E+00 -.647134E-02 .107280E-01 -.197588E-03 
-.896207E-02 -.338762E-01 

.356024E+01 -.932579E+00 .803163E+00 .300416E+00 .181879E-01 

.332199E+00 -.208710E-01 .668458E-02 -.600151E-03 

.627649E-01 -.931303E-01 

-.391465E+01 -.132204E+00 .871051E+00 .854915E-01 -.449094E-01 

-.242961E+00 .614793E-02 -.418609E-02 -.377907E-02 
.740736E-01 -.988530E-01 

.381035E+01 .734473E+00 .695643E+00 -.283689E+00 -.139152E+00 

.147595E+00 -.145352E-02 -.292407E-01 -.877415E-02 
.143465E-01 .170449E-01 

-.314931E+01 .820157E+00 .432925E+00 -.349587E+00 -.133960E+00 

-.124208E+00 -.189367E-01 -.319696E-01 -.800253E-02 
-.391327E-01 .122180E+00 

-.328750E+01 .118383E+01 .355476E+00 -.431449E+00 -.142318E+00 

-.122887E+00 -.319672E-01 -.376356E-01 -.818321E-02 
-.533133E-01 .152195E+00 

-.292984E+01 .111312E+01 .201844E+00 -.415615E+00 -.122500E+00 

-.130034E+00 -.449110E-01 -.356562E-01 -.683086E-02 
-.428078E-01 .146852E+00 
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E = 3.1620 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A, B, C: 

.154678E+01 
-.552917E-02 
-.367299E+00 
.942326E+00 

E = 3.9810 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.124024E+01 
-.324765E-02 
-.388893E+00 
.957641E+00 

E = 5.0120 eV 
Elastic 

ao-as: 
a6: 

b i -b 5 : 
A,B,C: 

.952067E+00 
-.231774E-02 

-.368192E+00 
.977594E+00 

E = 6.3100 eV 
Elastic 

ao-ai-. 
b i -b 6 : 
b r b n : 

A, B, C: 

.634826E+00 
-.209372E-01 
.541598E-02 

.982604E+00 

E = 7.9430 eV 
Elastic 

ao-ai 
b i - b 6 

b7-bi2 
A,B,C 

.330847E+00 

.145499E+00 
-.351167E-01 
.965591E+00 

E = 10.0000 eV 
Elastic 

ao-ai 
b i -b 6 

b7-b9 
A, B, C: 

.783465E-01 
.213011E+00 
-.790185E-04 
.104244E+01 

E = 19.9500 eV 
Elastic 

ao-ai 
b i -b 6 

b7-bio 
A,B,C 

-.457947E+00 
.808163E-01 
.615287E-03 
.102279E+01 

E = 50.1200 eV 
Elastic 

a0-ai : 
b i -b 6 : 
b7-bi0: 

A,B,C: 

-.153208E+01 
-.235074E+00 
.115361E-02 
.982324E+00 

E = 100.0000 eV 
Elastic 

ao-ap 
b i -b 6 : 
br-bio: 

A,B,C: 

-.315955E+01 
.121459E+00 
.205840E-01 
973521E+00 

-.268604E+01 .102422E+01 .896413E-01 -.394655E+00 -.105771E+00 

-.147860E+00 -.562256E-01 -.335798E-01 -.572419E-02 
-.781313E-01 .181678E+00 

.263659E+01 .935132E+00 .249229E+00 -.223279E+00 -.627421E-01 

.202484E+00 -.582561E-01 -.235376E-01 -.350323E-02 
-.559120E-01 .136506E+00 

.246676E+01 .848255E+00 .219440E+00 -.174345E+00 -.462063E-01 

.218669E+00 -.626183E-01 -.201199E-01 -.258453E-02 
-.409164E-01 .807795E-01 

-.152155E+01 
-.520735E+00 -.268309E+00 .574402E-01 .830247E-01 .292927E-01 
.590543E-03 .382558E-04 .136547E-05 .207196E-07 

-.182885E+00 .186507E+00 

-.200517E+01 
.285999E+00 .125365E+00 
-.550897E-02 -.538657E-03 
-.226231E+00 .390388E+00 

.142571E+01 

.265225E+00 -.277440E+00 
-.113936E-05 .165571E-07 
.305962E+00 .318711E+00 

.247621E+00 -.292075E+00 -.136141E+00 
-.320801E-04 -.106471E-05 -.150859E-07 

-.995600E-01 -.179092E-01 -170198E-02 

-.143399E+01 
-.321726E+00 -.205023E+00 -.311231E-01 .792672E-02 .375240E-02 
.518062E-04 .224427E-05 .397453E-07 

-.177275E+00 .131118E+00 

-.189127E+01 
-.322986E+00 
.827580E-04 
.215841E+00 

-.162708E-01 .858108E-01 .416190E-01 .926360E-02 
.320393E-05 .519745E-07 

-.212059E+00 

-.274479E+01 

-.102129E+00 -.199644E+00 .230483E-01 .121126E+00 .705386E-01 
.356139E-02 .380942E-03 .247660E-04 .897956E-06 .139373E-07 

-.633768E-01 .301622E+00 
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T + DT->T + DT • T + DT->T + DT 
ECM = 0.1 eV ECM = 0.1995 eV 

10° r 

1(T r 

10' r 

10L 

10" 

i n m^ i i m i i i ni f i i m i i I I I I ^ i 

"* • ' -* -̂  l l l l l l J • 
10"5 10^ 10"3 10"2 10"1 10° 10"5 10* 10"3 10"2 10"1 10° 

I I I I I I 11 1 1 1 1 1 I I 111 I I I I I I I I I 11 I I I I I I 11 I I 111 I I I I I I I I 11 111 11 1111 

10° 

1tf 

101 

10 : 

Fit to Elastic 
Elastic 

"| Q ' ' ' •' ' • • ' *' 

0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + DT.-> T + DT T + DT -> T + DT 
ECM = 0.5012 eV ECM = 1 eV 

1 0 • • 

1(T r 

10 -

10° r 

-j Q I . . . . ~ J -J . . . . . ^ . . . . . . I . . . . „ J . I I . ...—J . . . . . -J • • • •—I - I - I 

10"5 10"4 10"3 10"2 10"1 10° 10"5 10"4 10"3 10"2 10"1 10° 

10J 

10' 

101 

10u 

,-1 

Fit to Elastic 
Elastic 

I I I I I I | I I I I I I I I I | I I I I I I I I I | H I I I I I I I I I I | I I I I I I I • I | M I I I I I I I 

"| Q ' ' ' J ' ' 
0 1 2 3 0 1 2 3 

Scattering Angle in Center of Mass System (rad) 
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T + DT -> T + DT T + DT -> T + DT 
ECM = 1.995 eV ECM = 5.012 eV 

1 0 § i mm 11III^ 11niwf 11III^ ii niuq i i • m • • nif 11u«j i in»i i inm 11 

10' 

CO 1 0 • 
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T + DT -> T + DT T + DT -> T + DT 
ECM = 50.12 eV ECM = 100eV 
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provided. Final manuscript versions may be submitted in camera ready 
form or on diskettes. 

Every manuscript submitted must be accompanied by a disclaimer 
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All figures should be on separate sheets and numbered consecutively 
with Arabic numerals, e.g. Fig. 1. A separate list of captions must be 
provided (sec also General above). 

Tables must carry a heading and be numbered consecutively with 
Roman numerals in the order in which they arc mentioned in the text, e.g. 
Table II. Footnotes to tables should be indicated by raised letters (not 
numbers or asterisks) and set immediately below the table itself. Tables 
should be typed clearly for possible direct reproduction. 

Footnotes to the text should be numbered consecutively with raised 
Arabic numerals; excessive use of footnotes should be avoided. 

All equations should be typed as carefully as possible, with unavailable 
Greek letters and other symbols clearly inserted by hand. Specifically: 

(1) To eliminate confusion between symbols with similar appearance 
(e.g. between ones, ells and primes), nuke them as distinct as 
possible, if necessary marking them clearly by hand. In manuscripts 
with handwritten formulas, all further sources of confusion (such as 
n's and u's, u's and v's, c's and I's, J's and I's) should also be 
marked. 

(2) Indicate a vector by an arrow on top rather than by bold face 
lettering. 

(3) Tensors of second rank should bear two arrows on lop; if higher rank 
tensors arc required, choose an appropriate symbol and explain it. 

(4) Indicate the normal algebraic product by simple juxtaposition of 
symbols, i.e. without multiplication sign. _ _ 

(5) Write scalar products of vectors with a raised point, e.g. A-B. 
(6) Use the multiplication sign ( x ) solely to designate: (i) a vector 

product, (ii) an algebraic (but not a scalar) product in the case where 
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(7) The nabla operator ( V ) docs not carry an arrow. 
(8) When equations are split over two or more lines, place operational 
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(9) Where it is impossible to split long fractions over two lines, use 
negative exponents: similarly, replace root signs by fractional 
exponents where appropriate. 

(10) Do not use symbols, abbreviations and formulations that arc 
recognizable only in a particular language. 
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