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EDITORIAL NOTE

The present volume of Atomic and Plasma—Material Interaction Data for Fusion includes
critical reviews and results of original experimental and theoretical studies on inelastic collision
processes among the basic and dominant impurity constituents of fusion plasmas. The processes
considered in the present volume include: electron impact excitation of excited helium atoms, elec-
tron impact excitation and ionization of plasma impurity ions and atoms, electron-impurity-ion
recombination and excitation, ionization and electron capture in collisions of plasma protons and
impurity ions with the main fusion plasma neutral components H, He and H, (the latter being always
present in the plasma edge or introduced into the plasma by neutral beam injection for heating,
fuelling or diagnostic purposes).

The majority of the contributions included in the present volume are the result of a three year
Co-ordinated Research Programme on “Atomic Data for Medium- and High-Z Impurities in Fusion
Plasmas”, conducted by the International Atomic Energy Agency in the period 1991-1994.
However, the content of the volume has been significantly expanded by the contributions of many
other experts from the atomic physics community who have kindly agreed to perform supplemen-
tary cross-section measurements, calculations or critical data assessments for the above mentioned
processes of fusion relevant collision systems.

The International Atomic Energy Agency expresses its appreciation to all the contributors to
this volume for their dedicated effort and co-operation.

November; 1995
Vienna
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EXCITATION OF HE(2'°S) BY ELECTRON IMPACT
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ABSTRACT

Theoretical data for electron impact excitation of neutral helium in the He (2'°S)
states are reviewed and a preferred data set is established for excitation to the He (n'°L)
states with n=2-4. Such a set of data was presented in a FOM report. The present work is
an improvement made possible by new theoretical data, in particular the convergent close
coupling data of Bray and Fursa, valid for the entire impact energy range of interest.

1. INTRODUCTION

A new assessment of electron impact cross section data for excitation of helium from
the metastable He(2'3S) states is presented. This study is connected with the use of *He®
and *He® neutral heating beams on the JET tokamak. It is known that these beams contain
a small fraction metastables [1] and so next to our study of excitation from the He ground
state [2], the assessment of cross sections is also wanted for excitation of metastable He
atoms. Whereas for excitation of He(1'S) we could make use of many experimental re-
sults, in the case of excitation of He(2'°S) very little experimental material is available and
we are mainly dependent on theory [3].

The assessment of data presented here for excitation to (n'°L) states of He (n=2-4)
must be seen as the continuation and revision of previous work (see e.g. the first two ref-
erences quoted in [2]) and an improvement of the assessment of the relevant cross sec-
tions in FOM-report 95 0653 [4]. This improvement is connected with new theoretical data,
in particular the convergent close coupling data (CCC) of Bray and Fursa evaluated for
this work, and valid for the entire impact energy range of interest. Their first results for ex-
citation of the He 2°S state to n=2-4 He triplet states at a few energies were presented in
reference [5]. Further we have Coulomb-Born Exchange (CBE) data of Shevelko and Ta-
wara [6] and distorted wave approximation (DWA) data of Cartwright and Csanak [7]. All
these new results provide more data, in particular for spin changing collisions and n=2-4
transisions where only few theoretical results were available (scaling was used in the pre-
vious publication [4] for excitation to the n=4 levels with respect to n=3).



Data are presented as cross sections, o, and collision strengths, Q, as defined in refer-
ence [2]. For a transition from an initial state i to a final higher excited state j, we have

Q=w | < |[—=
t IH naZ
0
where w; is the statistical weight of the initial state / of the atom, o, is the excitation cross
section, and E;is the energy of the free projectile electron with the atom in its initial state .

2. THEORETICAL DATA AND ASSESSMENT OF CROSS SECTION DATA.

In order to establish the cross section data, see the FOM report [4], different theoreti-
cal approximations had to be considered. For the low impact energy region (i.e. below the
ionization threshold, 3.97 eV for 2'S and 4.77 eV for 2°S), the standard close coupling cal-
culations that couple only the helium discrete energy states may be used (except for elas-
tic transitions that usually require treatment of the continuum). At the higher impact
energies, above about 50-100 eV, the first Born approximation (FBA) becomes valid. The
intermediate energy region (from the ionization threshold up to energy where FBA be-
comes valid) requires the most sophisticated treatment. Until recently theoretical methods
applied at this energy range have been limited to various versions of the distorted-wave
and eikonal-type approximations. For spin-changing (singlet-triplet or vice-versa) transi-
tions the theoretical calculations have been rather scarce and the least reliable. This is
specially true in the intermediate energy region where the non-pertubative treatment of the
exchange interaction is clearly desirable. At these energies the Ochkur approximation
(valid at higher energies) has been used [4] to calculate cross sections for spin-changing
transitions.

In this paper we use the results of the CCC method, which covers the entire energy
range and so can be compared with all approximations. A full account of this method has
been given by Fursa and Bray [8]. The CCC method is a non-perturbative approach to
electron-atom scattering that treats both the discrete and continuum target subspaces to a
demonstrable level of convergence. The multi-channel expansion of the total wave func-
tion is performed with target states obtained by diagonalising the target Hamiltonian in a
Laguerre basis. The use of such bases ensures that completeness of the expansion is ap-
proached by simply increasing the basis size. In the case of the helium target the frozen-
core approximation is used for the description of the target structure, see [8] for compari-
son of this approximation with experiment and other calculations. No approximations are
made in the treatment of exchange. The CCC method is therefore equally valid in the low,
intermediate, and high energy regions. The method demonstrated the ability to accurately
describe electron-He(1'S) scattering between 1.5 and 500 eV and gives in addition a very
good account of electron-impact coherence parameters for the relevant excited He levels.
The method has also been applied to scattering from He(2°S) [5]. A total of 75-states have
been included in the CCC calcultions. States up to the n=5 shell are good target discrete
states. Given the overall consistent agreement of the CCC results with experiment for the
excitations from the helium ground state we are confident in the
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CCC results for the excitations from the helium metastable states due to the unitarity of
the close coupling formalism (as soon as convergence is established). Cross sections for
excitation from the metastable He levels to n=2-4 levels are estimated to be accurate to
better than 10%. An exception to this is the excitation of F states, which are likely to be
systematically too high at the intermediate energies due to lack of allowance for excitation
of G and higher L states. In our assessment of the relevant cross sections we shall give a
relatively great weight to the new CCC data.

In our further consideration of the theoretical data, similarly as in [4], let us start at
low energies. Most data came from the Belfast Queens University group that carried out
a number of close coupling R-matrix calculations, which couple a total of 5, 11, 19, and 29
states including all of n=1-2, 1-3, 1-4, and 1-5 principal quantum shells respectively. The
relevant R-matrix data are from Fon et al. [9] (5-state and improvement of Burke et al.
[10]), Berrington et al. [11] (11-state) and Kingston [4] (29-state), we will refer to these
calculations as R(5), R(11), and R(29) correspondingly. At present 19-state data [4] are
not available. In this order the data should become more accurate and converge to each
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other. As we shall show in a few examples, we are faced with different problems. First we
take the 2°S-2°P excitation process (see Figure 1, transition 08). According to the Belfast
group their data are only relevant below the ionization threshold. The threshold for the ex-
citation to 2p°P is at 1.15 eV. In the energy impact region of 1.15-4.77 eV there is no con-
vergence of the R-matrix data, and the 29-state data appear to be very small near the
ionization threshold. The latter is the consequence of the extensive computer program
with so many states involved (29), so that not enough partial waves could be included [4].
This relative smallness may be the largest for optically allowed transitions, and decrease
in the order of optically forbidden and spin forbidden (spin changing) transitions. In this
case and similar ones we gave preference to R(11) data (see [4]) which we followed more
or less above the ionization threshold up to about 8 eV impact energy. Note that for our
purpose we only look to the gross behaviour of the cross section and disregard narrow-
shape resonances. In the present work, see again Figure 1, we note indeed that the new
CCC data are close to the R(11) data. However, for 2s°S-3p°P (transition 20), shown fur-
ther on, we see that the R(11) data are much too high near and above the ionization

10
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threshold,as found generally for the various n=3 levels, because n=4 is not included in the
11-state R-matrix calculation.

In Figure 2 for the optically forbidden 2s°S-3s°S transition (transition 14) we only
have data of the R(11) and R(29) calculations. Again the R(29) data are relatively small to-
wards the ionization threshold and in the previous publication [{4] we used the R(11) data
up to about 10eV for the cross section assessment. Again because n=4 and higher helium
states are not included in the R(11) calculation, it might overestimate the cross section.
Indeed we see that the new CCC data fall in between the cross sections of R(11) and
R(29) calculations. A simular situation exists for the optical forbidden 2°S-3°D (transition
23), illustrated further on.

In Figure 3 we consider the spin changing 2s°S-2p'P transition (transition 11). Here
the R(11) and R(29) data are close together and differ in some way from the R(5) data,
being smaller above about 3.5 eV impact energy (see also Figure 5 of Berrington et al.
[11] ). The CCC data are close to the R(11) and R(29) data, but become smaller above

11



about the ionization limit (4.77 eV). For 2s°S-3p'P (transition 29), shown further on, the
CCC data are close to the R(29) data, but again near and above the ionization threshold
R(11) data become relatively high.

For the corresponding singlet cases, 2s'S-2p'P (transition 12), 2s'S-3p'P (transition
30), 2s'S-3s'S (transition 18) and 2'S-3'D (transition 27) and singlet-triplet cases,
2s'S-2p°P (transition 09) and 2s'S-3p°P (transition 21), illustrated further on, similar con-
siderations hold. For 2s'S-2p'P the CCC data fall again on top of those of the R(11) calcu-
lation. For 2s'S-3p'P we see again the relatively low and high values of R(29) and R(11)
data respectively. For 2s'S-3s'S, near and above the ionization threshold (3.97 eV) the
CCC data are much smaller than those of the R(11) calculation. For 2s'S-2p°P the CCC
data are again close to the R(11) and R(29) data, but become smaller above the ionization
energy. For 2s'S-3p°P the CCC data are close to the R(29) data, but R(11) data appear to
be too high.

Next we shall consider the high energy. Because for excitation from metastable to
higher excited states the excitation energy is much smaller than in the case of excitation
from the ground state, we may expect the first Born approximation to hold down to rela-
tively low energies (about 50-100 eV). As we have defined the high energy region as the
one where the FBA is valid we consider here spin allowed transitions (singlet-singlet and
triplet-triplet) only. At this high energy the calculated cross sections are primarily specified
by the helium structure approximation used in the calculation. The FBA calculcations have
been carried out by several groups [12-16] for many transitions, giving coinciding cross
sections when sufficiently accurate wave functions are used. As the incident electron en-
ergy is increased the CCC and CBE calculations should converge to the FBA results. On
a number of occasions (discussed later on) we have found that some deviations from the
accurate FBA results exist. Given the frozen-core approximation used in the CCC calcula-
tions the preference should be given in this case to the available accurate FBA results, in
particular to those of Kim and Inokuti [12] where the accurate Weiss correlated wave func-
tions of the Hylleraas type have been used.

Let us look to the Born data for the transitions considered before. 1t is instructive to
plot the cross section times the impact energy versus the logarithm of the impact energy.
For the 2s°S-2p°P (transition 08, optically allowed) the graph shows a positive slope
which, according to the Bethe (Born) theory (see i.e. Kim and inokuti [12]) is a known con-
stant times the oscillator strength. Such a plot is given in Figure 1. It is remarkable to see
that the CCC data are in such a good agreement with these Born data. CBE also ap-
proaches well to Born. For 2s°S-3°P (transition 20) this agreement is within about 10 per-
cent for CCC and complete for CBE.

Similarly for the 2s°S-3s®S transition (optically forbidden) the Bethe theory (see i.e.
Kim and Inokuti [12]) predicts a slope zero at sufficiently high energy in this Q-InE plot. In
Figure 2 we see that this behaviour sets in approximately above 200 eV, the slope becom-
ing very small. Again the CCC and CBE approach the FBA calculation very well at high
energy. The same holds for 2°S-3°D (transition 23). For 2s'S-3p'P (transition 30) CCC and
CBE are larger (about 12 percent) than FBA [12]. For 2s's-3d'D (transition 27) CCC is
about 7% larger than FBA [12] and CBE [6].

Now we go to the intermediate energy range (about 6-100 eV) to link low and high
energy data. In the previous publication [4] the multi-channel theory of Flannery and
McCann (MCE or MET) [18] and of Mansky and Flannery (DMET) [19,20) (10 states are
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coupled, electron-exchange is neglected) have been used to link the low energy R-matrix
data with the high energy FBA data. Now we have available the data of the CCC method
which is valid at all energies and will be preferred in case of discrepancies with the MCE
results. We start with 2s°S-2pP (optically allowed, transition 08), see Figure 1. Here the
MET and DMET data almost coincide and fit well between R(11) and FBA data and con-
firm the reliability of the CCC in this energy region. A number of DWA calculations are
available. These are calculations of Mathur et al. [21], Badnell [22], Khurana et al [23], the
new DWA many body theory (FOMBT) data of Cartwright and Csanak [7] (not inserted in
the figure) and the new Coulomb Born Exchange (CBE) data of Shevelko and Tawara [6].
Except for Khurana et al. the data of these distorted waves approximations approach the
first Born very well at high energies, in general overestimating the cross section at smaller
energies. In [4] we were faced with one problem in this interpretation, when comparing to
the available experiment. Miller-Fiedler et al [24]. have carried out measurements on ab-
solute differential electron scattering from the metastable He(2°S) atoms to the individual
states 2°P, 3°P, 3°D, and the sum of the n=4 triplet states of helium, at 15, 20 and 30 eV
energy after the collision and between 10 and 40 degrees. The overall accuracy is 35-50
percent for 2°S-2°P between 10 and 40 degrees and 45 to 60 percent for other transitions
between 10 and 30 degrees. As we have stated in [4] these differential scattering data
cannot be used for our considerations on integral excitation cross sections.

For 25°S-3p°P (transition 20) MET data [18] are close to the intermediate energy
CCC data, which, as was mentioned before, are somewhat too small to go to the accurate
FBA data of Kim and Inokuti [12] and Ton-That et al. [13].

Next, at intermediate energies, we consider 2s°S-3s®S (transition 14, optically forbid-
den) in Figures 2. The cross section assessment here deviates from that in 4], due to the
new CCC data near the ionization threshold. In the earlier work [4] most weight was given
to the R- matrix 11-state data of Berrington et al.. In this paper we follow the CCC data,
which merge into the Born and are close to the MET [18] data. The Glauber approximation
data of Khayrallah et al.[25] are relatively small. Again the distorted wave approximations
of Cartwright and Csanak [7, FOMBT], not shown, and of Shevelko and Tawara [6, CBE]
go well to the FBA data at higher energies, but become too large at smaller energies.
Note that the Born-exchange or Ochkur approximation gives lower data than the first Born
only clearly below 20 eV, so above that energy exchange of electrons is probably not im-
portant. As far as experiment is concerned, in addition to inelastic differential scattering
(see ref.[24]) optical data are available (Rall et al.[26]). However we put little weight to the
optical data because it is very difficult in these crossed beam experiments to get reliable
absolute values and one has also to correct for cascade effects, which is not so easy to do
in an accurate way. The assessment in the case of 2°S-3°D (transition 23) has been
changed with respect to that in [4]. More weight is given to CCC than Mansky et al. [20]
and Flannery and McCann [18], which are relatively high.

Finally, at intermediate energies we consider the 2s3S-2p'P transition (transition 11,
spin changing), see Figures 3. In this energy range we earlier [4] had only the Ochkur ap-
proximation [17] and DWA of Badnell [22]. According to the Ochkur approximation [17] in
this case the cross section is proportional to E® at sufficiently high E values. On a log-log
plot we consequently see a linear negative slope when we plot Q against E. The DWA of
Badnell [22] includes the dominant monopole exchange distortion potential exactly, so that
it would work down to energies overlapping with the energy region of validity of the R-
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matrix. Now, in addition, we have CCC data and results of DWA (FOMBT) by Cartwright
and Csanak [7] and CBE [6] calculations by Shevelko and Tawara. In Figures 3 we see
that the CCC data are relatively small between the ionization threshold and about 30 eV,
to become relatively large at higher energy just below the Ochkur values [17]. As stated
earlier, for the spin forbidden transitions there is a lot of difference between the different
theories and in this work we shall use the CCC data in our assessment. Note that spin-
forbidden cross sections are very small, so that the related process may not play an im-
portant role in Tokamak experiments with injected He beams. For 2s°S-3p'P (transition
29) and 2s°S-3d'D (transition 26) the situation is comparable with that of 2s3S-2p'P. CCC
and CBE approach to each other at higher energies, FOMBT [7] is relatively low and Och-
kur data [17] .are high.

Again similar considerations can be given for the corresponding singlet-singlet and
singlet- triplet transitions. For 2s'S-2p'P (transition 12) MET [18] affirms CCC. For com-
pleteness we also mention data of Willis et al. [27] and Katyar et al. [28].. For 25'S-3p'P
(transition 30) MET is consistent with CCC. In this case the assessment differs much from
that in the previous publication [4], because there data of Berrington et al. [11] were fol-
lowed. For 2s'S-3s'S (transition 18) we have another example were at intermediate en-
ergy CCC remains low with respect to other approaches as MET. For 2'S-3'D (transition
27) we also had to change our assessment, just as in the corresponding triplet case. The
situation with spin changing collisions (i.e.2s'S-2p°P,3p°P,3d°D, transitions 09, 21, 24) is
comparable with the previously considered 2s°S-2p'P,3p'P,3d'D transitions. For these
and other singlet-triplet transitions we have no Ochkur data.

A deviating behaviour is present in the spin changing S-S transitions as compared to
spin changing S-P,D transitions treated above. For 2°S-2'S,3'S (transitions 05, 17) and for
2'S-3%S (transition 15) CCC is much larger than CBE and FOMBT, which gives a problem
for our assessment We shall follow the CCC data.

Until now we have considered optically allowed and forbidden transitions and spin
changing transitions in the low, high and intermediate energy regions for 2'°S-2"3_,3"3L
transitions and indicated where we need changes in our assessment as compared to the
previous FOM report [4]. Results are given in figures for excitation to all n=2,3 levels in or-
der of increasing excitation energy.

3. ASSESSMENT OF DATA FOR 2'3S-4"°L.

Because for the 2'°S-4'3L transitions fewer data were available in the previous work
[4], scaling was applied making use of data on 2'°S-3'3L transitions. In the present work
we can make use of more theoretical data. (Relevant considerations about scaling have
been given by Janev [29]) Now, for the assessment of 2'°S-4'%L transitions we use simi-
lar methods as for the 2'° S-3'°L transitions. Fewer theoretical calculations have been per-
formed for transitions to n=4, but those theories mainly used for the assessment of
excitation to n=3 levels are also available for excitation to n=4, i.e. Born, CBE, CCC and
the 29-state R- matrix. We meet the same problems as before and solve them in a similar
way. Sometimes near threshold not enough data are available for good assessment. In
that case we can apply scaling for the lacking data by assuming that the ratio of the cross
sections ¢,,,, and o, at E/U_,, and E/U_ respectively, is equal to that at higher energies.
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Going through the different n=2-4 transitions we see that for 2'S-4'F (transition 48) and
for 2°S-4%F (transition 50) the intermediate energy CCC data are relatively high, for the
reasons explained earlier. In these cases we take smaller cross sections in the assess-
ment. For excitation to levels with n>4 we can use the same scaling as indicated in [4]. For
optically allowed transitions the first Born result can be used,

fn _ fh , E -1
o) EUn_U%( n)

neglecting the weak influence of the logarithmic dependence. Here we write f_for the opti-
cally oscillator strength of the relevant transition n, to n, being proportional to n* for n>>n,,.
U, is the relevant excitation energy. For other transitions the cross section can be taken
inversely proportional to n°U.* at E, .

5. CONCLUSION

As compared to the assessment of cross-section data in ref. [4], improvement was
possible due to new theoretical calculations: We now have CCC data, which cover the
whole energy range of interest and appear consistent with the most reliable low energy R-
matrix data of the Belfast group and with high energy Born data. For spin allowed transi-
tions new CBE data [6] also coincide with Born at high energies, but generally overesti-
mate the cross section at lower energies. The new FOMBT (DWA) data [7] are also
relatively large at intermediate energies.

For spin changing transitions the various new calculations and the older ones of
Ochkur and Bratsev [17] give different results, for instance at intermediate energies, and
only CCC and CBE approach each other at higher energies, except for spin changing S-S
transitions.

In general, in the assessment of the data we have given great weight to the CCC
data. In the spin changing S-S transitions, particularly, more study is necessary. We have
disregarded detailed structure in the low energy region.

Although no accurate experimental data for comparison are available, we estimate
the accuracy of many of the assessed data within at least 10%.

ACKNOWLEDGEMENT

We wish to thank Prof. dr. R. K. Janev of the IAEA in Vienna for his critical remarks
during the preparation of this article, and Dr. Shevelko, of the Lebedev Institute in
Moskow, and Drs. D. C. Cartwright and G. Csanak of the Los Alomos National Laboratory
for providing their CBE and FOMBT(DWA) data, respectively in tabular form.

This work was performed as part of the research program of the Stichting voor Fun-
damenteel Onderzoek der Materie (FOM) which is financially supported by de Stichting
voor Nederlands Wetenschappelijk Onderzoek (NWO). Besides, this work was part of the
research program of the Electronic Structure of Materials Centre, The Flinders University

15



of South Australia and sponsored in part by the Phillips Laboratory, Air Force
Material Command, USAF, under cooperative agreement number F29601-93-2-
0001. The work was also part of the association agreement between FOM and
EURATOM with financial support by the Stichting voor Nederlands Wetenschappelijk
Onderzoek (NWO). This resulted into a collaboration with the diagnostics group at
JET Joint Undertaking, and the theoretical group of the Queens University of Belfast
(see [4]). The above data will be implemented in the JET Data Base and are
available on request.

APPENDIX

In this appendix we present the full graphical summary of all transitions which have
been considered. The numerical values representing the recommended curves are
available upon request.
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SPIN-ALLOWED AND SPIN-FORBIDDEN TRANSITIONS IN EXCITED He ATOMS
INDUCED BY ELECTRON IMPACT

V.P. SHEVELKO * and H. TAWARA :
National Institute for Fusion Science, Nagoya 464-01, Japan

Abstract

Cross sections ¢ and the corresponding maxwellian rate coefficients <vo> have been
calculated for spin-allowed and spin-forbidden n - n” transitions between excited states with the
principal quantum numbers n, n" = 2, 3 and 4 in He induced by electron impact. Calculations have
been performed using the Coulomb-Born approximation with exchange (CBE) in the partial wave
representation with orthogonalized wavefunctions of the initial and final states for the incident
electron energies from threshold up to 2000 eV for spin-allowed transitions (AS=0) and up to 200
eV for spin-forbidden (intercombination, AS=1) transitions where the corresponding cross sections
are still relatively large. The fitting parameters for o and <vo> of spin-allowed transitions have
been calculated as well. The results are compared with experimental data and other calculations
available.

1. INTRODUCTION

A knowledge of excitation cross sections and rate coefficients of He atoms from the ground
and excited states is required for many physical applications: gaseous discharges, rare-gas lasers
[1], fusion [2] and astrophysical [3] plasmas, diagnostics and heating of plasma by neutral He
beams [4,5], etc. While the information about excitation cross sections in He from the ground state
is quite extensive (see, e.g., [5-8]), relatively little is known about transitions between excited
states with the principal quantum numbers n>2, especially only very few experimental data are
available. That is why theoretical calculations are of special interest.

Our aim in this work is to calculate the excitation cross sections and the corresponding rate
coefficients between excited (n, n" = 2, 3 and 4) states in He in a wide electron-impact energy
range: from threshold up to 2000 eV for spin-allowed transitions (AS=0) and up to 200 eV for spin-
forbidden (intercombination, AS=1) and to compare our results with available experimental data
and other calculations.

* On attachment from: P.N. Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
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2. THEORETICAL APPROACHES

2.1 Partial wave method

One of the most reliable and relatively simple methods of calculation of excitation cross
sections of atoms and ions by electron impact is the Coulomb-Born approximation with Exchange
(CBE). This method is based on the expansion of wavefunctions of the incident and scattered
electrons on partial waves. Let us consider the excitation of an atom or ion by electron impact:

X, + e(E,A)) > X, + e(E",4),
(1)
where z is the spectroscopic symbol (z = 1 for neutrals, and z > 1 for positive ions), Ay and A,
denote the orbital momenta of the incident and scattered electrons (partial waves), E and E’ are the
corresponding free electron energies, respectively. In the first order of the perturbation theory the
excitation cross section for transition 0 - 1 can be written in the form:

o= 20,0~ Doty ) + 2000 - Dot(ly.l,)
@

The first sum in (2) describes the contribution of direct and interference terms for which the angular
parts Q are exactly the same, while the second sum is related to the exchange excitation. The
angular coefficients Q depend only on the angular (orbital and spin) momenta of an atom or ion and
a type of the coupling scheme (see, e.g., [9]). The values o, are the one-electron cross sections
depending on the principal and orbital quantum numbers n/ of the bound electron and the incident
electron energy E. For intercombination transitions (AS=1) the first sum in (2) is zero, so the
transitions take place mainly due to the electron exchange effects.
The cross sections o, can be written in the form [10] .

o) = G e &R (R~ RO
(3)
or(l,,1) = 4 Y (R"Y [ma?
e o, l) = (210+1)(2K+1)k§ Ml( v) [mag ]
4)
» K{OII
R =Z(_1)zo+zl+x Qx+ l){K%}’}Ri.,
(5)

*) Atomic units are used: e=m=} =1.
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where R, and R, are the direct and exchange radial integrals:

12 Lhx | AAx
RY =121+ D(2h +1)24 + (24 +1)] (000)( 000 )

rK
S B(R(r)drar,

<[l F,, " F,, )

(6)
' o[ AR\ Ad K
R =[2L +D2L + )24 +1D(2A +1)] 000 A 000

rK'
r:“ B (r"yB(r"drdr"

2[R B 7)

and '
KR
——-—=FE-E'=AF
2 2

(N
Here P(r) are the radial wavefunctions of the bound electron, F(r) are the radial wavefunctions of
the incident and scattered electrons, ko and k; are their impulses. The indexes « and k" are

changed in the limits given by the properties of 3j- and 6j-symbols :

Kin SK=s Knax > Kllr'xin SK"S KI’!’I&X
®)
Ki =MaX({ly — L[, [ %= Al), Ky = min(ly + 1,4 + 4),
)
K-x;in =ma.X(|lo - ﬂll:l% - ll|)= Kgnw( = mjn(lo + ﬂl’% + ll)
(10)

Eqgs. (1-10) represent the Coulomb-Born approximation if the wavefunctions of the incident
and scattered electrons are the Coulomb functions the radial parts Fy,(r) of which satisfy the
following equations:

(@ i+ z-1
7 r

+k2}Fu(r)=0, £4,(0) =0,

-1 A
Eu(r)zﬁk_”2 sin(kr +i'k—ln(2kr) - '7;—+ 51), ¥ —>
| (11)

where 8; is the phase shift. For neutral targets (z = 1) the function Fy,(r) corresponds to the radial
component j,(kr) of the plane wave (j(x) is the spherical Bessel function) and the CB
approximation becomes the Born approach in the partial wave representation.

At threshold electron energy E=E4=AE, cross sections (1-10) are zero for neutral atoms
(o4,=0) and oy=constant for positive ions. The CBE method is known to provide the following
asymptotics for excitation cross sections at £ — oo:
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j(lnE)/E, AS =0, Al = %1
ocxiE™", AS =0, Al #+l
E?, AS =1
(12)

In general, the total wavefunctions of the electrontion system in the initial and final states
are not orthogonal because the bound P(r) and continuous F(r) wavefunctions correspond to the
different potentials of z/r and (z-1)/r types. This disadvantage can be removed by introducing the
orthogonalized wavefunctions ®y,(r) [11]:

D, 5, (1) = Fi 3 () =< F i (DI > BSy 4,

D, (r) = F, (=< Fu(NIR > £y,

(13)

The CBE method defined this way provides for intercombination transitions (AE=1) the

same accuracy as the Born approximation for spin-allowed transitions (AS=0). For multicharged
ions (z » 1) the functions F and ® practically coincide because

< FylBy> ez

(14)

2.2 Ochkur approximation

For spin-forbidden transitions with AS=1 in neutral atoms the Ochkur approximation [12] is

used:
28, +1
0= 0,(0-1)52 (s 1
0% = 25, 41y 20 DoV loh).
(15)
where
g hph d
o - RO 21 2
o, (1) (2[0+1)k3 kOLI| () q3 [, ],
(16)
0 12 Il x ‘f]i
R () =[2x+1) 2, +1) (2, +1)] 3 R R(r) ) (gr)dr
K 000 /&g %
(17)
k Kk
‘2——"2_= R koik1=\/2E(1i\/1—AE/E),
K= Kmin’ min+27 > lO+ll; Kminzllo_ll‘
(18)
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Here q = ko - k; is the momentum transfer, S; is the spin of the target atom in the final state and S,
is the spin of the parent ion. As seen from (17) the integral R, (q) does not contain a term with the
d-function which describes the interaction of the incident electron with a target nucleus and is of
the order of ky 2. Due to the additional factor q2/k02 the exchange cross section decreases at large
E as E° (see Eq. (12)).

2.3 Model dipole cross sections

In the case of dipole (optically allowed) transitions with AS = 0 and A/ = £ 1 the excitation
cross sections and rates can be written in a closed analytical form [13] using the Bom
approximation and a model dipole potential of the type:

won A (3eL+n £ )"
O }“( 0 2AEJ’

(19)
where Q is the angular coefficient, AE is the transition energy, f is the oscillator strength, ry is the
effective (cutting-off) radius. The model potential (19) has the correct asymptotics at r — 0 and
r — o,

A reasonable fit of the model potential to the exact one can be achieved if one puts

Iy =_———n(;nl. A=n' -n,
" Z(A+05)° e
(20)

n =n-A=zE,/R)",

21)
where z is the spectroscopic symbol, E; is the value of atomic energy level counted from the
ionization limit, n* is the effective quantum number and A is the quantum defect.

With the model dipole potential V,™(r) the expression for the Born cross section can be
written in a closed analytical form:

g=__[q>( win) = V][ 7a2], @) = (2 1 2Ky (1)K, (1)~ K2 ()]

(22)
- Xmax min = ro(ko T k1)>,
(23)
where K(x) is the MacDonald function, values &, * k, are given in Eq. (18).
The function ®(x) is fitted to within 1.5% by the formula :
( 1+1n(1+08Vx) )
~ e In 2.193 + 0.681 '

Px)~e nL . J

- (29)
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At high electron-impact energies E » AE, Eq.(22) gives

0'; 87 In 13657 [ml], E>>AE
EAE r,AE '7°7
(25)
that corresponds to the rate coefficient
1/2
<vo>= 1.74—];%-E—e‘AE/T 1113%‘;”2-[10'7 cm’s™], @=2*Ry/T
(26)

For transitions n, - n, , i.e. averaged over the quantum numbers / and m, one can use the
corresponding oscillator strength f{ny-n;). In the case of high n-values the Kramers formula is used:

2C ( By,
n2 \An(n, +n,

\ _
f(ny—n)= )J, An=n—-n,, C=16/3J37 =1, ny,n >>An>>1

(27)
3. COMPARISON WITH EXPERIMENTAL DATA AND OTHER CALCULATIONS

In this work calculations of the excitation cross sections between excited states in He have
been performed by the ATOM code described in [10] using the CBE approximation Egs. (1-10) in
the partial wave representation. The results for some transitions are shown in Figs. 1- 4 in
comparison with available experimental data and other calculations. All 153 cross sections in He
between excited states with n, n'=2, 3 and 4 calculated by the ATOM code are presented in the
paper [14].

The calculated CBE excitation cross sections ¢ and the corresponding rate coefficients
<vo> for spin-allowed transitions (AS = 0) are fitted by approximation formulae [10]:

_ ja_(ﬁy_)(iJ_Q_( )
0'—2[0+1 DEJ\E,) u+t¢\u+a

(28)
10%em’s™ [ RYE, )” s AB(B YD)
SVOTEToL 41 \DEE,) ¢ (B+x)aB +D)”
(29)
a=AE/DE, u=(E-AE)/DE, B=DE/T,
(30)
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TABLE I TRANSITION ENERGIES AE (eV), OSCILLATOR STRENGTHS £, FITTING PARAMETERS in Egs.
(28-31) AND EFFECTIVE RADIUS 1, (a9), Eq. (20), FOR TRIPLET-TRIPLET TRANSITIONS IN He

Transi- | AE(eV) f C R ) Err.(%) A X Em (%) | ry(ag)

tion in G in <vo>

2s-2p | 1.14 0.539 1.46x10° 0.224 12 1.13x10° 0.24 6 436
3s| 289 542 0.0532 19 87.0 0.624 5
3p | 3.19 0.0636 78.8 0.0702 50 57.8 0.0983 13 2.84
3d| 325 143 0.0337 25 258 0.712 2
4s | 3.77 255 0.0264 35 48.8 0.726 2
4p| 3.89 0.0253 59.5 0.0596 70 45.7 0.106 11 242
ad| 3091 79.5 0.0182 30 169 0.869 3
4t 392 123 3.59x10° 25 38.1 1.50 - 12

2p-3s| 175 0.069 482 - 0.475 12 260 0.125 20 415
3p| 204 1259 0.0575 20 385 0.572 7
3d| 211 0.61 4.85x10° 0.391 25 2.77x10° | " 0.120 20 3.72
4s | 263 0.0105 105 0.181 40 76.4 0.171 15 3.17
4p| 274 119 0.0256 20 230 0.801 1
ad| 277 0.123 1.59x10° 0.157 40 1.28x10° 0.206 10 3.02
af | 277 119 8.38x10° 40 249 0.786 1

3s-3p | 0.288 0.89 9.11x10° 0.162 30 7.93x10° 0.285 15 10.7
3d| 0355 343 0.011 2 638 0.793 3
4s | 0.875 202 0.0416 2 320 0.657 10
4p | 0.989 0.050 176 0.0312 60 180 - 0.252 10 6.11
ad| 102 160 0.0223 20 285 0.716 5
af | 1.02 203 4.54x10° 20 43 0.919 1

3p-3d | 0.0664 | 0.112 1.59x10* 0.0544 30 1.89x10* 0.441 10 15.6
4s | 0.587 0.145 2.44x10° 0.269 26 1.62x10° 0.181 18 8.58
4p | 0.700 909 0.0527 3 1.30x10* 0.556 9
4d| 0.729 0.48 7.86x10° 0.313 17 4.80x10° 0147 | 20 7.50
4f{ 0.730 1.78x10* 0.0269 10 3.10x10° 0.748 5

3d-4s | 0.520 848 6.69x10° 12 172 0.890 1
4p| 0.634 0.022 516 0.0465 60 498 0.252 12 8.22
ad | 0.662 1.25x10° 0.0698 7 1.58x10° 0.453 12
4f | 0.663 1.01 3.52x10* 0.502 18 1.96x10* 0.121 25 7.98

4s-4p | 0.114 121 | 2.90x10* 0.108 25 3.09x10* 0.356 12 199 .
ad| 0142 1.31x10° | 8.86x10° 2 2.49x10° 0.822
af | 0.143 211 2.46x107 7 439 0.916 1

4p-4d | 0.0281 0.20 6.65x10" 0.0286 18 8.79x10* 0.494 8 27.8
4f | 0.0292 1.17x10° | 5.80x107 4 2.26x10° 0.842 3

4d-4f | 00011 | 3.88x103 | 8.51x10* | 5.74x10° 17 1.44x10° 0.670 4 3138

where C, @, A and y, are the fitting parameters, E, and E, are the atomic energy levels of the initial
and final states counted from the ionization limit and AE is the excitation energy. In this work a
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scaling value DE = 5Ry is used. The reduced electron energy u and the temperature £ are changed
in the limits:

0.02 <u <£16.0, 025< B < 80, Emax= 2000 eV
(31

The fitting parameters C, ¢, A and y for triplet-triplet transitions and singlet-singlet
transitions are given in Tables I and II, respectively. Oscillator strengths /* calculated by the ATOM
code are also given in the Tables. Maximum errors of fittings by Egs. (28) and (29) are presented
in the 6th and 9th columns, respectively.
The present results are compared with the following experlmental and theoretical data.
Experiment:
Rall et al. - crossed beams of electrons and metastable He atoms from a hollow-cathode discharge.
Theory:
Flannery et al. - a ten-channel elkonal approximation,;
Fon et al. - the five-state R-matrix calculations;
Badnell - Hartree-Fock approximation;
Berrington et al. - an R-matrix calculation with eleven lowest target states included;
Mathur et al. - a distorted wave approximation (DWA);
Kingston - an R-matrix calculation;
Bray et al. - Distorted Wave Approximation;
de Heer et al. - preferred data obtained from compilation.

3.1 Triplet-triplet transitions

Excitation cross sections for triplet-triplet transitions n,’Ly - n,°L; are shown in Figs.1a-f;
the corresponding fitting parameters are given in Table I. At energies E > 10 eV our cross sections
are in a quite good agreement with calculations by Flannery et al., Badnell and de Heer et al. [22].
At energies near maximum cross sections our data are larger than other calculations although a
large discrepancy between them exists.

As seen from Table I, the error of fitting by Eqs. (28-29) is the largest for dipole (optically
allowed) transitions with A/ = 1. The main reason for it is that Eqs.(28-29) do not comprise the
Bethe logarithmic term which is very important at high incident electron energies (cf. Egs. (25,26)).
For dipole transitions one can use the model analytical formula Eq.(22) which gives a quite good
description of the cross section behavior on the average (see e.g., Figs. 1a and 1c¢).

3.2 Singlet-singlet transitions

Excitation cross sections for singlet-singlet transitions nolLo -,'L, are shown in Figs. 2a-f;
the fitting parameters for ¢ and <vo> are given in Table II. At energies E > 10 eV our cross
sections are in good agreement with calculations by Fon et al., Flannery et al., Badnell and de Heer
et al. [22] except for the transition 2s-4s (Fig. 2d) where our results are lower than that given by de
Heer et al. _

Again, as seen from Table II, an error of the fitting formulae (28-29) is the largest for dipole
(optically allowed) transitions with A/ = £1. For these cases one can use the model analytical
formula Eq. (22).
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Fig. 1. Excitation cross sections for triplet-triplet transitions in He. Experiment: solid circles with error bars - [23].
Theory: boxes - [15], solid circles - (16], solid triangles - [17], open triangles - [18], diamonds - [19], open circles -
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Eq.(22), present work.
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3.3 Influence of electron exchange effects

Some dipole cross sections calculated in the CBE approximation have a double-peak
structure (e.g., transitions 3°P-3°D, 3°P-4°D, 4°S-4°P, 2'S-3'P, 2'S-4'P, 2'P-4S). Our calculations
show that the additional maximum at low electron energies is connected with the influence of the
exchange effects which are very strong in He-like systems even in the case of dipole transitions. In
Fig. 2f the pure exchange cross section (Eq.(22) with zero direct and interference terms, ¢,'=0) is
shown together with the total excitation cross section and the model cross section (22).

3.3 Intercombination transitions

In Figs. 3-4 a comparison of the CBE results with Ochkur approximation and other
calculations 1s given for spin-forbidden transitions. At relatively high energies E > 10 eV our results
are close to those by Badnell (except for the transition 2°P-2'P, Fig. 3f) and de Heer et al. At the
maximum cross section region the available theoretical data are not consistent.

As seen from Fig. 3 the Ochkur approximation (15-18) can be used at relatively high (as
compared to the transition energy AF) incident electron energies E > 10-20 eV where the
asymptotic relation ¢ ~ E? is really satisfied.

In general, it is quite difficult to describe the 1ntercombmat10n transitions by the fitting
formula of the type (28-30) because the corresponding cross sections have a complicated
dependence on the transition energy AE and the quantum numbers LS of the initial and final states.
For transitions with a fixed L, and An #0 the cross sections are proportional approximately to n; >
where n; is the principal quantum number of the final state. For intercombination transitions from
the state n=2 to the states n" = 2, 3 and 4 the strongest are S-D, S-F, P-P and P-D transitions.

4. CONCLUSION

A comparison of the calculated excitation cross sections for He performed in this work by

the CBE method using orthogonalized wavefunctions showed that at electron energies E > 20 eV

- our results are close to the sophisticated calculations performed by the other methods. At low

energies E < 20 eV our cross sections are relatively larger. However, to make some definite

decision on the excitation cross section behavior the further experiments have to be carried out for
transitions between excited states in He.
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TABLE II. TRANSITION ENERGIES AE (eV), OSCILLATOR STRENGTHS f, FITTING PARAMETERS, Eqs.(28-

31) AND EFFECTIVE RADIUS 1¢(ag), Eq.(20), FOR SINGLET-SINGLET TRANSITIONS IN He

Transt- | AE(eV) f C I Err.(%) A X Ermr.(%) | ry(ao)
fion
inG in <vo>
2s2p |  0.565 0346 | 1.79x10° 0.141 13 1.61x10° | 0302 14 436
3s 2.30 70.7 0.0690 25 105 0.571 8
3p 2.46 0.167 309 0.579 60 144 0.0214 30 2.84
3d 2.46 209 0.0656 30 322 0.572 10
4s 3.05 30.6 0.0387 50 52.6 0.602 7
4p 3.12 0.0526 160 0.393 70 88.9 0.0320 30 242
4d 3.12 76.7 0.0250 70 141 0.603 7
af | 312 21.7 0.0254 60 419 0.676 5
2p-3s 1.74 0.044 340 0.690 20 156 0.0835 25 4.26
3p 1.89 299 0.0996 25 397 0.523 10
3d 1.89 0.695 | 6.32x10° 0.598 25 3.26x10° | 0.111 20 4.04
4s 2.49 7.90x107 82.7 0.286 50 50.7 0.0971 20 3.30
4p 2.56 139 0.0741 25 218 0.662 5
4d 2.56 0.121 1.96x10° 0.356 15 1.30x10° | 0.195 15 3.23
af| 256 172 0.0528 35 273 0.591 7
3s-3p | 0.154 0.571 1.10x10° | - 0.106 20 1.11x10* | 0359 12 13.3.
3d| 0154 291 0.011 5 531 0.772 4
4| 0752 238 0.0512 40 375 0.650 7
4p| 0816 0.165 775 0.447 40 413 0.0976 25 6.96
4d| 0816 341 0.0443 60 583 0.712 6
4f | 0.816 262 0.0305 20 462 0.770 5
3p-4s 0.60 0.0943 | 1.50x10° 0.332 60 977 0.154 20 8.00
4p| 0.66 989 0.0655 2 137x10° | 0.546 10
4d 0.66 0.62 1.09x10* | 0344 40 6.87x10° | 0.159 20 8.00
af | 0.66 1.94x10° | 0.0391 .20 3.22x10° | 0.722 6
3d-3p | 1.97x10* | 1.95x10* | 3.00x10° | 4.52x10° 20 5.06x10* | 0.683 3 18.0
4s | 0.599 51.1 0.0256 10 88.6 0.742 5
4p 0.66 0.011 306 0.0455 40 326 0.323 10 8.00
4d 0.66 1.28x10° | 0.0856 1 1.56x10° | 0.441 13
af | 066 1.014 | 3.46x10* 0.506 30 1.96x10* | 0.120 25 8.01
4s-4p | 0.0627 0.783 | 3.59x10* | 0.0620 40 420x10* | 0.428 5 24.0
4d | 00627 1.21x10° | 7.76x10° 6 230x10° | 0.821 4
4f | 0.0636 168 5.31x10° 4 332 0.865 3
4d-4p | 9.93x10° | 4.20x10° | 7.85x10° | 0.0418 100 | 2.65x10° | 0.162 10 31.8
4f | 8.51x10™ | 3.16x10° | 8.73x10* | 5.48x10° 17 1.48x10° | 0.676 3 32.0
4f-4p | 8.18x10™ 1.03x10° | 6.64x10° 1 1.98x10° | 0.870 3
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Fig. 2. Excitation cross sections for singlet-singlet transitions in He. Theory: boxes - [15], solid circles - [16], solid
triangles - [17], open triangles - [18], open circles - [20], dotted curves- [22], solid curves- CBE cross sections and

dot-dashed curves - a dipole model Eq.(22), present work. Dashed curve in Fig. 2f represents the pure exchange
excitation cross section, present work (see fext).
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RECOMMENDED DATA FOR ELECTRON IMPACT IONIZATION
OF NOBLE GAS IONS

P. DEFRANCE

Department of Physics
Université Catholique de Louvain
Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, Belgium

Abstract

The best electron impact ionization cross sections are presented in a parametric form for
noble gas ions (neon, argon and krypton). The fitting parameters are calculated on the basis of
available experimental or theoretical data or obtained by scaling the data for other members of the
corresponding isoelectronic sequence.

1. INTRODUCTION

Electron impact ionization cross sections have been recently reviewed by Defrance et al [1]

for most of the atomic species of thermonuclear interest. Moderately charged ions only (X9, g<10)
were included in this review. For higher charge states, data are available in the three "Culham
Reports" [2, 3, 4]. Data are-presented in the form of a simple parametric representation, the fitting
coefficients being estimated from experimental or theoretical results or by applying classical scaling
rules.

Information on the theoretical and on the experimental methods applied to ionization studies
is found in general references [1], [5] and [6], for instance. Theoretical results are obtained in the
Coulomb-Born approximation, including exchange and distorted wave. The elaborate R-matrix
method was also found to give a very detailed description of both the direct and the indirect
ionization processes.

The crossed electron-ion beam method produces reliable single and multiple ionisation cross
sections for a very large number of ionic species, negative and multiply-charged positive ions. The
new experimental results included in the present work cover an electron energy range which now
extends up to 6 keV. This extension allows new processes to be analysed in details. For instance, L-
shell excitation or ionization is seen to play an important role above 2 keV for multiply-charged
krypton ions [7]. The animated beam method has been applied [8]. Improvements of the
experimental methods and of the various applied techniques allow cross sections to be determined
with an absolute uncertainty which lies usually between 5% and *10% for 90% confidence limits.

The analysis of the charge state spectra extracted from an Electron Beam Ion Source (EBIS)
has [9] produced data at high energies only. They generally overestimate the cross sections by more
then 30 %. This method does not give any detailed information on the ionization process.

New experimental data are presently available for neon ions (q=4, 5, 6 and 7) [10] and for
Krll+ [7]. They have been taken into account to determine the corresponding fitting coefficients.
In addition, many data obtained from classical scaling are revised according to these new results, in
particular for the highest charge states of argon. Fitting coefficients are given in table 1 for all the
possible charge states of neon and argon and for the lowest charge states (q<11) of krypton. For
xenon, fitting coefficients are found in [1} for q<8.

2. CROSS SECTIONS

The recommended cross sections are fitted in the form adopted in the Culham reports [2] :
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E is the incident electron energy (eV) and I is the ionization potential (eV). The ionization
potentials (in eV) and the fitting coefficients Bj (in units of 10-13 cmzeVz) for the various sub-
shells are given in the table. In addition, excitation-autoionization cross sections have also been
included in the fitting procedure for the both the ground state and the excited configurations, when
data are available. In the column noted "remarks" the cases for which data for metastable ions are
existing and eventually the energy range of validity of the given fitting coefficients in units of the
ionization potential are indicated. The type of data is indicated in the reference column according to
the following notation : E and T stands for experimental and theoretical data, respectively and S
means that the cross section is scaled classicaly by comparison with an ion of the same isoelectronic
sequence which is indicated in the next column. In this case, the fitting coefficients are identical for
both ions. The reference numbers 1, 2, 3 and 4 refer to the review and to the three Culham reports
from which the fitting coefficients have been extracted when these numbers appear in the table.
The column noted "basis" gives the ion on which the scaling is based.

3. RESULTS
3.1. Neon

3.1.1. Ne*, Ne2+ and Ne3+

Experimental results are recommended for these ions [1]. For Ne* they are of very high
precision, this ion has been subject to many experimental investigations in different laboratories.
The excellent results of Man et al [11] (4.1 %, 90% confidence limit) are recommended. The

crossed beam results of Matsumuto et al [12] and of Gregory et al [13] are recommended for Ne2+
and Ne3*, respectively.

3.1.3. Ned+

Previously recommended cross sections were derived from scaling oxygen ion results as no
reliable theoretical or experimental results were available for these ions. The ground state
configuration of the carbonlike Ne4+ ion (1522522p2) is composed of three states, the 3p (ground
state) and the 1D and 1S (excited states), which are 3.8 and 9.5 eV above the ground state,
respectively [14]. The recent experimental results [10] show an important metastable 1D population
but no 1S one. Assuming an energy dependance similar for both the ground state and the
metastable state, the metastable population can be determined. The high precision of the data
allows the metastable fraction to be precisely estimated to 37 %. According to this figure, the cross
sections for the ground state and for the metastable are estimated separately from each other. In the
table, three fitting curves are indicated, corresponding to the measured cross section (mixing), to the

ground state and to the 1D state, respectively.
3.1.4. Ned*

No reliable results were available for this ion in the previous review . The new experimental
results [10] were obtained by means of a beam containing the isotope of mass 22, in order to discard

the contamination of the primary Ne>* beam of mass 20 by impurities of the same mass to charge

ratio (C3+ and O4+). No metastable states contribution was expected. These results are
recommended and the corresponding fitting coefficients are given in the table.
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3.1.5. Neb+

This ion belongs to the beryllium isoelectronic sequence. For the lowest charge states of the
this sequence, it was found [15] that the ion beam consists of a mixture of ions in the 252 ground
state and in the 2s2p metastable states. The metastable content was very high (50 to 90 %). For

Ne6+, two sets of experimental data are available [10]. The first one was obtained in very clean
source conditions and did not show a significant metastable ion population. The expected cross
section enhancement due to K-L excitation-autoionization does not exceed 7 %. These results are in
very good agreement with the R-matrix calculation of Laghdas et al [16]. In the second set of data, a
large signal was observed below the ground state ionization threshold indicating the presence of an
important metastable content which was found to be affected by large fluctuations depending on the
ion source conditions. The metastable population was estimated to reach some 50%. According to
these remarks, the first set of experimental data is recommended. In addition, low energy data are
fitted in the presence of metastable states.

3.1.6. Nel+

Much attention has been paid to the lithium isoelectronic sequence, due to the significant

role of the K-L excitation-autoionization process. For Ne7+, the recent experimental data [10] are in
good agreement with the results of Defrance et al [17] as well as with the calculations of
Jakubowicz and Moores [18] below about 1 keV. The K-L excitation-autoionization cross section
is found in good agreement with the calculation of Goett and Sampson [19], assuming that radiative
decay reduces the autoionization branching ratio to 68 % [20]. The new experimental results are
recommended.

3.1.7. Ne8+

The experimental results [10] have been obtained in a wide energy range, from below
threshold up to 6 keV. They did not show the presence of metastable states. They are in good
agreement with the distorted wave calculations of Younger [21]. They are recommended. For

jonization from the metastable 1s2s1:38 states, scaling of the 00+ calculated data [1] is adopted.

3.1.8. Ned+

For this ion theoretical results have been recommended [1].

3.2. Argon

3.2.1. Ard+(g=1-10)

Cross sections for q<10 have been measured in crossed beams. These results were
previously discussed in details [1] and the resulting fitting coefficients are reproduced in the table.

3.22. Ardt(g=11-17)

Various procedures were adopted [3] to produce cross sections for these ions : scaling of
boron, oxygen or neon ion data (g=11, 12, 15 and 16), fitting theoretical results (q=14) and
empirical scaling (q=13 and 17). Experimental data have been obtained from the EBIS charge state
spectra only. As mentionned above, new experimental results are presently available for many neon
ions belonging to the same isoelectronic sequences. In the absence of reliable experimental or
theoretical results, scaling these data is certainly the best estimation of cross sections for these ions.
The corresponding fitting coefficients are given in the table.
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3.3. Krypton
3.3.1. Krdt(q=1-10)

Cross sections for g<10 have been calculated or measured in crossed beams. These results
were discussed in details and the resulting fitting coefficients [1] are reproduced in the table.

Experimental results have been fitted for all the concerned charge states, except for Krbt where
-theoretical results have been fitted.

3.3.2. Krll+

The crossed beam experimental [7] results have shown that the cross section below the first
ionization threshold is zero, indicating the absence of metastable states in the ion beam. A steep
slope of the cross section above the 3d threshold indicates that, in addition to the direct process, the
indirect excitation-autoionization mechanisms (E-A) contributes significantly to S.I. via the 5f, 6s or
6p states. No theoretical calculations are available for the estimation of the cross section of these
ions. The semi-empirical Lotz formula [22, 23] that only includes the direct ionization
underestimates the total cross section by 50 %. The experimental results are recommended.

3.3.3. Krd+ (g=12)

As no results are available for these ions, recommended cross sections can only be derived
from scaling. The best candidate for scaling is probably the nickel homonuclear sequence which
was investigated in detail by Pindzola et al [24]. Other homonuclear sequences could be used as a
scaling basis (iron, chromium or even argon). It is worth mentionning that the precision of such a
procedure is probably very poor for q=12-26, due to the dominant role of indirect processes in the
corresponding isoelectronic sequences. For the highest charge states (q=27-35) direct ionization
will undoubtedly dominate the ionization process, so that scaling should certainly produce more
precise results. The fitting coefficients are not given here for these ions, they can be found in [1].
Ionization potentials are given by Sugar and Musgrove [25] or Fricke et al [26).

3. CONCLUSION

Cross sections for single ionization of rare gas ions by electron impact have been reviewed.
New reliable experimental data are presently available for neon (q=4, 5, 6, 7) and for krypton
(q=11) ions. These data have been fitted with standard simple formula. The fitting coefficients are
given for all the possible ion charge states for neon, argon and for g<11 for krypton ions. Scaling of
the neon data provides additional information on the highest charge states of argon (q=11) for which
no experimental results are presently available.

q- IeV) |A B1 B2 B3 B4 B5 Remarks(Ref. |Basis
Neon
i 41,1  3,333| -2,944] -12225| 1,226 E 1
2| 63,5, 5,1559; -3,836| -1,314} -1,976 E 1
31 92,50 0,785 1,709 -10,85 41,5 -58,05] 30,72 E 3
4] 1262 1,3| 0,40432 ground [E 5
* 122,2] 1,9207] -0,0441 metastable
122,2| 6,13848| -5,9876| 10,4767 mixing |E 5
122,2| 1,36688| 0,10761| 0,44202 x>1,13
5| 157,9| 1,41495| -0,8029| 3,5728] -3,6011 E 5
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6] 207,31 0,64145] -0,2758] 1,58709] -0,9158 [E1
* 193,4] 0,90067| -0,4782 met, x<1,14
7] 239,1] 0,44696] -0,2774 E 5
239,1| 0,21653 -0,2882] 1,11749 X>3.8
8| 1196] 1,2821] -0,237| -0,9283| 0,8597 E 1
281,1] 0,4428] -0,0088| -0,0405] 0,06824| -0,3351 singlet |ST 1 |O(6+)
291,2[0,31906] 0,00308| -0,3237| 0,44616 wiplet [ST 1 |O(6+)
9] 1362| 0,46031| -0,0282] -0,1379] 0,16496 T 1
Argon
1 274 25,14 2431] 92,63 -30.87 E 1
2741 2206 3,727 -11,398] 9,076 x>2,336
2| 409 1,148 2,665 -4,148] 3,237 E 1
3 52,3 1,186 -1,18] 11,05 -30,79] 36,62] -15,42 E 3
a4 75| 1,574 0,722] -2,687] 1,856 E 3
126 2,798 4,114] -3,103] 0,438 x>2.03
5 91 1,17 0,843 -2,877] 1,958 E 3
200 3,771] 16,163| -34,952] 20,853 x>2.53
6| 1243 -2.813] 4254 -1,844] 7023 E 1
1243] 4,604 -13,822] 30,843| -25,465 x>1,68 |.
70 1435 1,938 -1,609] 1,866 E 1
8| 422.5| 4,216) -0,2498] -2,596] 2,4099 E 1
ol 478,7] 4,1496] -1,844] 1,0784] 0,5331] -1,8097 E 1
10[ 539 3,4068] 0,2527| -3,4858] 1,3729 E 1
11 6182 0,785 1,709 -10,85] 41,5 -58,05 30,72 SE 3 |Ne(3+)
12] 686,1 1,3] 0,40432 SE 1 |Ne(d+)
13[ 755,7| 1,41495] -0,8029] 3,5728| -3,6011 SE 1 [Ne(3+)
14] 8548 0,668 0,197 0,12 -0,178 T 3
15| 918[0,44696 -0,2774 SE 1 |[Ne(7+)
918] 0,21653] -0,2882[ 1,11749 x>3.8
16] 4121 1,2821] -0,237| -0,9283| 0,8597 SE 1 |Ne(8+)
17| 4426] 0,46031] -0,0282| -0,1379| 0,16496 ST 1 |Ne(9+)
Krypton
1 244 2,861 0093 0,462 -0,57] -0,029 -0,023 E 4
2| 36,95 2,623 2881 -4,673] 5,059 -3,477 E 1
3| 525 2,185 5497 -9,118] 3,626 E 1
4l 64,7 4,013 1215 5747 -1,71 E 1
5 785 -21,05] 2631] -1,011] 24,87 E 1
785 5,621 -3,305] -0,7916] -3,4%4 x>1,656
6| 111] -0,1442] 0,2812] 2051] -22,88 T 1
111] 2,682 3,892] -1339] 13,46 x>1,58
70 125.8] 6,655 -1,175] -9,093] 4,64 E 1
8 2308 -85,64] 1025 -11,54] 131,12 E 1
230,8] 0,185 1,4067| 8,153] 14,55 x>2,60
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9/ 268,2| 11,345 -6,397] 6,065 -9,753 E 1

10] 3082 4,3215] 7,851| -11,224] 13,639 E 1
1] 360| 1,82731] 12,2656 -24,444 40,8414] -13,731
REFERENCES
[1] DEFRANCE, P., DUPONCHELLE, M., MOORES, D., lonization of Atomic Ions by

(2]

(3]

[4]

[5]
[6]

[7]
(8]

(91
[10]

[11]
[12)
[13]
[14]
[15]

[16]

[17]

(18]
[19]
[20]
[21]
(22]

48

Electron Impact, in Atomic and Molecular Processes in Fusion Edge Plasmas, JANEV, RK.,
Ed., PLENUM, New-York, (1995) in press.

BELL, K.L., GILBODY, H.B., HUGHES, J.G., KINGSTON, A.E., SMITH, F.J., Atomic
and Molecular Data for Fusion, Part I, Recommended Cross sections and Rates for Electron
Ionization of light Atoms and Ions, Culham Laboratory, Report CLM-R216 (1982) and J.
Phys. Chem. Ref. Data 12, (1983) §891.

LENNON, M.A., BELL, K.L., GILBODY, H.B., HUGHES, J.G., KINGSTON, A.E,,
MURRAY, M.J,, SMITH, F.J., Atomic and Molecular Data for Fusion, Part 2, Recommended
Cross Sections and Rates for Electron Ionization of Atoms and Ions: Fluorine to Nickel,
Culham Laboratory, Report CLM-R270 (1986) and J.Phys. Chem. Ref. Data 17 (1988)
128s.

HIGGINS, M.J., LENNON, M.A., HUGHES, J.G., BELL, K.L., GILBODY, H.B,,
KINGSTON, A.E., SMITH, F.J., Atomic and Molecular Data for Fusion, Part 3,
Recommended Cross Sections and Rates for Electron Ionization of Atoms and Ions: Copper
to Uranium, Culham Laboratory, Report CLM-R294 (1989).

MARK, T.D., DUNN, G.H., Electron Impact Ionization, Springer- Verlag, Berlin (1985)

BROUILLARD, F., Atomic Processes in Electron-Ion and Ion-Ion Collisions, NATO ASI
Series B 145, Plenum, New-York (1986).

OUALIM E.M,, DUPONCHELLE M., DEFRANCE, P., Nucl. Inst. Meth., B 98 (1995) 150.

DUPONCHELLE, M., ZHANG, H., OUALIM, E.M., DEFRANCE, P., Nucl. Inst. Meth., A
364 (1995) 159.

DONETS, E.D., OVSYANNIKOV, P., Sov. Phys. JETP 53 (1981) 466.

DEFRANCE, P., DUPONCHELLE, M., KHOUILID, M., OUALIM, EM., ZHANG, H,, J.
Phys. B (1995) submitted for publication.

MAN, K.F., SMITH, A.C.H., HARRISON, M.F.A., J. Phys. B 20 (1987) 5865.

MATSUMUTO, A., DANJO, A., OHTANI, S., SUZUKI, H. TAWARA, H.,
TAKAYANAGI, T., WAKIYA, K., YAMADA, 1., YOSHINO M., HIRAYAMA, T., J. Phys.
Soc. Jpn, 59 (1990) 902.

GREGORY, D.C., DITTNER, P.F., CRANDALL, D.H., Phys. Rev. A 27 (1983) 724

BASHKIN, S., STONER, J., Atomic Energy levels and Grotrian Diagrams (Amsterdam:
North-Holland) vol. II (1978).

FALK, R.A,, STEFANI, G., CAMILLONI, R., DUNN, G.H., PHANEUF, R. A., GREGORY,
D.C., CRANDALL, D.H., Phys. Rev. A 28 (1983) 91.

LAGHDAS, K., REID, R.H.G., JOACHAIN, C.J., P.G. BURKE, Proc. 19th Int. Conf. on
Phys. of Electronic and Atomic Collisions (Whistler) eds: Mitchell, J.B.A., Knudsen, H.,
Book of contributed papers, (1993) 368.

DEFRANCE, P., CHANTRENNE, S., RACHAFI, S., BELIC, D.S., JURETA, I,
GREGORY, D.C., BROUILLARD, F,, J. Phys. B 23 (1990) 2333.

JAKUBOWICZ, H., MOORES, D.L., . Phys. B 14 (1981)3733.

GOETT, S.J., SAMPSON, D.H., At. Data Nucl. Data Tables, 29 (1983) 535.
RACHAFI, S., DEFRANCE, P., BROUILLARD, F., I. Phys. B 20 (1987) L665.
YOUNGER, S.M., Phys. Rev. A 22 (1980) 1425,

LOTZ, W., Astr. J. Suppl., 14 (1967) 207.



[23] LOTZ, W., Z. Phys 216, (1968) 241.

[24] PINDZOLA, M.S., GRIFFIN, D.C., BOTTCHER, C., BUIE, M.J., GREGORY D.C., report
ORNL/ TM- 11202 Oak Ridge Natlonal Lab., Tennessee US.A. (1990)

[25] SUGAR, J., MUSGROVE, A., J. Phys. Chem. Ref. Data 20 (1991) 859.

{26] BLANKE, J.H., FRICKE, B., FINKBENER, Database "Plasmarelevante Atomare Daten",
University of Kassel, Germany, (1992).

49






Electron Impact Ionisation of Tungsten Ions

M. Stenke, K. Aichele, D.Hathiramani, G.Hofmann, M. Steidl, R. Vélpel and E.Salzborn
Institut fiir Kernphysik, Justus—Liebig—Universitit Giessen, D-35392 Giessen, Germany

Abstract:  Electron impact ionisation cross sections for the single and multiple ionisation of tungsten ions have been
measured by employing the "crossed-beams" technique. For W9*ions in charge states g=1...10 cross sec-
tions for single ionisation were determined. For ions in charge states g=3...7, excitation-autoionisation
from the ground state as well as from excited, metastable states strongly contributes to the cross sections.
This results in a strong underestimation of the measured cross sections compared to the semiempirical
Lotz formula in the energy range between the ionisation threshold and the cross section maximum. The
ionisation cross section for W4*ions was measured in the case of double ionisation for g=1...6 and of tri-
ple ionisation up to g=4. The multiple ionisation cross sections indicate no considerable contributions of
indirect processes.

1. Introduction

Electron impact ionisation of ions plays an important role in all kinds of plasmas. For future fusion
devices, the use of tungsten as a material for divertor plates is under consideration [1]. Despite the
strong disadvantages of the high-Z tungsten, if encountered as an impurity element in the hot central
plasma, the use of a highly refractory metal with very low sputter yields has the benefit of a mini-
mized divertor plate erosion and extended operation time. For divertor modeling and plasma radia-
tive cooling studies, it is necessary to know the cross sections for electron impact ionisation of
tungsten ions [2]. So far only the single ionisation of singly-charged ions has been investigated [3].
In order to expand the available atomic database, extensive measurements of cross sections for the
electron impact ionisation of W47 ions in charge states g=1...10 for single, g=1...6 for double and
up to g=4 for triple ionisation have been carried out.

2. Experimental Technique

The measurements were performed at the Giessen electron-ion crossed-beams setup [4, 5]. The
tungsten ions were produced by a 10 GHz Electron-Cyclotron-Resonance (ECR) ion source [6] us-
ing two different methods. The first method used the tungsten compound W(CO)g¢, which is solid
and sublimates easily without dissociation at a vapour pressure sufficient to operate the ion source.
Employing this method, ion currents of a few hundred enA for W* up to W4+ were extracted.

In the second method a bundle of thin tungsten wires (0.5 mm diameter) was used which was
brought axially to the edge of the ECR plasma. By sputtering and evaporation, tungsten atoms were
fed into the plasma and ionised. With this method, much higher ion currents of 1-3 epA of W™ to
W10+ jons have been obtained. In both methods an acceleration voltage of 10 kV was applied.

After magnetic separation of the desired mass to charge state ratio and a tight collimation to typi-
cally 1 mm beam diameter, which reduced the ion current by a factor of roughly 100, the ion beam
was crossed with an intense electron beam. For these measurements two electron guns were em-
ployed. One electron gun delivers a ribbon-shaped electron beam at energies between
10 and 1000 eV with electron currents up to 450 mA (high-current electron gun) [7]. For the ionisa-
tion of higher charge states, an electron gun with energies between 50 and 6500 eV and electron cur-
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rents up to 430 mA was in operation (high-energy electron gun) [8]. After the interaction, the ioni-
sation products were magnetically separated from the incident ion beam and detected in a single-
particle detector. The incident ion beam was collected by a faraday cup. Absolute cross sections
were obtained by employing the dynamic crossed-beams technique [9].

3. Experimental Results and Discussion
3.1 Single Ionisation of Tungsten Ions

The results of the single ionisation measurements are shown in figures 1-5, where the total cross
section for electron impact single ionisation of the respective ion is plotted as a function of the
electron energy. The error bars indicate total experimental uncertainties.

All experimental data are compared to the semiempirical Lotz formula [10], which is commonly
used for estimations of electron impact single ionisation cross sections. The outermost subshells of
the respective ion are taken into account as long as a vacancy can not lead to an autoionisation pro-
cess and hence to a double ionisation of the incident ion. The ionisation potentials needed for the
Lotz formula were calculated by the Multiconfigurational Dirac-Fock (MCDF) code of Grant et al.
[11, 12]. The results of the calculations are listed in table 1.

Ion Configuration 6s 5d 4f 5p 5s 4d

wi+ 5d46s 14.84 16.05 45.73

W2+ 4f14544 24.61 55.00 59.66

W3+ 414543 36.84 6891 7329 118.0

Wa+ 414542 50.28 8441 8727 1333

Wi+ 5pb4£145d 63.58 1003 1022 1494
5p54£145d2 65.18 103.2 105.1 146.9

Wo+ 5po4fl4 119.0 120.6 166.8 3359
5p54f145d 8195 1209 1224 164.2

W7+ 5pb4£13 139.5 141.1 1834 356.2
5pt4f145d 97.55 140.6 140.6 179.8

We+ 4f145p4 160.6 157.6 1982 378.0
4f145p35d 1145 160.0 160.0 196.8

W+ 4f145p3 1822 176.5 2157 400.2
4f145p25d 131.0 185.0 188.8 217.0

W10+ 4f145p2 207.6 205.5 237.0 423.7
4f145p5d 1499 2072 213.6 2369 423.7

Table 1: Threshold energies (eV) for the ionisation of electrons in the outermost sub-
shell of tungsten ions, calculated by the MCDF-code of Grant et al. [11, 12].

Montague and Harrison had investigated the single ionisation of W+ ions before [3]. Those meas-

urements are in good agreement with the present data [13]. Theoretical calculations (configuration- -
average distorted-wave approach) by Pindzola and Griffin [14] are only available for the single
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ionisation of singly-charged tungsten ions, and overestimate the maximum of the measured cross
section by approximately 45 %.

For ions in lower charge states (g=2...5) with few 5d electrons above the closed 4f and 5p subshells
(ground state configurations are given in table 1), excitation-autoionisation plays an important role
at energies between the ionisation threshold and the cross section maximum. This is also observed
for long-lived metastable ions of higher charge states in such configurations.

As an example, energy ranges of excitation-autoionisation contributions to the cross section for the
single ionisation of W4+ ions are shown in figure 2. The excitation energies were calculated by em-
ploying the atomic structure code of Grant et. al. [11, 12]. Each configuration splits into a large
number of levels, which are distributed over a specific energy range.

Mainly due to the excitation-autoionisation contributions, some of the measured cross sections are
strongly underestimated by the Lotz formula at low energies. The Lotz formula can be used to esti-
mate the contributions by direct ionisation processes. At higher electron energies, the Lotz formula
is in reasonable agreement with the experimental data in most cases.

Especially for ions in higher charge states, the ionisation of ions in long-lived, metastable states
populated in the ECR ion source plasma, strongly contributes to the measured cross sections. These
contributions are relatively small for W4+ ions in charge states g=1...4. In the case of W3+, W6+
and W7+, substantial metastable components are resulting in large ionisation signals below the
ground state ionisation thresholds. The ionisation cross section of W6+ is completely dominated by
these metastable ions. Also for W8+, W9+ and W10+ noticeable ionisation signals below the
ground state threshold were observed. However, it is still unknown whether tungsten ions in the
edge plasma of fusion research devices have a similar population of metastable states as the ions
produced in the ECR ion source plasma.

3 Figure 1:  Cross section for the electron impact single ionisation
of Wt (circles), W2+ (squares) and W3t jons

30 (diamonds). Error bars indicate total experimental un-
certainties. The arrows indicate the calculated ioni-
sation potentials of the respective ground states. The

25 Lotz formula for W* (solid curve) includes the
outermost 6s and 5d subshells, for W2+ (dashed

20 curve) and W3+ (dashed-dotted curve) the outermost
5d, 4f and Sp subshells are included .

15
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10 100 1000
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Figure 5:  Cross sections for the electron impact single 12
jonisation of W9t (circles) and W10+ ions
(squares). Error bars indicate total experi-
mental uncertainties. The arrows indicate the
calculated ionisation potentials of the re-
spective ground states. The results of the
Lotz formula are shown with lines (solid
curve: ground state W2%; dashed curve:
W9t in excited 4f145p25d state; long dashed
curve: ground state W10+ and dotted curve:
W10+ in excited 4f145p5d state).
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3.2 Multiple Ionisation of Tungsten lons

For the first time, cross sections for multiple ionisation of tungsten ions have been measured. The
obtained cross sections for double ionisation of W4+ ions in charge states g=1...6 are shown in fi-
gures 6-8 as well as the results for the triple ionisation of charge states g=1...4 in figures 9 and 10.
Threshold energies for double ionisation from the ground state calculated by the code of Grant et al.
[11, 12] are indicated by arrows. All measured cross sections show no significant contributions from
indirect, i.e. multi-step ionisation processes.

In the case of multiple ionisation by electron impact the available experimental database is still
rather small and, furthermore, theoretical approaches have not been developed beyond the classical
binary encounter approximation (BEA) of Gryzinski [15]. Approaches to estimate cross sections for
multiple ionisation on the basis of quantum mechanics are still unknown. However, a semiempirical
formula for multiple ionisation of atoms and ions, with ejection of 3 or more target electrons has
been given by Shevelko and Tawara [16]. The measured cross sections for triple ionisation are in
good agreement with this semiempirical formula [17].

The measurements of single ionisation cross sections for W4+ ions show that components of ions in
excited, metastable states in the incident ion beam only play a minor role for charge states g=1...4.
Excitation energies of metastable ions are comparatively low for these charge states and lead just to
a slight shift of the measured ionisation threshold towards smaller energies. Because the ratio be-
tween excitation energy of metastable states and the threshold energy for ionisation strongly de-
creases with the number of ejected electrons, metastable contributions are less important in multiple
ionisation cross sections. Thus, the onset of the measured double and triple ionisation cross sections
for the charge states g=1...4 agrees quite well with the calculated threshold energies.

Just for ions in higher charge states g=5 the comparison between the cross section onset and the
calculated ionisation energy shows a remarkable ionisation signal below the ground state threshold.
Corresponding contributions from the ionisation of ions in long-lived, metatstable states have been
found in measurements of single ionisation cross sections of W3+ and W¢*. The same threshold
energy shifts are clearly observed in the double ionisation results for W5+ and W6~ (figure 8).
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Figure 9:  Cross sections for the electron impact triple
ionisation of W (circles) and W2+ ions
(squares). Open symbols show the results ob-
tained with the high-current electron gun,
filled symbols those obtained with the high-
energy electron gun. Error bars indicate total
experimental uncertainties. The arrows indi-
cate the calculated ionisation threshold ener-
gies of the respective ground states.
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DIELECTRONIC RECOMBINATION AND IONIZATION IN ELECTRON-ION
COLLISIONS: DATA FROM MERGED-BEAMS EXPERIMENTS

A. MULLER

Institut fiir Strahlenphysik

Universitat Stuttgart

Stuttgart, Federal Republic of Germany

ABSTRACT. This article reviews dielectronic recombination and electron-impact ionization cross
section and rate data obtained in accelerator-based merged-beams experiments with atomic ions and
cold electron beams. The experimental data are compared with theories. The amount of information
contained in measurements of resonance features is critically discussed.

1. INTRODUCTION

Colliding beams of electrons and ions [1,2] have been used since 1961 [3] for studies of
electron-ion collision processes. By far the most of the available data were obtained with small-
scale equipment, i.e. with an ion source on an electrostatic potential of typically several kV,
providing beams of slow ions, and with an (intersecting) electron beam of eV to keV energies
in combination with the necessary equipment to characterize the beams and their overlap and
to accomplish signal recovery. With these techniques a considerable body of data has been
accumulated particularly for electron-impact ionization of ions in low and intermediate charge
states [4]. Data have also become available for electron-impact excitation [5,6] and for electron-
ion recombination in experiments with low-energy ion beams [7].

By the combination of the well known merged-beams approach [8] with ion accelerator
and 1on storage ring technology a new era of electron-ion collision studies began little over a
decade ago. After pioneering work [9,10] on dielectronic recombination at London, Ontario,
and at Oak Ridge single-pass merged-beams experiments have been set up at the university of
Aarhus [11] and at GSI in Darmstadt [12]. In addition, heavy ion storage rings equipped with
electron-cooling devices such as TSR in Heidelberg [13], ESR in Darmstadt [14], CRYRING
in Stockholm [15], TARN in Tokyo [16], and ASTRID in Aarhus [17] are providing excellent
opportunities to study interactions of electrons with atomic or molecular ions [18]. Within
little over a decade the field of recombination of highly charged ions with free electrons has
reached an unforeseen level of maturity. Not regarding the first and only DR measurement at
Western Ontario, where an energy spread as low as 0.045eV was claimed [9] but not explicitly
demonstrated, improvements of the collision-energy resolution by more than a factor 100 have
been accomplished since the “early days” and the luminosity of the colliding-beams experiments
could be increased by even larger factors. Similar advances have been made also in the field of
electron-impact ionization of ions [19] in low to moderate charge states by using crossed-beams
techniques and low-energy ion beams. Recently, the first experiments on electron-impact ion-
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ization of ions employing a storage ring were successfully started and they yielded data with a
quality unrivaled in previous measurements with highly charged ions [20]. Two major technical
developments have facilitated the enormous progress: the design of cold and yet dense electron
targets and the construction of heavy ion storage rings providing extremely intense high-quality
ion beams. Traditionally, electron-ion collision experiments had been suffering from low count-
ing rates and high backgrounds, a consequence of the diluteness of charged-particle beams
relative to conventional gas or solid targets [21]. In order to overcome this problem, the first
merged-beams experiment on recombination of electrons with multiply charged ions [22] was
equipped with a magnetically compressed electron beam of density close to 1.5-10° cm™2. This
high density was obtained at the expense of electron-energy resolution. By the magnetic com-
pression the transverse electron-beam temperature was raised to 5eV/k while the longitudinal
electron-beam temperature was 60 meV /k where k is Boltzmann’s constant. (The meaning of
these temperatures is explained in chapter 2.2.) Substantial progress was achieved when cold
electron beams for ion beam cooling in storage rings had to be designed. With the cathode of
the electron gun already in a strong magnetic field and proper focusing of the electrons, very
parallel beams could be obtained with transverse temperatures as low as 0.1 to 0.15 eV /k and
longitudinal temperatures in the sub-meV /k range. Measurements of recombination rates and
cross sections with substantially improved energy resolution could be performed [23,24].

More recently the technique of adiabatic expansion of electron beams in a decreasing mag-
netic field [25] was introduced at the storage rings in Stockholm, Heidelberg and Aarhus.
Thereby transverse electron-beam temperatures of 10 to 15 meV/k could be obtained and also
the longitudinal electron-beam temperatures could unexpectedly be reduced to a level of 0.05 to
0.1 meV/k thus improving the energy resolution at very low center-of-mass energies by another
factor of about 10. New recombination measurements with unprecedented quality have become
possible (see Fig.21 for an example).

The range of very low electron-ion collision energies can be covered even with ions such
as 60 GeV U%* (available at the ESR in Darmstadt). The velocity of such energetic ions is
matched by electrons with an energy of only about 140 keV and thus, electron-ion center-of-
mass energies E.,, of less than 1 eV are accessible. The finite temperatures in the available
electron beams result in an energy spread which can be as low as 10 meV. Useful information on
collisions at center-of-mass energies below 1 meV can be extracted from electron-ion merged-
beams experiments. On the other hand, center-of-mass energies up to several keV have been
accessed and hundreds of keV would be possible with an electron target at the ESR with
anti-parallel electron and ion beams.

The present paper reviews experimental cross section and rate data for atomic ions colliding
with free electrons. The report is restricted to dielectronic recombination and electron-impact
ionization work employing energetic ions in merged-beams experiments. The ions which have
been studied to date by such techniques (as far as the experiments have become known to the
author) are
(a) with respect to dielectronic recombination:

Het, B2*, Ct, C**+, C3F, C*, O+, N2+ N3+ N*+ NS+ O3, O, 05+, 0%, O™, F3+, F4t,
F5*, F6+, F7+, Ne™*, Sillt, Sil?2+ P4+ G5+ Q15+ CI6+ ClIM4+ Ar!3+, ArlSt) Fel®t, Cu?6t,
e+ Se+ A6t [ (894

(b) with respect to ionization (and detachment from negative ions):

D, Sillt CI6t, Cll4+, Fe!St, Se?3+.
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The ion species listed above have not all been studied with equally precise techniques nor are
the energy ranges of the different investigations comparable. For some of the ions information
was obtained for collisions involving metastable initial states. The references to all the existing
measurements are given in chapters 3 and 4, where the experimental results are reviewed.

2. BASIC CONSIDERATIONS
2.1. Mechanisms

In all the experiments with projectiles A9t reported here, the ions which have changed
their charge state either by recombination or electron removal are detected behind a charge
separator downbeam from the merge path, i.e. behind the interaction region. The normalized
counting rate of these ions is measured as a function of the electron laboratory energy. With
the known ion energy the electron-ion center-of-mass energy is determined. Absolute total cross
sections and rates are measured. Since photons or electrons are not detected, the observation
of recombination and ionization comprises a number of different processes which all lead to
the same net production of ions in a new charge state, A@~D+ or A+t respectively. While
these charge states are identified in the measurements, the different mechanisms producing
these charge states are not experimentally distinguished from each other and thus, they all
contribute to the measured cross sections and rates [26].

Mechanisms of recombination, i.e. net production of A(@~D* jons from A?* ions, are:

e radiative recombination (RR) -

e+ A" — AEDY L gy . (1)

where the excess energy released by the binding of an initially unbound electron is carried
away by a photon in a direct process. After radiative recombination the captured electron
can be in a highly excited state and hence, further radiation will be emitted until the
electron is in its ground level

e dielectronic recombination (DR)

e+ AT [A(q—l)+]

xxK
?

(2)

where, in a first step, the excess energy released by the capture of the electron is absorbed
within the ion by the excitation of a core electron; and where, in a second step, the
intermediate multiply excited state decays by the emission of photons

{A(q—l)+]"‘"‘ - [A(q‘l)"'] + photons . (3)

The first step of the DR process, the dielectronic capture (Eq.(2)), can only occur if the
kinetic energy of the projectile electron matches the difference E; — E; of total binding
energies of all electrons in the initial and final states of the ion

61



¢ three-body (or ternary) recombination (TR)

e+e+ AT - AUV L (4)

where one of the two electrons can carry away the excess energy released by the recom-
bination. TR becomes important at high electron densities and low energies.

None of the present experiments provides the electron densities and the electron tempera-
tures for which TR to low lying bound levels of the recombined ions would be expected with
measurable rates. TR into high Rydberg states is conceivable at low electron energies, how-
ever, the vxB fields (v: ion velocity, B: magnetic flux density) present in the experiments strip
off the Rydberg electrons of such states. And yet, some of the observations indicate a strong
involvement of TR in the recombination rates measured at E., =0 eV.

Although not experimentally distinguished, the different recombination mechanisms lead to
very characteristic energy dependences in the measured cross sections and rates. DR produces
narrow resonances and can thus easily be identified in a measured recombination spectrum.
The RR rate coefficient has its maximum at E.,, =0 eV and drops off as a smooth function of
energy. Additional recombination possibly involving ternary processes in high Rydberg states
is only observed at relative energies below about 10 meV.

Similarly, different ionization mechanisms leading to net production of AU¥V+ from A+
ions produce distinct features in the total cross section allowing to quantify individual contri-
butions [4]. The most important single-ionization processes are

¢ direct ionization (DI)

e+ AT AT+ L 90 (5)

proceeding in a single “knock-on” event
e excitation-autoionization (EA)
e+ A" — [ATT]™ 4 e (6)
AT o AT 4 7)

involving direct excitation of an inner-shell electron to a bound configuration of the A%t
ion and subsequent autoionization of the intermediate multiply excited [A?*]** ion

e resonant-excitation-double-autoionization (REDA)
e+ AT [A(q—1)+]** (8)
[A(q—1)+]-* — AlTFIF | 9 (9)

involving a radiationless (dielectronic) capture of the incident electron by the A* jon
and subsequent sequential emission of two electrons. REDA proceeds via intermediate
compound states of the projectile electron and the parent ion and thus is closely related
to the DR process (in fact, Eqs.(2) and (8) are identical).
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2.2. Measurement of Cross Sections and Rate Coeflicients

When electrons with a spatial density n.(r) and ions with a spatial density n;(¥) interact
in a volume 7 via a cross section o(v), where ¥ is the vector of relative velocity between the
collision partners and v = |U| its absolute value, then the rate R of interactions is given by

R= / / no(7) ni(7) o (v) v £(7) P dr (10)

For the deduction of cross sections from measured counting rates R the spatial density dis-
tributions of the particles and the distribution function f(%) of the relative velocities have to
be determined. In the equation it has been assumed that f is independent of the location 7.
In electron-ion colliding-beams experiments the integral over spatial density distributions is
usually taken into account by introducing a form factor [27].

In the present type of experiments with very homogeneous magnetic fields guiding the
electron beams the situation is usually simpler. The density n.(7) of the electrons is uniform
in space with negligible variations across the electron beam throughout the whole interaction
region. With uniform electron density n., Eq. (10) can be simplified considerably since the two
integrations are assumed to be independent of each other and n.() can be taken out of the
integral. Integration over n; just yields the number of ions present at a time in the interaction
volume. In case the ion beam is completely inside the uniform electron beam, this number is
simply given by I;{.ss/(gev;), where I; is the electrical ion current, ¢ the ion charge state, e the
charge of an electron, £.ss the length of the interaction path, and v; the ion velocity.

The integral over the velocity distribution (%) can be carried out separately by introducing
a rate coeflicient . In plasma experiments, f(¥) is determined by the temperature of the plasma
electrons and is often described by a Maxwellian distribution. In colliding-beams experiments
with electrons and ions, f is usually a distribution centered at an average relative velocity v,
of the colliding particles. Thus, the rate « is determined by

a(Vyel) = <O Vpet > = /a(v) v f(vrer, 0) v . (11)

Eq. (10) can now be written in the form

Rzanefeffl,-/(qevify?) . (12)

In Eq. (12) an additional factor 7 = [1 — (v;/c)?]™" has been introduced to account for the
relativistic transformation between the laboratory and the center-of-mass frames. The factor
a occuring above is usually only then called a "rate coefficient” in the literature, when f(v)
is an isotropic Maxwellian distribution characterized by a temperature 7. In a merged-beams
experiment o has a slightly different meaning. Its definition is given by Eq. (11). Here, v, and
f still have to be specified in order to provide an unambigous physical quantity a accessible to
experimental evaluation.

For the energy-analyzed ion beam in the present type of experiments, the experimental
energy spread at low E,. is predominantly determined by the electron-velocity distribution
function f. At high center-of-mass energies also the energy spread of the ion beam can influence
the experimental resolution. This is particularly true when the ion beam cannot be cooled
intermittently during a rate measurement (which typically happens at high E,).
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With respect to the kinematics in the experiments and the axial symmetry of the electron
and ion beams, two velocity coordinates are necessary to describe the electron-velocity distri-
bution: vy, the velocity component in electron-beam direction, and v, , the velocity component
perpendicular to the electron-beam direction. The energy (or velocity) spreads are therefore
characterized by two corresponding temperatures T} for the longitudinal and T), for the trans-
verse direction. In the accelerated electron beam these temperatures are quite different with
Ty < Ty, so that f(v) is highly anisotropic and is therefore often called a "flattened” electron-
velocity distribution. Its mathematical form is given by

L me _mevf_ Me _me(v” ~ Vyel)?
f(vret, ) = 5 exp ( 2le) \ 2rkT, <P ( 2kT), ’ (13)

where m,. denotes the electron rest mass. The quantity v,y in this formula is the average
longitudinal center-of-mass velocity

VUrel = l Vel — Vil | / (1 + l Vi)|| Ve,|| l/cz)a (14)

where v, and v;| are the longitudinal velocity components of the electron and ion beams,
respectively. They are determined from

Ve = cV/1 = [1 + E./(mec?)]2 (15)

and

'U,~'|| = C\/l - [1 + E,~/(m,~c2)]‘2 . (16)

The ion rest mass is represented by m;. The energies E. and E; are determined by acceleration
voltages and do not include additional kinetic energy (with randomly oriented velocity vectors)
arising from the finite beam temperatures. Therefore, the relative velocity v,, as defined by
Eq. (14), can be different from the velocity v, in the electron-ion center-of-mass frame. This is
especially true for low energies, where E,,, comes close to kT, and kTj,. At high center-of-mass
energies E.,, one clearly gets v, = ven and E. = E.,. At low E.,, v.q can be much less
than v.,. Since it is the only one of the two quantities directly accessible to a measurement,
experimental data are usually displayed as a function of the relative energy E.o. Therefore
cross section or rate data in the literature are displayed for energies F,; reaching as far down
as to 1073 eV, although the energy spread in the center-of-mass frame may be 10~ eV or more
(which becomes visible e.g. by the energy spread in the measured resonance peaks). Because
of the lack of an alternative, rates and cross sections are plotted as a function of E,¢ in all
examples given in this review.
By the experiments, normalized rates a are determined from

Rea:p '72 vige

Ere =
a( 1) I;Ze_f_f Ne €

(17)
The number of recombinations per unit time R is determined from the counting rates Re;p = R¢
of appropriate particle detectors. Detection efficiencies € are usually close to 1. In single-pass
experiments the total electrical ion current I; is measured by collecting the parent ions in a
Faraday cup. In storage ring experiments the current of the circulating ion beam is determined
from the magnetic-field signal of a ferrite ring detector surrounding the ion beam.
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When E.. > kT, kT) the velocities v and v, approach v, and hence Eq. (11) can be
rewritten as '

a(vrel) & Urel / 0’(—0) f(vreha) dsv = Urel Tapp (18)

The apparent cross section o,,, results from the convolution of the real cross section o with
the experimental velocity (or energy) distribution. This quantity makes physical sense when
the width of the distribution function is much smaller than v, (or E,e, respectively). At high
center-of-mass energies apparent cross sections

Oapp = a(vrel) / Urel (19)

are often presented in the literature instead of rates a.

Systematic uncertainties of measured rates @ and (apparent) cross sections o are typically
+20 %. Apart from the uncertainty of the measured rates a, the possible error of the collision
energy is also important. Inherently, the merged-beams technique has the potential for high-
precision measurements of energy differences. In the experiments, uncertainties of the energy
scale increase with energy and depend on the particular experiments. Progress in the energy
resolution of merged-beams measurements leads to a still ongoing improvement of level-energy
determinations.

For the understanding of the experimental results it is necessary to discuss the influence
of external electromagnetic fields on the measured rates [28]. Electric and magnetic fields are
present already inside the electron beam, i.e. in the interaction region. Electric fields may
be due to the space charge potential distribution inside the target or due to non-zero field
components of the magnetic guiding field with respect to the ion beam. Beyond the interaction
region, the ions have to pass through the transverse magnetic field component of the electron-
target arrangement. The resulting motional electric field is usually quite strong and cuts off
high Rydberg states by field ionization. Electric fields with different directions and strengths
are then felt by the ions when they pass through the beam optical elements and the charge
analyzer. Usually, the most severe cuts in a possible Rydberg state distribution of the product
ions occurs in the charge analyzer. At the ESR, motional electric fields experienced by the ions
in the dipole magnets can be several 106 V/cm.

Electric fields have a number of effects on the measurements. For high Rydberg states the
rate of DR itself can be enhanced when electric fields are present. Lifetimes of atomic states
change with the presence of fields and, depending on the slew rates of the fields seen by the
ions, there may be a rearrangement of states when an ion “collides” with an electric field.
As already mentioned, field ionization will occur in an electric field F stripping off Rydberg
electrons with quantum numbers n > n,,,,. In reality, there is no sharp cutoff in the Rydberg
state distribution, however, the often used formula [28,29]

8.108 43 -1\ 1/4
Mmag = (68 g Vem > (20)

F

gives a reasonable estimate of the range of principal quantum numbers up to which an ion
state can survive a given electric field F'. For each individual experiment this issue has to be
considered. Application of measured rates and cross sections to collision processes in a differ-
ent physical environment equally requires consideration of the possible influence of the fields
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present in that environment.

2.3. Assessment of the Information Contained in Experimental
Rates and Cross Sections for Resonant Processes

A single isolated resonance occuring in an electron-ion collision process can be described by
an energy-dependent cross section function
Eres 1 I
E 271' (E - Eres)2

when the resonant process does not interfere with another process leading to identical final
states. The resonance strength S is given by the integral

o(E)= 8§

= (21)

4

S= | o(E)dE, (22)

E is the collision energy (= E.m), Eres is the resonance energy, i.e. the difference of the total
energies of the intermediate resonant and the initial states, and T is the total width of the
intermediate resonant state.

Thus, the cross section for a single isolated resonance can be completely described by only
3 quantities: its characteristic energy E,., its energy width T, and its resonance strength
S. A colliding-beams experiment can be carried out to measure these 3 numbers. When the
merged-beams technique is used the equations given in paragraph 2.2. apply. An apparent cross
section or a normalized rate is measured with the velocity distribution function f (Eq. (13))
characteristic for the particular electron beam of the individual experiment. Usually, the widths
of resonances are much smaller than the experimental energy spreads, i.e. the information about
I' cannot be extracted from the envisaged rate measurement. So usually there are only two
pieces of information on the resonance left about which the experiment can yield results: the
resonance energy and the resonance strength. There is some justified hope, though, that the
development in energy resolution will allow to learn something about the natural widths of
selected resonances at least in the future. Presently, however, the extractable information is
limited to the above two numbers FE,., and S.

Let us assume a narrow resonance at energy F,., = 5eV with a resonance strength S =
10~2°cm?eV. The width of the resonance be I' = 0.005¢V. The electron-beam temperatures
of the special experiment are assumed to be T, = 1eV/k and Tj; = 0.01 eV/k. The normalized
rate a is measured as a function of E,. with a step width AF,, = 0.1eV and a statistical
uncertainty of +5% in the maximum of the rate function. The measurement is carried out
between 0.0eV and 5.8eV and thus comprises 59 data points. Simulated data points are
displayed in Fig.1 for this example. The comparison with theory requires convolution of the
theoretical cross section with the experimental distribution function. Since the experimental
energy spread is of the order of 1.5eV at E,.,, = 5€eV in the example, the resonance cross
section given by Eq. (21) with the characteristic 3 quantities can be approximated by a é-
function in the convolution described by Eq. (11). The information about the width T' is
lost thereby as discussed above. The resulting theory curve modelled to the experiment via
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FIG. 1. Hypothetical DR resonance at E., = 5eV with a given strength S (see text).
Experimental rate data with 5% statistical uncertainty at the maximum are simulated
(open circles with error bars). From the experiment the transverse and longitudinal tem-
peratures of the electron beam are deduced and thus the distribution function Eq.(13) is
inferred. The original DR resonance is convoluted with this distribution (solid line).

the given experimental temperatures is displayed as a solid line in Fig.1. The position of the
hypothetical resonance is indicated in Fig.1 by an arrow. The cross section maximum of the
theoretical resonance is o(Ere;) = 25/(#T') and amounts to 1.27 - 1078 cm?. Apparently, the
position of the maximum of the measured rate distribution does not coincide with the resonance
energy E,.,. An additional analysis is necessary to extract the true resonance energy from the
experimental result. This procedure involves a fit to the data using Eq.(11) with the distribution
given by Eq.(13), where T}, Ty, and E,., are the fitting parameters.

The whole picture presented in Fig.1 gives the impression that a detailed experiment has
been carried out with many data points and perfect agreement between theory and experiment.
And yet, only two significant pieces of information on the resonance can be extracted from the
experiment and that is the resonance strength S resulting from the area under the experimental
rate curve and the resonance position E,., provided by the fit procedure mentioned above. Even
with the best possible energy resolution presently available in merged-beams experiments at
storage rings with electron temperatures'as low as T, = 10meV/k and Tj; = 0.05meV/k the
energy spread at the resonance energy (5eV) would have a lower limit of about 45 meV which
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is much greater than I'. The experimental energy spread is estimated from the approximate
relations

AE. = AEﬁ + AE? (23)
with
AE“ = 4\ / In2 E,ea kT" (24)
and
AE, = kTy. (25)
The experimental energy spread is dominantly determined by &7} for resonance energies
In 2 (kT 1 )2
res - 1m 26) -
o (26)

This condition is fulfilled for the example of the presently lowest possible temperatures already
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FIG. 2. Dielectronic recombination of Het ions in the range of An = 1 transitions.
Adopted from [32].
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when E,.; > 0.35¢V. Beyond this limit with E,., > 0.35eV the experimental energy distri-
bution function can be expressed by a Gaussian with the width AEj; (provided the ion energy
spread is still negligible; otherwise the total energy spread has to be calculated from the quadra-
ture sum in the sense of Eq.(23) of all contributing experimental spreads). Ultra-low transverse
temperature of an electron beam does not necessarily lead to a significant improvement of
energy resolution except for extremely low resonance energies.

For the artificial resonance at 5eV studied in Fig.1 the present record in low temperatures
is still not sufficient to learn anything about the width I'. The information that would be ob-
tained for the resonance is not much different from what can be extracted from the simulated
measurement shown in Fig.l. Only the determination of the resonance energy is potentially
more precise and the counting rate in the experiment at resonance would be greatly enhanced
(more than a factor 30). However, the improvement gained by low experimental energy spreads
becomes strikingly obvious when many resonances occur at different energies. Then the infor-
mation that can be obtained by the measurement of resonance cross sections and rates with high
resolution increases drastically compared with measurements that cannot resolve fine details
and average out resonance strengths over broad energy ranges. Examples for this are shown in
the subsequent data section of this paper.

3. DIELECTRONIC RECOMBINATION

In this chapter, data which have been obtained for DR in electron-ion merged-beams exper-
iments are presented and discussed. The subchapters deal with different isoelectronic sequences
of the ions for which experimental information is available.

3.1. Hydrogen-like Ions

Merged-beams data for DR were obtained for H-like Het [30-32], C°* [13], O™t [24], and
S5+ [33] ions. Experimental and theoretical results for Het, C®*, and O™ are displayed in
Figs.2-5, respectively. The oxygen measurement was made in the first DR experiment ever
carried out at a storage ring (at the TSR in the spring of 1989). The helium data displayed
here were obtained at CRYRING [32] subsequent to two previous measurements with He*t, one
at TARN [31] and one at the Indiana cooler ring [30], both, however, with considerably lower
energy resolution and lower statistical significance.

The dielectronic resonances investigated with H-like ions are of the type

e+ (1s) = (2¢nl') (n=2,3,...,00). (27)
Some experimental information was also obtained for DR associated with

e+(ls) = (3nl') (n=3,..,0). (28)

The latter type of transitions is shown separately in Fig.3 for He* ions and is included in Fig.5
for O ions. The cross sections are about a factor 20 smaller than those for the main DR
resonance series.
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FIG. 3. Dielectronic recombination of He' ions in the range of An = 2 transitions.
Adopted from [32].
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In the (2¢,n¢’) series several Rydberg states can be experimentally resolved, the resolution
of resonant states getting better for the more highly charged ions. Contributions from higher
n lump together below the series limit. The experimental n-distribution is cut off by field
lonization already above ng., = 5 for the Het experiment and above npq., = 69 for the 07_+
experiment. For the latter, theory predicts that most of the resonance strength is included
already by n=40. Thus, it is not necessary to correct the experimental O’* data for field-
ionization effects - different from the Het measurement. Particularly for DR in He%t it was
shown that only the inclusion of correlation to all orders in theoretical calculations yields
satisfactory agreement with the experimental results. The agreement of theory and experiment
for the investigated ions is remarkable, though some discrepancies in the energies, the sizes and
the shapes of resonances still remain to be explained. Theoretical calculations also showed that
both small changes in the energy position of the doubly excited states and small changes in the
electron-energy distribution function led to large changes in the height of some of the narrow
peaks found in the spectrum of Fig.5. However, the integrated cross sections which correspond
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FIG. 5. Dielectronic recombination cross sections of O’* [24]; a) experiment, b) theory.
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FIG. 6. Dielectronic recombination rates of metastable N5t ions. Adopted from [35].

to the peak areas in the graph remain unchanged and agree with the experiment within typically
10%, though, deviations of 25% and more are also observed.

As expected on the basis of simple relationships between DR cross sections, lifetimes of
the resonant states with respect to photon or electron emission and their dependences on the
Rydberg quantum number n and the atomic number Z, the experiments for different H-like
ions show decreasing relative contributions of high-n states for the higher-Z members of the
sequence. For S'°* only about 15% of the (2/n{’) resonance strength is contained in the range
n > 7 while for C5* it is about 50%. This effect is even more dramatic in the DR of Het.

3.2. Helium-like Ions

Most of the data for He-like ions were obtained by Andersen et al. at the Aarhus single-pass
merged-beams facility. Their measurements were carried out with metastable C** [34], N°*
[35), O8* [23,34], F™* [35], and Si*?** [35] ions with an initial (1s2s) configuration and they
observed An = 0 transitions of the outer core electron according to

e+ (1s2s) — (1s2fnl’)  (n=mno,no+1,...,00) . (29)

‘The lowest observable Rydberg state no depends on the core excitation energy Ae and is
approximately determined by the conditions Ae — B(ng) > 0 and Ae — B(ng — 1) < 0, where
B(n) denotes the binding energy of the captured electron in Rydberg state n.
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The rates obtained at Aarhus with C** and O®%* are only relative, the other data are
absolute. Absolute rates and cross sections have also been determined by Kilgus et al. at
the TSR for ground-state C** ions [36]. As an example of the Aarhus measurements, Fig.6
displays experimental data for parent N°* ions [35] together with a theoretical calculation. The
(1s2s'S) population in the parent beam was assumed to be 0.8% (resulting from a fit of the
theoretical to the experimental data). The (1s2s3S) population had been measured to be 15%.
The energies of several Rydberg series associated with different final core states are indicated
by vertical bars. The agreement between theory and experiment is remarkably good, except at
energies around 6eV where the 'P(n = 9) level is assumed to interact with the high Rydberg
members of the *P nf and 1S n/ series.

The TSR results obtained for ground-state C** ions [36] are shown in Fig.7 together with
theoretical calculations. Here, the following transitions are relevant

e+ (1s?) — (1s2¢nt") (n=2,3,...,00) . (30)

The 152¢ core of the excited Rydberg configurations can be in states 15, 'P, 35 and 3P and
the related series limits of the associated Rydberg sequences of resonances are indicated in the
figure. Again discrepancies between theory and experiment are observed when several open
continuum channels come into the game. Small errors in the calculated energies of series limits
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may decide about whether a certain stabilization channel is open or not and as a result consid-
erable deviations of theoretical predictions from experimental data become possible.

3.3. Lithium-like Ions

Li-like ions are particularly attractive for electron-ion collision studies. Their electronic
structure is relatively simple and therefore allows particularly reliable theoretical calculations,
and yet, the structure is sufficiently complex to support a wide variety of processes and elec-
tronic couplings. Thus, Li-like ions have received much attention with respect to DR and also
with respect to electron-impact ionization [19,26]). Experimental results for DR are presently
available for the following Li-like ions: B2+ [37], C3* [34,37), N** [37,38], O+ [34,37], Fé+ [38],
Ne™ [39], Si''* [38,40,41), CI'** [40,41], Ar'®* [12,39], Cu?®* [42], Au™* [43,44], and US%*
[44,45).

At low center-of-mass energies An = 0 transitions are observed

e+ (1s*2s) - (15*2p;pnl)  (n = ng,...,00) (31)

and
e+ (15%2s) — (15*2p3/3nl) (n = ng,...,00). (32)

The lowest possible Rydberg quantum numbers for the intermediate doubly excited states are
no and n. These are determined by conditions similar to those given in the context of Eq.(29).
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FIG. 8. Dielectronic recombination rates of N** jons. Experimental data are from
[37], theory curves were calculated for different external electric fields (0V/cm, 5V /cm
25V /cm, 125 V/cm, 625V /cm) in the collision region [46]. Adopted from [37].
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At somewhat higher center-of-mass energies outer-shell An = 1 transitions begin to contribute

e + (1s%2s) — (1s%3¢nt)) (n=3,...,00). (33)

The cross sections for DR connected with these resonance processes are considerably smaller
than those for the An = 0 transitions (Eqs.(31) and (32)). For outer-shell An = 2 transitions to
1524£4¢' configurations the cross sections are still smaller. Nevertheless, resonances associated
with outer-shell An = 2 transitions could be observed in experiments with Si''* ions [40,41].

At energies beyond the resonances associated with outer-shell excitations, DR involving the
K-shell becomes possible.

e+ (1s22s) — (1s2s2fnf')  (n=2,...,00) (34)

and
e+ (1s%2s) — (1s2s3¢nf') (n=3,...,00) (35)

For DR with An = 1 transitions of a core electron from the K-shell to the L-shell of the parent
Li-like ion (K — L) the rates o (see Eqs.(11) and (17)) are not very much smaller than those
for L — M. Again, DR rates associated with An = 2 transitions K — M are small compared to
the corresponding An = 1 K — L DR resonances. Such small DR signals have been observed
for K — M core transitions in e+Si!'t* collisions [40,41].
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FIG. 9. Dielectronic recombination rates of N4t ions. Theory curves were calculated for
different external electric fields in the collision region (0V/cm, 5V/cm, and 10V/cm).
Adopted from [38].
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a) An=0, 2s —» 2p

Fig.8 and Fig.9 show the enormous progress made between the first and second generations
of DR experiments using merged-beams techniques. Both figures show results for DR of N**
ions in the energy range of the An = 0 core transitions. While the first experiment [37] shows
only a single peak structure for basically two Rydberg sequences (involving the 1s?2p,/ynf
and the 1s?2p;/,n/ series), the second experiment [38] permitted to resolve individual Rydberg
resonances with an energy spread reduced by more than an order of magnitude.

Cross sections and rates for DR of Li-like ions in low charge states involving An = 0 transi-
tions are strongly influenced by external electric fields in the interaction region. This is partic-
ularly true for the highest Rydberg states contributing to the measured rates. Fig. 9 shows 3
calculations [38] for different external electric fields (0V/cm, 5V /cm, and 10 V/cm). Compar-
ison with the experimental data suggests that external fields of about 5V/cm were present in
this measurement at Aarhus. Apparently, the lower Rydberg states are not influenced by such

fields. Also in the preceding experiments at ORNL, the size of the electric field in the collision

region was unknown. Therefore, the convoluted theoretical rates were calculated for different
fields [46] and compared to the experimental data. Fields as high as 625 V/cm were invoked to
find a satisfactory level of agreement between theory and experiment. In a sense, the ORNL
experiment could be used to determine the external electric field in the collision region assuming
that theory is capable to calculate the DR rates correctly. Thus, apart from the determination
of the electric field in the collision region and the electron-beam energy-distribution function
characteristic for this particular experiment, these measurements could provide little informa-
tion on the DR process. They did, however, spark the enormous experimental development in
the field of electron-ion collisions making use of accelerator techniques.
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FIG. 10. Dielectronic recombination rates of Ar'>* ions [12]. Theory curves relate to
different external electric fields in the collision region (0 V/cm and 100 V/cm).
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The Li-like species with the highest nuclear charge available for the Aarhus experiments was
Sil'*. Because of low ion currents the counting statistics was not satisfactory, however, the
available data showed already that increasingly better resolution of cross section features is
possible for the higher charge states along an isoelectronic sequence. For Si'!'* it was clearly
possible to separate the two sequences of Rydberg resonances associated with the 2P states
of the excited ion core [38]. This separation is also seen in the measurement with Ar'** ions
which was carried out at the high-density electron-target facility at GSJ. Fig.10 displays the
An = 0 data obtained in this experiment [12]. Two separate Rydberg sequences corresponding
to Eqs.(31) and (32) are resolved with resonances lumping together at the two series limits.
The theoretical calculations are for zero electric field and for 100 V/cm. The assumption of the
presence of 100 V/cm fields gives qualitative agreement with the experiment. The measurements
were performed at electron densities of the order of 10° cm=3. These densities are more than
two orders of magnitude above those used in a recent experiment with Ar'** ions at CRYRING
where the technique of adiabatic expansion of the cooler electron beam was employed. The
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FIG. 11. Experimental and theoretical recombination rates for Cu?®t jons. Adopted from
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new measurement has a much better energy resolution than the previous one, however, the
counting rates were not sufficient yet to study also DR for An = 1 transitions of the 2s core
electron. This was possible, though, in the older Ar'®* experiment at GSI and it was also
possible in several experiments with Li-like ions at the TSR storage ring (see below).

DR along the Li-like ion sequence has been studied for atomic numbers up to Z=92. Two
more examples for measurements involving 2s — 2p transitions are shown in the next figures.
While the lowest excitation energies of Ar'®t are at 31.87eV and 35.04€eV, respectively, the
corresponding numbers for Cu?* are already 55.15eV and 80.77€V [47]. Thus, also the ex-
perimental separation of single Rydberg resonances associated with the lowest core excitations
becomes easier. Fig.11 shows DR rates for An = 0 core transitions of Cu?®* ions. The rates at
energies beyond about 22 eV were multiplied by a factor 10 so that the many resolved Rydberg
states can be seen all at a time. These data were obtained at the TSR.
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FIG. 12. Dielectronic and radiative recombination rates of Au"®t ions. The solid line
is a theory curve composed of different independent calculations which were added and
convoluted with the spatial energy distribution function at the ESR cooler (see text).
Adopted from [44].
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FIG. 13. Experimental and theoretical dielectronic recombination cross sections of Ar'>*+

ions for An = 1 transitions from the L-shell.” Adopted from [12].

For measurements on still higher charge states along the sequence of Li-like ions the TSR and
the injection accelerator of the TSR may be pushed perhaps to Br®?* but certainly not beyond
that.. Right now, the ESR of GSI is the only facility where comfortable intensities of very
highly charged Li-like ions are available. In a first round of experiments on DR of such ions,
measurements with Au”®* and U®* have been carried out [43-45]. These measurements were
restricted to DR involving An = 0 transitions of the 2s electron. The ion energies were of
the order of 100 MeV /u and accordingly, high electron energies were necessary for cooling the
circulating ion beam. The experiments at these energies are complicated by the fact that very
large detuning of the electron laboratory energy is necessary to cover a given center-of-mass
energy range. As an example, 5 keV in the laboratory frame may correspond to only 50eV
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FIG. 14. Dielectronic recombination cross sections of Ar'®t ions with An = 1 transitions
from the L-shell. Expansion of Fig. 13 in the range near the series limits. Adopted from

[12].

center-of-mass energy or even less. The drag effect of the cooling forces makes it difficult to
detune the cooler electron beam from cooling energy: the ion beam velocity immediately tries
to follow the velocity of the energy-detuned electrons in the cooler beam. Hence, very rapid
switching between cooling and measurement at a given electron-ion center-of-mass energy has
to be used in these experiments. Such fast switching is not possible with the available cathode
power supply of the ESR cooler. Therefore, the potential of the drift tubes surrounding the
electron beam along the straight cooling section is used to determine the electron energy.
Unfortunately, one of these drift tubes was electrically shorted to ground at the time of the
first measurements and thus its electric potential could not be manipulated. In spite of the
presently still existing handicap for DR measurements at the ESR, it has been possible to take
some unique data for DR of very highly charged ions. An example is given in Fig.12.

The uneven distribution of the electric potential along the cooler axis in the first DR ex-
periments at the ESR resulted in a particular and rather unique energy distribution of the
electrons. For comparison of theory with the data from the ESR experiments an additional
convolution of the theoretical rates has to be considered. With different voltages U, and U,
on the two drift tubes of the cooler the resulting potential distribution along the cooler axis
is accounted for by a probability distribution d¢(E’, E.,)/dE’, where U, corresponds to Fm.
The observed recombination rate aesp is a convolution of the true rate a(E):

1 [Fem @B, E') | 0
aexp(Ecm) = Z/O %Q(E )dE (36)
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FIG. 15. Dielectronic recombination cross sections of Cu?®t ions with An = 1 transitions
from the L-shell in the range of 1s*3£3¢' resonances. In the experimental spectrum the
participating terms are indicated. The solid line results from the theoretical calculation.
Adopted from [42].

with

Ecm df(Ecm,E') ,
/0 A B = 1. (37)

This convolution does not conserve the peak areas of resonances and thus, data obtained in
these experiments have a different meaning and cannot be directly compared with other DR
results collected in this article.

Fig.12 displays DR results from the ESR for Au"™* ions. The two lowest excitation energies
of Li-like Au ions are 216.3eV and 2244 eV, respectively [47]. The large energy splittings in
very highly charged ions can be studied by DR experiments with independently small energy
spreads and therefore an increasing number of details in cross sections and rate functions can
be resolved when the ion charge state is increased. In the particular example it is possible to
resolve the fine structure within an intermediate doubly excited Rydberg state formed during
the DR process:

Au"t(15°2s) + e — Aut(15%2p3 /5 nl;)™ — Au't + photons. 38
/2 1t

Here, j is the total angular momentum quantum number of the captured Rydberg electron.
Apparently the experiment permitted to resolve states corresponding to different j in the
15%2p3/, 6¢; manifold. Also seen in Fig.12 are smaller resonances belonging to the 1s22p, /2l
sequence with n = 20, ..,23,24,... . The solid line is a theoretical calculation including DR and
RR processes [44].
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FIG. 16. Dielectronic recombination cross sections of Cu?®* jons with An = 1 transitions
from the L-shell in the range of 15>3¢n{' resonances with n > 4; (a) experiment, (b) theory.
Adopted from [42].

b) An=1, 2s — 3¢

Because of the small cross sections for DR processes involving An = 1 transitions 2s — 3¢,
the basis of available experiments is not very broad. Even in the storage ring experiments
it is not straightforward to obtain satisfactory statistics. As a further example for results of
experiments carried out with the dense cold electron-beam target at the UNILAC of GSI, Fig.13
shows the measured and calculated DR cross sections of Ar'** for the sequences of (1s?3¢nf’)
resonances [12]. Theory describes these measurements quite well for n < 8. For higher Rydberg
numbers considerable discrepancies occur. Fig.14 makes these discrepancies visible. Theory
and experiment are shown for n > 6. As already seen near the series limits of DR Rydberg
resonances in He-like ions [34,35], the possible mixing of states and the presence of several
continua complicate the prediction of DR cross sections and hence easily cause discrepancies
between theory and experiment.
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FIG. 17. Experimental and theoretical dielectronic recombination cross sections of Sit'*

ions with An = 1 and An = 2 transitions from the K-shell. Adopted from [40].

For comparison with the Ar'*t data displayed in Fig.13 and Fig.14, results from a corre-
sponding set of storage ring measurements [42] are shown in Fig.15 and Fig.16 for Cu?®*. Fig.15
makes the superior energy resolution of the storage ring experiment visible. For the intermedi-
ate configuration 1523£3¢' the measured and calculated DR resonances are shown. Quite a lot
of fine structure within this configuration is resolved and the results are in excellent agreement
with theory in this case. Due to very much reduced cross section sizes for the An = 1 DR
transitions compared to the An = 0 data displayed in Fig.11 (with differences of up to about
4 orders of magnitude between the strongest and the weakest resonance features in the Cu?t
DR spectrum) the series limit was not reached in that particular storage ring experiment. Nev-
ertheless, the available results displayed in Fig.16 also show a discrepancy with theory at the
higher n states as in the case of Ar'®*. Much of this discrepancy, however, may be due to the
limited statistical relevance of the features above E.,, = 1300eV.

c)An=1,1s -2/ and An=2,1s — 3¢

The DR resonances of Li-like ions occuring at the highest electron energies are associated with
inner-shell transitions. With Si''* jons for example, experimental data have been obtained for
both An =1 and An = 2 transitions from the K-shell [40,41]. Theoretical and experimental
cross sections are displayed in Fig.17. Now already for the low-n resonances (with configu-
rations 1s2s2¢n{') discrepancies are found between theory and experiment. Beyond the K —
L excitation threshold small features arising from K — M core transitions are visible. The
related resonant states play an important role in the net ionization of Li-like Si''* ions. The
stabilization of states with configurations 152s3¢n¢’ by photoemission (leading to DR) has a low

probability compared to single and double autoionization (the latter leading to net ionization).
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3.4. Beryllium-like Ions

Experimental results for DR of Be-like ions are presently available for C?* [48,49], N3+ [48],
0%t [48,49], F3* [48,49]. None of these experiments was carried out at a storage ring. Thus,
metastable ions in the parent beam could not be avoided. In fact, a statistical population of
the 252 1S ground state (25%) and the 2s2p3P metastable states (75%) had to be invoked in
the comparison of theory and experiment [49]. The data are restricted to An = 0 transitions
of one of the L-shell electrons of the parent ion core. The dominant DR channel from the
ground state leads to 2s2p (P)nf intermediate resonant states. For metastable 2s2p®P parent
ions the dominant DR channels lead to 2p? (3P)n{ states and, with much smaller probability,
to 2s2p (1P)n¢ states. The interpretation of the experiments is complicated by the fact that
lifetimes of the intermediate resonant states may be comparable to the flight times of the ions
between interaction region and charge state analyzer. :

An example for studies on Be-like ions is given in Fig.18. The experimental data for. F>+
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FIG. 18. Experimental (a) and theoretical (b and c) dielectronic recombination rates of

metastable (c) and ground-state (b) F°% ions with An = 0 transitions from the L-shell.
Adopted from [49].
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ions obtained at Aarhus [49] are compared with calculations for the different DR channels
starting from ground-state and metastable parent ions. The analysis gives a quite good overall
agreement of theory and experiment when reasonable assumptions are made for the relative
populations of different parent ion states.

3.5. Boron-like Ions

Experimental results for DR of B-like ions are presently available for C* [9], N** [50],
03+ [49,50], F** [49,50] and Ar'3* [39]. Again, the presence of metastable parent-ion beam
contaminations has to be considered in the single-pass merged-beams experiments. Moreover,
the many possible couplings of electrons in the intermediate resonant states with up to 4
open subshells complicates the interpretation of experimental results. While measurements for
ions in low charge states are restricted to single-pass experiments at various laboratories, the
Ar'®* data were recently taken with very high energy resolution at CRYRING [39]. Although
problems with metastable beam contaminations are suppressed in this experiment, the huge
amount of detailed structures in the DR spectrum has not yet been reproduced by theory.
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FIG. 19. Experimental (solid dots with error bars) [9] and theoretical (shaded and open

bars) [51] dielectronic recombination rates of Ct ions with An = 0 transitions from the
L-shell. Adopted from [9].
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FIG. 20. Experimental dielectronic recombination rates of F3t jons with An = 0 and
An = 1 transitions from the L-shell. Adopted from [52].

Discrepancies between theory and experiment have also been reported for DR of C*. The
experiment was assumed to have an electron-energy spread as low as about 0.04eV and under
this condition the measured data [9] exceed theoretical predictions [51) by more than a factor
three. The experimental data are displayed in Fig.19 together with theoretical predictions for
DR of 1s?2s*2p ?P ground-state parent ions. The theoretical cross sections are displayed in
0.01eV wide bins. The resonance strength contained in each of the bins is divided by the bin
width to provide an average cross section in that particular energy bin. The discrepancy of
theory and experiment cannot be rationalized by electric field mixing. However, the possible
presence of metastable states in the parent ion beam has not been considered in the calcula-
tions. The poor quality of the available experimental data on C* did not stimulate further
theoretical effort. ‘

3.6. Carbon-like Ions

Experimental results for DR of C-like ions are presently only available for F3* ions [52].
The data were taken at Aarhus in a single-pass merged-beams experiment. Structures in the
DR spectrum associated with all three terms ('S, 'D, and °P) of the 1522522p® ground-state
configuration have been observed. An = 0 and An =1 core excitations of an L-shell electron
were covered by the experimental energy range. The measurement is displayed in Fig.20.
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3.7. Fluorine-like Ions

Experimental results for DR of F-like ions are presently only available for Se?>* ions [53].
The data were taken at the storage ring in Heidelberg. DR resonances associated with An =0
and An = 1 core excitations of an L-shell electron were studied in an energy range from 0 to
about 2000 eV. Rich and well resolved spectra were obtained. The evaluation and analysis of
the experimental raw data has not yet been completed.

3.8. Sodium-like Ions

While the electron configurations and excitation spectra have become increasingly more
complicated in the previous sub-sections, the next “simple” ground-state configuration with
only one active electron is reached for the Na-like ions (with 1522s?2p°3s). As soon as resonant
electron-ion collision processes are considered, however, the apparent simplicity soon vanishes.
In DR involving an inner-shell excitation one generally produces electron configurations with
4 open subshells and hence, structure calculations are difficult. Moreover, tracing down all
possible decay paths of thousands of intermediate resonant states soon becomes a matter of
will-power.

Experimental results for DR of Na-like ions are available for P4t [54], $** [54], CI* [55,56],
Fe'** [55,56], and Se?®** [55,56] ions. Detailed cross section and rate data spanning wide energy
ranges from 0eV to the L-shell ionization thresholds of the different ions were taken at the
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FIG. 21. Experimental and theoretical dielectronic recombination rates of Fe'®t jons with
An =0 and An = 1 transitions from the M-shell. Adopted from [55].
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storage ring in Heidelberg. The DR measurements comprise
An = 0 transitions from the M shell

e + (15°25%2p°3s) — (15?2522p°3¢nt’) (n = ng, ..., 00),
An = 1 transitions from the M shell

e+ (1s22s22p°3s) — (1s%25%2p%44nt')  (n =ny,...,0),
An =1 transitions from the L shell

e + (1s22522p°3s) — (15%25°2p°3s30nl’) (n=3,...,00),
An = 2 transitions from the L shell

e + (15225%2p°3s) — (15%25%2p°3s4fnf)  (n =4,...,00).

(41)

(42)

The lowest possible Rydberg quantum numbers for the intermediate doubly excited states are
determined by conditions similar to those given in the context of Eq.(29). The number
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of electron core transitions possible in the investigated energy range indicates a considerable
complexity of the expected DR spectra. Most of the experiments were carried out with the very
low electron-beam temperatures provided by the magnetic-expansion technique. The resulting
superb energy resolution is made visible by the rate measurement of Fe!>* DR [55] in the energy
range 0 to 40 eV displayed in Fig.21. This energy range covers Rydberg sequences 3p,/, nf and
3ps/2 nd. At about 21eV a strong resonance feature due to 3d 7¢ states is visible. Slightly above
31eV even a An = 1 core transition from 3s to intermediate 4£4¢' states produces a noticeable
contribution to the total DR rate. Fig.21 includes theoretical calculations (dotted line). Apart
from discrepancies at the series limits theory and experiment are in excellent agreement. For
the present comparison field-ionization effects have been taken into account. The motional
electric fields in the present experiment give n,q, = 86.

As an example for experimental results obtained with Na-like ions for DR associated with
An = 1 transitions from the L shell, Fig.22 shows measured recombination rates for Fe!** jons
in the energy range from about 200 to 1000 eV [55]. Intermediate resonant states are indicated
in the figure. Small resonance features due to An = 2 transitions from the L shell are visible at
energies beyond 850 eV. Also shown in Fig.22 is a calculation of DR rates which was convoluted
with the experimental resolution function. For the complex intermediate states involved here
the agreement between experiment and theory is not satisfying. Particularly for the higher
members of the observed Rydberg sequences, discrepancies by more than a factor two remain
to be explained. —

3.9. Highly charged ions with complex electron configurations

Because of the difficulties to understand DR (and other recombination processes) for ions
with very complex electronic structure the available experimental data for DR phenomena
observed in merged-beams experiments are mostly restricted to few-electron (or “quasi-few-
electron” ions such as ions from the sodium isoelectronic sequence). As it happened, in a test
experiment at the electron-target facility of GSI, recombination of U%* ions was measured
[57,58]. A surprisingly huge recombination rate at zero center-of-mass energy was found (see
Fig.23) and this puzzling observation led to a repetition of the earlier experiment now covering
an extended energy range (from 0 to several hundred eV). In this energy range a huge amount
of very strong DR resonances was found. An example is shown in Fig.24 for the energy range
110 to 230 eV [59,60]. There is the possibility that DR has some influence on the recombination
rate at zero energy although the analysis of the data obtained for U+ does not immediately
provide evidence for the presence of a fortuitous occurance of a DR resonance at E, = 0. The
solution of this puzzle may be of great importance for the future of accelerator projects making
use of the electron-beam cooling of highly-charged many-electron ion beams. A beam of U%+
1ons in a storage ring would be rapidly destroyed by recombination of the ions with electrons
from the cooler. The observation of unexpected short lifetimes of Pb*3* ions in the LEAR ring
at CERN recently amplified this concern. Because of the applied importance of recombination
losses during ion beam cooling, DR of highly charged many-electron ions will be an object of
further experimental research.
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4. IONIZATION AND DETACHMENT

Research in the field of electron-impact ionization of positive atomic ions and detachment
of negative atomic ions in collisions with electrons has not been studied in single-pass merged-
beams experiments. Only recently have storage rings been used to investigate these processes
with techniques similar to those employed for the measurement of cross sections and rates for
DR. In this chapter, data which have been obtained for ionization and detachment in electron-
ion collisions are presented and discussed. The subchapters deal with different groups of ions
which can be characterized by membership to isoelectronic sequences.

4.1. Detachment of D~ Ions

At ASTRID the detachment of D~ ions by electron impact was studied [61] in a center-
of-mass energy range from 0 to 20eV. Cross sections for H™ ions have been available from
inclined-beams experiments already for two and a half decades [62]. Motivations for the new
measurements were (a) the possible access to very low collision energies in a merged-beams
arrangement and (b) the possibility to study resonance features in the detachment cross section
with high energy resolution. Very low energies were not accessible in the previous experiments.
The detachment threshold law for H™ (or D7) is of particular interest since the 3 outgoing
particles are two electrons and one neutral atom. This is very different from the situation des-
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FIG. 25. Experimental and theoretical electron-detachment cross sections of D™ ions.
Adopted from [61].
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cribed by the Wannier threshold law [63] where the heavy outgoing particle is a positive ion
instead of an atom. The differences in the correlated movement of the slow electrons in the two
cases result in different threshold behaviour of the detachment cross section. With a measure-
ment of this cross section at low energies, new insight into the Coulomb three-body problem
could be expected. The previous inclined-beams experiment [62] had given very convincing
evidence for the presence of strong H™~ resonances at around 15eV. The observation of these
resonances with high energy resolution and good statistics at a storage ring was an interesting
challenge. The new storage-ring measurements [61] are shown in Fig.25. The cross sections are
slightly smaller than in the old experiment but, more important, there is no sign of the reso-
nances so clearly seen previously . Meanwhile theory has confirmed that no signal from those
resonances could be expected. Transition rates involved in the process are much too small to
cause a detectable formation of H™~ resonances. Thus the previous measurement was falsified
by the new storage-ring merged-beams experiment.

4.2. Tonization of Lithium-like Ions

Previous crossed-beams experiments studying electron-impact ionization of Li-like ions [19]
were restricted to charge states below ¢ = 7. Within this restricted range very detailed cross
section measurements are available [66,67] for all ions except Bet [64] and Ne™* [65]. The data
clearly show the presence of indirect ionization mechanisms as described by Egs.(6)-(9). The
observed resonances are associated with K — L and K — M excitations. The intermediate
resonant states decay by photon or electron emission. Emission of two electrons leads to
net single ionization of the parent ion. With increasing ion charge state the probability for
photoemission is expected to go up and hence, the role of indirect processes in the ionization
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of highly charged Li-like ions is not clear. Therefore, experiments with more highly charged
members of the lithium isoelectronic sequence have been initiated. Results are now available
for Si'!* and CI'* ions [40,41]. Results for Si''* are displayed in Fig.26 in the energy range
from about 1600eV to roughly 2200eV. This range covers the onset of K-shell excitations,
i.e. the production of autoionizing intermediate states whose decay leads to the final charge
state ¢ = 12. As in the previous crossed-beams measurements the 1s%3¢nf' resonance series
produces substantial contributions to the cross section for indirect ionization. Similar results
were obtained for C1'%* ions. The cross sections for direct and indirect ionization of Li-like ions
decrease with increasing charge state. The ratio of indirect to direct cross section contributions
appears to level off, however, at atomic numbers beyond Z = 10. More data will be needed be-
fore a conclusive answer about the relative importance of EA and REDA processes (see section
2.1.) can be given for very highly charged ions.

4.3. Ionization of Sodium-like Ions
Merged-beams cross section data for electron-impact ionization of highly charged Na-like

ions are available for C1* [55,56], Fel®* [20,55,56], and for Se?** [55,56] ions. All these mea-
surements were carried out at the storage ring in Heidelberg.
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FIG. 27. Experimental electron-impact ionization cross sections of Fe'®t jons. The open
circles are from crossed-beams measurements [69], the dots with statistical error bars are
from a storage-ring experiment [20]. The dashed line is a semi-empirical description of
direct ionization based on the Lotz formula [73]. Adopted from [20].
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Strong indirect contributions to ionization of sodium-like Fe!**, with REDA even domi-
nating the ionization cross section at certain energies, had been estimated 15 years ago by
LaGattuta and Hahn [68]. It was quite a step in the development of experimental techniques
that led to the first measurement of electron-impact ionization of Fe!°* ions by Gregory et al.
[69] 6 years after the first theoretical predictions of resonant contributions to electron-impact
ionization of ions. Intensity problems, however, did not permit to see unambiguous evidence for
the REDA mechanism. Subsequent to the experiments several new attempts were undertaken
to calculate the ionization cross section of Fe!®*. Chen et al. carried out a multi-configuration
distorted wave calculation for ionization of Fe!** including a comprehensive treatment of REDA
[70], and with their detailed result a new challenge was set to further experimental efforts.

Although the REDA mechanism was subsequently demonstrated in experiments with ions in
low charge states [19], and although the conventional crossed-beams approach was successfully
used also in precision experiments with Na-like Mg* [71], the presence of increasingly huge
backgrounds in the ionization signal channel made it impossible to study more highly charged
members of the sodium isoelectronic sequence by the same experimental techniques. The
origin of these backgrounds was traced back [72] to ion-beam contaminations by metastable
autoionizing Na-like ions with 2p°3s3p configurations which can survive the us flight to the
collision region. Little hope was therefore left to ever resolve the Fe'®* issue by the conventional
crossed-beams techniques.
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With the advent of heavy ion storage rings, however, an entirely new approach to the
problem has become feasible. The two main drawbacks of previous measurements with mul-
tiply charged sodium-like ions —the low signal rate and the high background due to decaying
metastable ions— can be circumvented by using a storage ring equipped with an electron cooler.
Thus, even within short storage times of the order of only 1 s before the measurement, prac-
tically all metastable ions in the injected beam decay, which avoids the background problems
inherent in the previous small-scale colliding-beams experiments. Furthermore, signal rates are
substantially enhanced as compared to conventional experiments. Therefore, the Heidelberg
storage ring TSR was used to measure electron-impact ionization of Na-like ions and particularly
also of Fe'®* ions. For the latter, an energy range between 450 and 1030 eV was investigated.
This range covers the ground-state ionization threshold and the energies corresponding to the
most important EA and REDA cross section contributions.

The experimental results [20] are shown in Fig.27 by the solid dots. Within total error
bars (+20 %) the new results and the previous data of Gregory et al. (open circles) [69] are
in agreement. Relative uncertainties of the storage ring measurements are about a factor 40
lower than those of the previous work and the density of the data points clearly reveals the
rich structure caused by EA steps and REDA peaks in the cross section function. Between
the threshold of direct outer shell ionization at 489 eV and the onset of EA processes at about
710 eV the ionization cross section follows the Lotz formula [73], which can describe only the
direct process. Above 710 eV the indirect ionization mechanisms begin to contribute and soon
dominate the ionization cross section of Fe!** ions.

The present data allow for the first time a detailed comparison of theory with experiment
for ionization of a highly charged Na-like ion. Fig.28 shows the experimental data in the energy
range 680 to 1030eV in comparison with two detailed calculations. Although the theoretical
results are in good agreement with the overall magnitude of the experimental cross section,
they disagree with each other and with the experiment with respect to the fine details of the
lonization spectrum.

5. SUMMARY AND PERSPECTIVES .

Ionization and recombination of ions has been studied in experiments making use of merged-
beams accelerator facilities. In particular, the availability of several new heavy ion storage rings
which are at least partially devoted to atomic physics has greatly enhanced the possibilities
to study electron interactions with highly charged ions. DR has recently been measured with
unprecedented energy resolution and the first ever use of a storage ring for electron-impact
ionization of ions provided new experimental precision data. The related research program will
be continued with ions up to the highest possible atomic numbers and ion charge states.

The DR measurements are promising for a precision spectroscopy of intermediate excited
states formed by the dielectronic capture process. In particular, DR studies of very highly
charged few-electron ions with highest energy resolution may lead to the development of a
competitive spectroscopic tool to study quantum electrodynamic effects on the 2s - 2p transi-
tion energies in high-Z lithium-like ions and even Lamb-shifts in hydrogen-like ions up to U%!*.
Electron targets additional to the electron cooler are envisaged for such purposes.
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MULTIPLE IONIZATION OF ATOMS AND POSITIVE IONS
BY ELECTRON IMPACT

V.P. SHEVELKO* and H. TAWARA
National Institute for Fusion Science, Nagoya 464-01, Japan

Abstract

Semiempirical formulae for multiple-ionization (MI) cross sections o, of atoms and ions
by electron impact for ejection three or more electrons n 2> 3 have been deduced on the basis of
available experimental data and the assumption of the Born-Bethe dependence of o, on the incident
electron energy E. A comparison of the semiempirical formulae suggested with experimental data
for atoms and positive ions shows that the formulae can be used for estimation of MI cross
sections ©,,n > 3, from ionization threshold up to high electron-impact energies E =~ 10° eV for an
arbitrary atomic or ionic target.

A double-peak srtucture of the triple-ionization cross section in neutral Ar has been also
discussed.

1. INTRODUCTION

The problem of the multiple ionization (MI) arising in electron-atom and ion-atom
collisions is of great interest both for our understanding of many-electron processes, e.g., multi-
electron transitions, electron correlation effects [1,2] and for different physical applications [3,4]
such as plasma kinetics problems, charge-state evaluation of atoms exposed to an electron beam,
a contribution of Auger and shake-off processes and others .

In the case of MI of atoms and positive ions by electron impact the available experimental
data on the cross sections o, are often not consistent and complete, and sometimes large
discrepancies exist among the data, in particular for large numbers of the ejected electrons n (see a
compilation [5]). The quantum mechanical calculations of MI cross sections even for n > 2 are
still unknown, therefore analytical semiempirical formulae constitute a special interest. A
semiempirical formalism to predict double- and triple-ionization cross sections in the vicinity of
ionization threshold of some specific atomic targets is applied in [6]. Scaling laws of multiple-
ionization cross sections and semiempirical formulae for o, have been recently discussed in [7].

* On attachment from: P.N.Lebedev Physics Institute, Russian Academy of Sciences, 117924 Moscow, Russia
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Our aim 1n this work is to investigate the multiple-ionization process in electron-atom and
electron-ion collisions

e+ A" > e+ AT fne, n>1

and to obtain semiempirical formulae for MI cross sections to describe their behavior on the average
in a wide range of the incident electron energy.

2. BASIC FORMULAE

The measured threshold energy Ey, for MI cross section o, coincides to within 20% with
the minimal ionization energy I, required to remove » outmost target electrons ( see, e.g., [7-9]):

n-1
Eth=ln= zli,iﬂa
(1)
where I;;+; is the one-electron ionization energy from the charge i to i+/. The values for I, can be
estimated from the tables [10,11]. For example, the minimal energy Is required to ionize six
electrons in Kr atom is: I = I(Kr) + [(Kr") + [(Kr'") + [(Kr*") + I(Kr*) + (K = 14.0 eV + 27.89
eV+41.78eV +5567eV+7031eV+8452eV=29417¢V.
Each target atom or ion is characterized by its own set of the minimal ionization energies I,
so it is natural to choose I, as a scaling parameter for the incident electron energy E similar to the
case of a single ionization:

u=F/I -1
| @
Our analysis of the experimental data available on MI cross sections o, for atoms and ions
by electron impact has shown [12-14] that the majority of the cross sections has a similar electron-
impact energy dependence for all targets and all cases with » >3 and is described by a
universal Born- Bethe type formula :

o, =(T(/:’(;1R%))2—F(u)[10_mcm2], n>3,
(3)
Flu) = ( u )c In(u +1)
u+l u+l
4)

where 1Ry = 13.6 eV, the constant ¢ = 1 for neutral targets (z=0)and c¢= 0.75 for positive ions
(z 2 1) . Unfortunately, the energy dependence of double-ionization cross sections (n = 2) can not be
- properly described by Egs. (3,4) and will be considered separately.

We note that in [7] the shape of the MI cross sections instead of (4) is described by another
semiempirical formula (see also Section 3):
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Inu+1)
(u+D"

(D(u)= 4 (1__ 26—0.7(u+l))

(d4a)
The analysis of the available experimental data with a fixed number of the ejected
electrons n and different numbers of the target electrons N has also shown that the constant C(n, N)
in Eq.(3) can be written in the form:
C(n,N) =a(n) N*™,

(5)
where a and b are the fitting parameters. They were obtained by fitting Egs.(3-5) to the
experimental data on G, at low as well as at high incident electron energies. As the references of
experimental data for electron-atom collisions we used the results of [15-19] and for electron-ion
ones the data in [20-27], respectively. Most of the MI cross sections for electron-ion collisions have
been measured using the crossed beam technique.

Finally, the expression for MI cross section in electron-atom and electron-ion collisions
can be written in the form:

_a(mN""( u )c"‘(““) 0™ ], u=E/l -1 n23

T TR \url)  utl

(6)
where u is the scaled incident electron energy (2) and the constant ¢ is given in Eq. (4). Fortunately,
it is possible to describe MI cross sections of atoms and ions by a single - set of the fitting
parameters a(n) and b(n). For ejection of 3 < n <10 electrons the values for a(n) and b(n) are

listed in Table I; for n > 10 one can use the asymptotic values:

a(n)~1350/n*",  b(n) = 200, n>10
‘ (7

We note that the parameters a(n) and b(n) given in Table I are the smooth functions of n.

Table L. Fitting parameters a(n) and b(n) in Eq.(6) for MI cross sections o, as a function
of the number of the ejected electrons n, 3 < n< 10

n a(n) b(n)
3 6.30 1.20
4 050 | 173
5 0.14 1.85
6 | 0049 | 196
7 | 0021 | 200
8 | 0009 | 200
9 | 00049 | 2.00
10 | 00027 | 2.00
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3. COMPARISON WITH EXPERIMENTAL DATA

A comparison of the MI cross sections described by the semiempirical formula (6) with
experimental data available for neutral atomic targets from Ne up to U and ejection up to 13
electrons and with those for positive ions are given in Figs. 1- 4. The figures are presented in the
order of increasing of the target nuclear charge. The minimal ionization potentials I, calculated from
[10,11] for some atomic and ionic targets are given in Tables I and I1I.

Figs. 1-2 show typical MI cross sections of neutral atoms by electron impact. In the case of
triple-ionization cross section of Ne atoms (Fig.1a), the discrepancy among different experimental
data is estimated to be a factor of 2 although the energy dependence seems to be the same. Similar
discrepancy is observed between the present result and experiments. The dashed curve in Fig. 1a
represents the result of semiempirical formalism [6]. The present calculations of 6, and o5 have
also shown the large discrepancies from experiment. For instance, in the case n = 5 the present
semiempirical formula Eq. (6 ) gives results which overestimate experimental data [28] more than
one order of magnitude. In general, the agreement for the Ne target is the "worse" one as
compared to the other targets.

Fig. 1b shows the triple- and quadruple-ionization cross sections of Mg The agreement of
the semiempirical formula (6) with experiment is quite good, except for a region of maximum of
o, where the discrepancy is estimated to be within a factor of 2.

MI cross sections (n = 3, 4 and 5) of Ar atoms are shown in Fig. 1c. It is noted that we have
chosen these experimental data as the reference to obtain the constant C(n,N) in Eq.(6). The
experimental triple-ionization cross section shows a double-peak structure which is later discussed
in Section 4.

Experimental triple-, quadruple- and quintuple-ionization cross sections of Fe and Cu
(Figs. 1d and 1e) have been also chosen as the reference. These cases is an example of non rare gas
targets.

Triple-ionization cross sections of Ga are shown in Fig.1f where our results are compared
with experimental data and semiempirical formalism by Deutsch et al. [6].

Fig. 2a represents MI cross sections of Kr atoms. The open circles are the experimental data
[26] for n = 6, 7 and 8. The crosses represent the experimental data [33]forn= 6 - 9. All
experimental data are quite consistent with each other as well as with our prediction. Fig. 2a shows
also a comparison of MI cross sections (n=6-8) with semiempirical formulae recently proposed in
[7] (see also Eq. (4a)). In the incident electron energy range E < 1000 eV there is a quite good
agreemnent with the present results, but, in general, we think that our formula (6) is more easy to be
used for estimation because it gives a systematic dependence of the proportional coefficient C(n, N)
on the atomic parameters in the closed analytical form (Eq.(5) and Table 1) and therefore can be
applied for an arbitrary atomic target.

Triple ionization of In is shown in Fig. 2b; the situation is similar to ionization of Ga atoms
(Fig. 1f). Multiple-ionization cross sections of Xe atoms are given in Figs. 2c-2e. The observed data
are quite consistent among differenet experiments. The behavior of the cross sections in the region

-of maximum is clearly related with autoionization processes which can not be described by the
semiempirical formula (6). It is quite surprising that our prediction is in agreement with
experimental data [33] in such many-electron ionization processes as with ejection n =11 and 13
electrons.
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Quadruple-ionization cross sections of the heaviest metallic target U for which experimental
data exist are given in Fig. 2f. The semiempirical formula (6) gives quite a good description of o4
in this case as well.

Table II. The number of the target electrons N and the minimal ionization energies L, eV, for
neutral atoms

Atom N I I Is I I Ig I Lo I P I3
Ne 10 126 223 349 513 734 986 2109 3405
Mg 12 103 212 353 539 788 1066 1423 1819 3490 5370
Ar 18 843 144 219 310 450 602 996 1465 2006 2620 3309
Fe 26 56.2 114 197 305 438 596 836 1107 1410 1745 2117
Cu 29 773 153 256 386 543 728 940 1179 1446 1818 2226
Ga 31 56.7 118 214 344 508 707 942 1208 1510 1847 2218
Ge 32 58.6 105 192 317 479 678 916 1190 1504 1853 2242
Se 34 66.3 112 183 269 416 607 841 1119 1440 1805 2214
Kr 36 83.7 139 209 294 410 542 763 1030 1348 1715 1231
Ag 47 70.1 131 211 310 429 568 728 206 1105 1383 1686
In 49 51.9 106 184 284 408 555 725 919 1137 1378 1643
Sn . 50 53.1 948 169 267 392 540 713 911 1135 1384 1658
Sb 51 52.8 98:0 155 250 372 520 695 896 1123 1378 1660
Te 52 58.1 98.4 160 233 353 500 675 878 1109 1365 1653
Xe 54 70.8 117 177 249 347 459 630 832 1064 1328 1656
Pb 82 55.3 989 166 254 363 492 642 813 1008 1224 1462
Bi 83 513 974 156 241 350 480 631 804 1000 1219 1462
U 92 35.7 66.6 116 185 275 380 -~ 500 633 798 979 1202

Table III. The number of the target electrons N and the minimal ionization energies I, eV,
for positive ions

Art 17 128 203 | Mo" 41 87 145
AP | 16 176 267 | Mo* | 40 130 | 202
Fe* | 25 106 189 | Mo®™ | 39 173 | 297
Fe¥* | 24 173 281 | Mo* | 38 253 | 400
Fe** | 23 248 381 | Xe' 53 105 165
Fe*" | 22 324 482 | Xe* | 52 141 213
Fe** | 21 400 640 | Xe* 51 178 | 276
Nit | 27 117 209 | Xe® | 48 381 583
NiZ* | 26 192 312 | Cs* 54 106 | 167
Nit | 25 276 424 | La** 55 130 | 208
Ni*t | 24 360 536 | W' 73 80 133
Kr' | 35 125 196 | wW* 72 118 185
K> | 34 168 252 | wW* 71 160 | 280
Rb™ | 36 127 200 | WY | 70 240 | 381
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A similar relation between experiment and the semiempirical formula (6) is observed in the
case of multiple-ionization of ions by electron impact (Figs. 3-4). We underline once more that in
both cases considered (neutral atoms and positive ions) the same set of the fitting parameters a(n)
and b(n) is used to estimate MI cross sections with a slightly different parameter c in Eq. (6).

It is interesting to note that one can estimate the maximum values of o,. According to Eq.(6)
the cross section 6, reaches its maximum at u," ~ 3.2, namely atE;™ =421, i.e.

2
o™ ~027a(n) N”(")(-Ilel) [107%cm?]

8)

Eq.(8) gives quite a good estimate for the cross section maximum o,"" and the

corresponding electron energy E,;™". As an example, a comparison of the estimate (8) for the

maximum values of triple- and quadruple-ionization cross sections and corresponding incident

electron energies with experimental data for neutral targets are given in Table IV; one can see quite
a good agreement for elements from Mg to U.

Table IV. Maximum values of triple- and quadruple-ionization cross sections o,, cm?, and
the corresponding incident electron energies E,™, eV, Eq. (8) in comparison with
experimental data for neutral targets

Exp. Exp. Eq. (8) Eq.(8) Exp. Exp. Eq. (8) Eq.(8)

ATOM G3max E3m 0-3“‘“ Egmx fe} 4“‘“ E4m fe} 4‘“”‘ E4max

Mg 1.0x1078 430 5.85x10™° 433 5.0x10% 650 4.00x10% 890
Ar 9.12x10™"? 570 1.42x10"% 354 1.93x107"° 1150 1.79x10°" 605
Fe 43x10™® 130 4.97x10"® 236 8.0x10™" 450 5.39x10™"° 479
Cu 3.04x10"® 350 2.99x10°® 325 5.3x10" 770 3.61x10™" 643

Ga 6.8x10°'® 195 .| 6.03x10"® 238 6.82x10" 496
Ge 3.5x10™® 185 5.86x107® 246 7.29x10°" 441
Se 5.1x10"® 195 | 4.93x10"% | 278 8.88x10™" 470
Kr 4.9x10':z 400 3.3lx10': 352 1.5x10® 500 6.36x10‘i: 584
Ag 9.4x10" 180 6.50x10° 294 1.14x10° 584
In 9.6x10'® 130 1.25x10"7 218 1.87x10"2 550
Sn 1.7x10™"7 165 1.22x10™"7 223 241x10"8 445
Sb 2.2x10™7 150 1.26x10™"7 222 , 2.34x10® 398
Te 2.1x10™7 150 1.07x10"7 244 2.40x10® 412
Xe 2.0x10™"7 140 7.53x10™® 297 5.0x10"% 225 1.81x10™ 491
Pb 2.1x10™"7 185 2.04x10"7 232 5.22x10'% 413
Bi 2.7x10"7 170 2.40x10"7 215 5.30x10"® 409
U 8.0x10™"7 180 5.60x10"7 150 ' 1.41x10"7 280

In general, a comparison of the cross sections described by the semiempirical formula
(6) with experimental data available for neutral atomic targets from Ne upto U and ejection up
to 13 electrons and with those for positive ions from Ar' up to W with ejection up to four
electrons has shown that in the most cases considered the accuracy of the present formula is within
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a factor of 2 or even better. Two cases are exceptional: quintuple ionization of Ne atoms and triple
jonization of La®* ions where the discrepancy between the semiempirical formula (6) and
experimental data (Refs. [28] and [37], respectively) is more than one order of magnitude. To
make more general conclusion about cross section behavior it is necessary to perform further
experimental investigations with better accuracies.

4. DIRECT MULTIPLE IONIZATION OF Ar ATOMS BY ELECTRON IMPACT

For relatively light atoms some experimental MI cross sections have a multiple peak
structure. For example, the first peak of o3 in Ar atoms is: 6;™' ~ 7x10™"° cm?at E ~ 200 eV, and
the second one 6, ~ 9x10™° cm” at E~ 600 eV [16] (Fig. 1c).

The physical explanation of a few maximum structure in MI cross sections is given in [20]
where o, have been measured for collisions of electrons with Ar™ ions (q=1,2and 3; n= 2, 3
and 4). In the case of triple ionization of Ar' ions the authors of [20] assumed that two-maxima
structure of o3 is connected with two different processes. At relatively low electron-impact
energies E < 250 eV, the direct ionization of three outer 3p-electrons dominates and leads to the
first maximum of the total cross section. The second (high energy) peak is caused by the single
inner 2s- and 2p-ionization (L shell) followed by Auger decay processes. The contribution of the
inner-electron ionization to the total double- and triple-ionization cross sections was considered in
various papers (see, €.g., [39]).

Let us estimate the direct triple ionization cross section of neutral Ar by electron impact.
Following [20] the triple-ionization cross section o3 in Ar can be presented in the form:

03 = G;ﬁr + a2.so.2: + aZpO.Zp’

, : )
where o, is the direct ionization cross section of three outer 3p-electrons. Coefficients a,, and ayp
correspond to the rates of Auger and Coster-Kronig transitions contributing to the triple
ionization; here we use the same values as in [20]: a5, = 0.84 and a;, = 0.26.

In this work, one-electron inner-shell ionization cross sections oy and 5, for Ar atom have
been calculated in the normalized Born approximation by the ATOM code described in [40]; the
values of cross sections are turned to be in a good agreement with those calculated in a modified
plane-wave Born approximation [39] and available experimental data for 2p-electron ionization [41].

Thus, the direct cross section o3 for Ar was obtained from (9) by subtraction of the sum
025 + 5,02, from the experimental triple ionization cross section o3[16]. The result is shown
in Fig. 5 together with other related cross sections. At electron-impact energies E < 250 eV only the
direct triple ionization of three.outer 3p-electrons contributes to the processes because the channels
for single ionization of the inner 2p- and 2s-electrons are closed (the binding energies I, = 250 eV,
I, = 320 eV). Therefore, the first maximum in o; at E = 200 eV corresponds to the direct ionization
of three outer electrons. At higher energies E > 250 eV, ionization of the L-shell electrons is
possible producing inner-shell vacancies, i.e., Ar ions in autoionizing states. The corresponding
Auger decays of these states yield the second maximum of the total cross section o;. From this point
of view it is clear why experimental multiple-ionization cross sections of heavy atoms by electron
impact [17-19] show no distinguished structure: many closely-lying subshell vacancies of the target
are involved in MI processes as was clearly indicated in [18].
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The analysis of the cross section 6;°" obtained this way shows that in the energy range
E~10°-10*eV (u=x 10 - 10% the cross section 6,*" falls of approximately as

. (10)
i.e. decsreases more rapidly than the total triple-ionization cross section ¢; ~ (Inu)/u.

It is interesting to note that expenmental double-ionization cross section o, in He [42]
shows an asymptotic behaviour similar to 5;%" in Ar’* production. So it was possible to describe 5,2

for Ar and o, in He by a single analytical formula:

— _R-)z 1(”)2 Tt )
_C{I,,) u+p\u+1 (10~ em’],
(11)

where C and ¢ are the fitting parameters. For 6, in He and ‘o™ in Ar the following values for C
and @ were obtained, respectively:

He; C=222, ¢=087, L, =79¢V,
(12)

(13)

Ar. C=891, ¢=0.18, ;=84eV
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Table V. Double-ionization cross sections of He , 10" cmz, vs incident electron energy E, eV

E, eV Exp. [42] Egs. (11, 12)
90.2 0.063 £0.012 0.098
100 0.172 £0.025 0.26
110 0.302 +0.015 0.41
120 0.439 +0.031 0.55
150 0.806 +0.036 0.83
205 1.16 £0.05 1.01
280 1.35 +0.06 0.92
375 1.33 +0.04 0.89
500 1.16 +0.05 0.75
750 0.836 +0.025 0.56
1000 0.597 £0.015 0.45
2010 0.313+0.017 0.24
3000 0.187 +0.006 0.16
4000 0.142 +£0.003 0.13
5300 0.102 £0.006 0.095
7000 0.073 +£0.002 0.073
9000 0.059 £0.003 0.068
10000 0.051 +0.003 0.051

Table VI, Direct triple-ionization cross sections of Ar, 10 cm? ,vs incident electron energy
E, eV, below the ionization thresholds of the inner 2p- and 2s-electrons (I, = 250 eV, I, =320

ev)

E,eV Exp. [16] Egs. (11, 13)
90.2 - 0.40
103 1.2840.5 1.87
108 2.00 £1.20 2.43
120 3.76 £1.31 3.41
130 4.77+0.95 3.96
140 6.48 £1.1 4.36
150 6.05 £0.91 4.64
160 6.41 £0.96 482
170 7.23 £1.16 493
180 6.95 £0.76 498
190 6.58 £1.12 5.01
200 7.11 £1.07 5.00
220 6.62 +0.80 493
250 6.84 £0.96 475
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The maximum error of the fitting by Egs. (11-13) is estimated to be about 30% (Tables V
and VI). It is worth noting here that the experimental double-ionization cross section in He (as well
as the direct ionization cross section of three outer electrons in Ar) decreases more rapidly than the
Bethe asymptotic (Inu)/u that is probably related with the fact that in both cases the correlation
effects between the ionizing target electrons play an important role and close encounter collisions
mainly contribute to the simultaneous ionization of two in He (or three in Ar case) electrons.
However, this question would require future consideration.

5. CONCLUSION

It has been found semiempirically that the MI cross section o, is given as a function of the
three atomic parameters: the minimal ionization energy I, , the total number of the target electrons N
and the number of the ejected electrons n. For large n » 1, one has the following asymptotic
behavior of the MI cross sections:

N2
g, < ﬁ’
where F(u) is the universal function Eq. (4) for all cases with n >3.

Of course, the present semiempirical formula (6) based on the Born-Bethe approximation is
unable to describe properly the energy dependence below the cross section maximum where the
indirect processes are known to play a significant role. However, the formula suggested is very
simple and can be used for estimation of multiple-ionization cross sections for an arbitrary
atomic or ionic target in a wide range of the incident electron energy.

In this work it was also possible to estimate the direct triple-ionization cross section of Ar and
to describe it by the analytical formula with two fitting parameters. The double-peak structure of o;
was explained to be due to the direct ionization of three outer electrons at low energies (E < 250 eV)
and Auger processes caused by single ionization of the L-shell electrons.
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Abstract

A progress report is made on efforts to calculate LS term and LSJ level
resolved electron-impact ionization cross sections and rate coefficients for all
the major impurity ions. This effort will extend the existing electron ion-
ization data base found in the suite of computer codes for atomic data and

analysis stucture (ADAS) developed at JET.

I. INTRODUCTION

The atomic data and analysis structure (ADAS) is an interconnected set of computer
codes and data collections developed at JET for modelling the radiating properties of ions
and atoms in plasmas and for assisting in the analysis and interpretation of spectral measure-
ments [1]. An international consortium has been formed recently to distribute the entire set
* of codes, in a user friendly unix workstation format, to selected laboratory and astrophysical
plasma research facilities. A key component of ADAS is its extehsive atomic database. The

fundamental part of the database includes electron-ion excitation, idnization, and recombi-
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nation cross sections and rate coefficients, as well as atom-ion charge exchange recombination
cross sections and rates. The database has a tiered structure, the lowest level inhabited by
general semi-empirical formulae which provide at least some estimate of a scattering cross
section or rate coefficient for any atomic ion, progressing through to the highest levels which
contain the current best theoretical calculations and experimental measurements on selected
atomic ions. Not infrequently, the validity of a given plasma spectral diagnostic will depend
directly on the accuracy of the underlying atomic data.

In this paper we report on our efforts to calculate electron-impact ionization cross sections
within the distorted-wave approximation for all the major impurity ions. The semi-empirical
expression due to Burgess and Chidichimo [2] forms the current baseline for the ADAS
atomic database, supplemented by cross sections for a small number of ions from either
distorted-wave theory or experiment. For maximum predictive power over a variety of
plasma conditions, the collisional-radiative modelling codes found in the ADAS package
require LS term and LSJ level resolved ionization cross sections and rates coefficients. Since
most experimental measurements count charge-changing events and thus sum over all final
states of the ion, the distorted-wave codes developed in support of those experimenfs have
had to be extensively modified to generate final state resolved ionization cross sections in
the ADAS format. What remains of this paper is partitioned as follows: in Sec. II we review
distorted-wave theory as applied to electron-impact ionization of atomic ions, in Sec. III we
present results for O3 in the ADAS format, while in Sec. IV we summarize our plans for

the completion of the project.

II. THEORY

Major contributions to the electron-impact single-ionization cross section are made by

the following two processes:
e” + AT o AVt Loy e (1)

and
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e” + AT 5 (AT +em 5 ATDY L7 pem (2)
where A represents an arbitrary ion with charge q. The first process is direct ionization

while the second is excitation-autoionization. The total ionization cross section is given by:

Otot = 3 Tion(i = f) + DD Oeze(i = §)Bauto(d = f) , (3)
/ A

where 0;,,(i = f) is the direct ionization cross section from an initial LS term or LSJ level ¢
of the N-electron ion to a final term or level f of the (N-1)-electron ion, and o...(i — j) is the
inner-shell excitation cross section from an initial term or level 7 to a particular autoionizing

term or level j. The branching ratio for autoionization from a term or level j is given by:

o Aulj = f)
Bauo(j = f) = SmAdf o m)+ T A (G o)

(4)

where A,(j — m) is the autoionizing rate from a term or level j to a final term or level m,
and A,(j — n) is the radiative rate from a term or level j to a final bound term or level n.

A theoretical calculation of the total electron-impact ionization cross seétibn for an arbi-
trary ion divides into three parts. The first part is a collisional ionization calculation for oien,
the second part is a collisional excitation calculation for o¢.., and the third part is an atomic
structure calculation for Bgy,. We note that rate coefficients for an atomic database may
be separately catalogued for o;,, and e, and then put together for applications. Future
updates to the database are also easier due to the natural three part division.

The direct ionization cross sections are first calculated in a configuration average
distorted-wave approximation, which is described in detail in the proceedings of a NATO
“advanced study institute [3]. The configuration average cross sections are resolved as to ini-
tial and final LS terms or LSJ levels by purely algebraic transformations [4]. Experimental
threshold energies are then incorporated using a simple energy scaling of the resolved cross
sections.

The inner-shell excitation cross sections may be calculated in a configuration average
distorted-wave approximation. Although there is no pure algebraic transformation, the

configuration-average cross section may be statistically partitioned over all terms or levels
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of the final excited ion. For Fe®* only 10 inner-shell configuration-average excitation cross
sections were distributed over more than 5000 levels to produce a total ionization cross
section in good agreement with crossed-beams experimental measurements [5].

More accurate inner-shell excitation cross sections may be calculated in a multi-
configuration LS term or LSJ level resolved distorted-wave approximation. For some years
we have calculated inner-shell excitation cross sections using an LSJ level resolved collisional
excitation code [6] based on Cowan’s atomic structure program [7]. For this project we have
written an LS term and LSJ level resolved collisional excitation code based on Fischer’s new
atomic structure package (8].

The most accurate inner-shell excitation cross sections are calculated in a multi-
configuration LS term or LSJ level resolved close-coupling approximation. We use the
Breit-Pauli R-matrix codes [9] developed for the Iron Project [10]. The close-coupling for-
mulation automatically includes the additional process of dielectronic capture followed by

double autoionization:
e + AT o (AR 5 (AT) em 5 AP fem e (5)

This process may enhance the total ionization cross section by as much as 50% in the
threshold energy region. We have recently modified the Breit-Pauli R-matrix codes to in-
clude radiation-damping [11] and to eliminate -pseudo-resonances associated with the use of
approximate target wavefunctions [12).

The branching ratios for autoionization are calculated in a configuration interaction LS
term or LSJ level resolved distorted-wave approximation using the AUTOSTRUCTURE
code [13,14]. The ADAS format entails an added level of complexity since the branchin'g
ratios need to be resolved as to final LS term or LSJ level. For comparisons with experiments
that measure charge-changing events, only branching ratios summed over all final states are
required; i.e. 37 Bauto(j — f) in Eq.(3). Previously, to provide dielectronic recombination
cross sections and rates in the ADAS format, we had to deal with the same increase in

complexity. In that case, the branching ratio for radiative stabilization needed to be resolved
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as to final state, although all ion storage-ring experiments to date require only the summed

branching ratio.

III. RESULTS FOR 03+

The total electron-impact ionization cross section for light impurity ions is dominated
by the contribution from the direct ionization process of Eq.(1). As an example, we con-
sider in detail the electron ionization of O3*. The ground LS term is 25%2p 2P and the
first metastable term is 2s2p? *P. We first calculated configuration-average distorted-wave
cross sections for 25%2p — 252, 2s22p — 2s2p, 252p®> — 2s2p, and 252p® — 2p? at about
10 incident energies extending to 5 times the threshold energies. The cross sections were
extrapolated to higher energies by calculation of Bethe constants from the energy-integrated
configuration-average photoionization cross sections. Ionization cross sections for the tran-
sitions 2s%2p 2P — 2s® 1S5,2s2p 3P, 2s2p ' P are shown in Fig. 1, while the transitions
252p? 4P — 2s2p 3P,2p? 3P are shown in Fig. 2. The LS term resolved ionization cross
sections have been energy-scaled using experimental ionization potentials.

To compare with experiment, the LS term resolved ionization cross sections for the
ground and metastable states of O%* are summed over all final states. In Fig. 3 the ground
and metastable ionization cross sections are compared with ORNL crossed-beams measure-
ments [15]. For most electron ionization experiments, the fraction of metastables in the
incident ion beam is unknown. As shown in Fig. 3, comparing theory and experiment has
shed little light on the unknown metastable fraction problem.

The LS term resolved ionization cross sections for O%* are entered into the ADAS atomic
database in the form of Maxwell-averaged rate coefficients. Ionization rates for the tran-
sitions 2s22p 2P — 2s? 15,252p 3P,2s2p 'P are shown in Fig. 4, while the transitions
252p* *P — 2s2p 3P, 2p* 3P are shown in Fig. 5. The numerical entry format for the O3+
rates in the ADAS database is presented in Table I. Initial and final states are identified by

configuration, 25 + 1, L, WJ (statistical weight = 2W.J + 1), and relative energy in cm™!.
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Ionization rates in cm?® sec™! from each initial LS term to each final LS term are tabulated
as a function of electron temperature in Kelvin. Each entry format is signed and dated at
the bottom with a short description of the theoretical or experimental procedure used to

generate the atomic data.

IV. SUMMARY

In addition to O3+, we have completed direct ionization cross section calculations in the
ADAS format for all the light impurity ions; i.e. members of the Be, B, C, N, and O isonu-
clear sequences. We are currently engaged in calculating direct ionization and excitation-
autoionization contributions to the total ionization cross section for Na- and Mg-like ions
of the transition metal impurity ions; i.e. Ti, Cr, Fe, and Ni. Excitation-autoionization
contributions for these ions are quite large. For example, the ionization cross sections for
Ni!6+ from the ground LSJ level 3s% !5, and the metastable levels 3s3p *P, and 3s3p %P,
are enhanced by a factor of 3 due to excitation-autoionization contributions [16].

In summary, the atomic data needs of the current generation of plasma modelling codes,
as found in ADAS, have pushed the data envelope beyond the accumulation of total ioniza-
tion and recombination rate coeflicients for each ionization stage of an important impurity
ion. For population flows in non-equilibrium plasmas, LS term and LSJ level resolved rates
are now needed for all the major impurity ions. This much more comprehensive atomic
database seems only feasible in a purely electronic form. In addition, the turn towards level
resolved ionization and recombination rate coefficients has forced us to make substantial
changes in the way we carry out our theoretical calculations. In the future it may have an
impact on the way electron-ion scattering experiments are carried out to test those theoret-

ical predictions.

122



V. ACKNOWLEDGMENTS

This work was supported in part by the U.S. Department of Energy under Grant No.
DE-FG05-86-ER53217 with Auburn University and Grant No. DE-FG05-93-ER54218 with
Rollins College, and by U.K. EPSRC under Contract GR/K/14346 with the University of

Strathclyde.

123



seq ='B '

nucchl =

final term indexing

TABLE 1. ADAS entry form for electron-impact ionization of O3+.

S L

wJ

(2)1( 2.5)
(4)1( 5.5)

918625.3

0.0
82413.1
156801.2
213928.8
231721.2
287913.4

624106.8

0.0
71331.1

nprf =

nlev =

6

2

indf code
1 2522p0
2 2s12p1
3 2s12p1
4 2502p2
S 2602p2
6 2502p2

initial term indexi

indi code
1 2522pl1
2 2s512p2

metivs 1

ionis rates

1 5$.51D-22
2 9.77D-24
3 1.02D-25
4 0.00D+00
- 0.00D+00
6 0.00D+00

8.00D+04

1.86D-14
3.16D-15
2.67D-16
0.00D+00
0.00D+00
0.00D+00

nnoonNnnNOn

1 0.00D+00
2 7.03D-22
3 0.00D+00
4 4.18D-25
S 0.00D+00
6 0.00D+00

8.00D+04

0.00D+00
3.21D-14
0.00D+00
7.00D-16
0.00D+00
0.00D+00

0
1
0
9
0
0

-60D+0S

.00D+00

.29D-11
-00D+00
.50D-13
-00D+00
.00D+00

3.20D+08

1.42D-10
7.75D-11
1.86D-11
0.00D+00
0.00D+00
0.00D+00

3.20D+05

0.00D+00
2.84D-10
0.00D+00
3.91D-11
0.00D+00
0.00D+00

8.00D+0S

9.47D-10
6.82D-10
2.04D-10
0.00D+00
0.00D+00
0.00D+00

8.00D+05

0.00D+00
1.96D-09
0.00D+00
4.10D-10
0.00D+00
0.00D+00

.60D+06

.81D-09
.46D-09
.72D-10

.00D+00 -

.00D+00
.00D+00

.60D+06

.00D+00
.76D-09
.00D+00
.36D-10
.00D+00

3.20D+06

2.42D-09
2.11D-09
7.15D-10
0.00D+00
0.00D+00
0.00D+00

3.20D+06

0.00D+00
5.08D-09
0.00D+00
1.40D-09
0.00D+00
0.00D+00

on 04/14/95

Data generated by Donald C.

G

riffin

The rates were calculated using configuration-average ionization cross

gections, with non-relativigtic wavefunctions , using the

frozen-core approximation, the prior form for the scattering

potentials, and the natural-phase approximation.

They were then multiplied by the appropriate angular coefficients.

........... B L L T T L L T L L L T T T e L L e T T L
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8.00D+06

2.63D-09
2.44D-09
8.54D-10
0.00D+00
0.00D+00
0.00D+00

8.00D+06€

0.00D+00
5.55D-09
0.00D+00
1.66D-09
0.00D+00
0.00D+00

1.60D+07

2.44D-09
2.33D-09
8.29D-10
0.00D+00
0.00D+00
0.00D+00

1.60D+07

0.00D+00
5.16D-09
0.00D+00
1.61D-0%
0.00D+00
0.00D+00

3.20D+07

2.11D-09
2.06D-09
7.38D-10
0.00D+00
0.00D+00
0.00D+00

3.20D+07

0.00D+00
4.46D-09
0.00D+00
1.43D-09
0.00D+00
0.00D+00

8.00D+07

1.62D-09
1.61D-09
5.82D-10
0.00D+00
0.00D+00
0.00D+00

8.00D+07

0.00D+00
3.43D-09
0.00D+00
1.13D-09
0.00D+00
0.00D+00

1.60D+08

1.29D-09
1.28D-09
4.67D-10
0.00D+00
0.00D+00
0.00D+00

1.60D+08

0.00D+00
2.72D-09
0.00D+00
9.02D-10
0.00D+00
0.00D+00



W
[

Cross Section (10"%cm?)
(\®]
|

0 200 400 600 800
Energy (e¢V)

Figure 1. Electron-impact ionization of O3* in the ground LS term 25%2p 2P. Solid curve:
2s% 1S final term, short-dashed curve: 2s2p 3P final term, and long-dashed curve 2s2p 'P

final term.
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Figure 2. Electron-impact ionization of O%* in the metastable term 2s2p? *P. Solid

curve: 2s2p 3P final term, and short-dashed curve: 2p? 3P final term.
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Figure 3. Electron-impact ionization of O%**. Solid curve: 2s*2p P ground term, short-

dashed curve: 2s2p? *P metastable term, solid circles: crossed-beams experiment.

/
(.

127



| | ITIIIII | I Ilfllir 1 ljllTlll

[S—y
<

\O
|

Rate Coefficient (cm’/s)

-10
10 T 1 II[IIIII T Ty T T T 11T

10 100 1000 10000

Temperature (eV)

Figure 4. Electron-impact ionization of O** in the ground LS term 25?2p *>P. Solid curve:
9s2 1§ final term, short-dashed curve: 2s2p P final term, and long-dashed curve 2s2p 'P

final term.
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Figure 5. Electron-impact ionization of O%* in the metastable term 2s2p? *P. Solid

curve: 2s2p 3P final term, and short-dashed curve: 2p? 3P final term.
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THEORETICAL STUDIES ON SLOW COLLISIONS BETWEEN MEDIUM-Z METALLIC
IONS AND NEUTRAL H, H;, OR He

W. FRITSCH
Bereich Theoretische Physik, Hahn-Meitner-Institut Berlin, D-14109 Berlin, Germany

Abstract

The database on electronic transitions in slow collisions between medium-Z metallic ions and H, H,, and
He targets is examined. Semiclassical close-coupling calculations are presented for electron transfer in Si**-H,
Ni!%+_H, Si**~He, Ti**—He, Ti**—H,, and Fe®*—H, collisions in an energy range of about 1 — 100 keV/u. The
calculated distributions of electron transfer over the final states of the projectiles are discussed. For the case of
Si“*t— He collisions, we also assess the process of target excitation.

1. INTRODUCTION

In the past 15 years there has been considerable progress in the understanding and description of atomic colli-
sions at low and intermediate energies where perturbation theories do not apply. Close-coupling schemes have
been devised with increasing complexity, in order to account for the many transitions which are populated in such
collisions [1, 2, 3]. Among specific areas of progress we mention the ability to describe weak transitions to final
states which are far off resonance with the initial state, the description of two-electron transitions in ion-atom
collisions, and the description of ion-molecule collisions. Naturally, in these very areas there are still limitations
of present implementations of the close-coupling method, due to the complexity of the required numerics or in
some cases due to conceptual problems.

Much of this progress has been motivated by the curiosity of basic research and by the needs of applied
research at fusion plasma facilities. The need for detailed cross sections, including notably the distribution of
transitions over final states, in collisions between metallic ions and basic plasma constituents is a challenge for
both theory and experiment which, at low energies, can only be met for selected systems. At those energies, each
system behaves differently according to its two-center quasi-molecular structure so that only the fotal transfer
cross section can be related directly from equi-charged systems.- There has been theoretical work in the past,
that has concentrated on specific systems which are of interest here, like an investigation of electron transfer in
Si9*t—H systems (q=4...14) [4] and an investigation of collisions between the closed-3p-shell ions of Ti, Cr, and
Fe with atomic hydrogen [5]. These studies are the only ones that have determined partial transfer cross sections.
For energies above 10 keV/u, total transfer cross sections have been determined for a set of Ti¢+, Crd+, Fedt
and Ni?*- H systems within the classical-trajectory-Monte-Carlo method [6]. No experimental data exists to
date on the final-state population in slow collisions. There is also no data on target excitation in these systems.
A short review of the data base for collisions between metallic impurity ions with H, H,, and He, as of 1991,
has been published [7]. A recent update to this report is also available [8].

In this work we present an investigation on a set of six low-energy collision systems. Earlier work on the
Si**—H system [4] is extended in energy and augmented by considering a He target. Our work on closed-3p-
shell metallic projectiles [5] is extended by including the Ni!%*+ projectile and also the Ti*+-He system. Out of
the class of collisions with Hy targets we study the systems with Ti*+ and Fe®* projectiles. All these studies
are examples of what can be done theoretically for systems which have a well-defined atomic structure in the
projectile. Systems with a complex multi-particle atomic structure in the projectile are less suitable for investi-
gations by either theory or experiment, they are hence also less suitable for the purpose of plasma diagnosis at
fusion devices. On the other hand, total transfer cross sections can be predicted for all these system, with much
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less effort than is needed in this investigation.

In the following section we will give a short outline of the methods and calculational procedures used in
this work. The results of the calculations will be presented and discussed in a third section. We conclude with
a short summary and outlook.

2. THEORY

All calculations in this work have been performed within the semiclassical close-coupling model of atomic col-
lisions [2] with travelling atomic orbitals adopted in the basis expansion of that method. Details of the method
need not be repeated here. We adopt straight-line trajectories for the interatomic motion and plane-wave trans-
lational factors in the basis sets. The basis set will be further specified, for each collision system, in the next
section when the results are given and discussed. In general, choosing the basis at the projectile center involves
these steps:

(i) As the potential for one electron in the field of the metallic ion, we take the general form used by Szy-
dlik et al. [9] which has the correct behavior at very small and very large separations from the nucleus. The
parameters for the screening function have also been taken from that work, except for the depth parameter of
the potential, which has been adjusted for each ion in order to fit the energy of the highest bound s state. In the
original work [9], the parameters have been chosen to optimize the total binding energy of all electrons.

(ii) For each value of the orbital angular momentum ¢, a set of hydrogenic orbitals ¢fwm 0 with free charge
parameters p;, has been adopted. The parameters p; have been varied for an optimal representation of the atomic
states in the potential. In the case of s states, usually two hydrogenic orbitals are needed for a satisfactory rep-
resentation of a given atomic state. For the representation of f states, just one state is sufficient.

(iii) In the dynamical calculation, we keep all atomic states which result from the diagonalization proce-
dure of the ionic potential within the basis, including the pseudostates at positive energies, but excluding the
lowest bound state which is occupied initially.

In the calculations for He targets, both electrons are represented explicitly in what is termed the two-
electron version of the close-coupling method [2]. The initial state, the ground state of helium, is expressed
as an anti-symmetrized product state of type 1s, 1s,,. Besides this state, excited target states are represented by
antisymmetrized product states of type n€,, 1s,, where both hydrogenic states are positioned at the target center.
Transfer states are expressed similarly except that in these the first product state is positioned at the projectile.
By the choice of such basis states we assume that one of the electrons is always left in the ground state of the He ™t
ion after the collision. For reasons of efficiency, we have not used pseudostates for a representation of molecular
binding effects or ionization.

The calculations for H; targets have been performed within the simple model [10, 11] which has been de-
veloped recently. This model uses only one-electron coupling matrix elements but treats both electrons explicitly
in the coupled equations. It hence combines the simplicity of a one-electron potential model with a cooperative
transition mechanism which conserves the unitarity of the electron wavefunction. This model has been used
successfully in a description [11] of single transfer in collisions between various multiply charged ions with H,
molecules.
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3. RESULTS OF THE CALCULATIONS
3.1. Collisions with atomic hydrogen
3.1.1. Si**- H collisions

Previous work on Si?*— H collisions [4] is extended, for the Si** projectile, in a number of ways. The energy
range is enlarged to include 0.2 — 100 keV/u. The n=6 capture states are included at the projectile in order to
improve the accuracy of the calculated transfer cross section to n=5 states. At the hydrogen center, we include
the n=2 states of hydrogen. Except for these changes, we keep closely to the prescriptions of the calculations
in ref. [4]. The calculated partial transfer cross sections are given in Table I. The results of the calculations are
summarized in figure 1.

s p d f g

2.37E-18 1.36E-17 2.61E-15

7.21E-16 4.47E-17 121E-16 1.69E-18
2.10E-17 7.75E-17 5.61E-18 5.49E-17 142E-17
331E-18 1.77E-17 2.74E-15

592E-16 4.83E-17 1.08E-16 2.20E-18
541E-17 7.40E-17 7.54E-18 440E-17 242E-17
1.89E-18 3.86E-17 2.32E-15

5.86E-16 7.78E-17 1.37E-16 9.45E-18

1.27E-16 6.06E-17 2.27E-17 3.07E-17 2.90E-17
447E-18 1.23E-16 1.98E-15

5.16E-16 8.36E-17 1.19E-16 2.12E-17
9.46E-17 4.32E-17 195E-17 2.44E-17 2.50E-17
1.39E-17 299E-16 2.04E-15

420E-16 9.26E-17 9.52E-17 3.18E-17
4.16E-17 3.00E-17 2.73E-17 3.72E-17 5.86E-17
2.52E-17 4.72E-16 1.74E-15

3.89E-16 1.35E-16 9.42E-17 7.84E-17

energy n
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5 254E-17 3.18E-17 4.61E-17 4.63E-17 4.63E-17
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5

0.2

03

0.5

2.20E-16 4.87E-16 1.15E-15

2.80E-16 2.34E-16 7.27E-17 1.27E-16
9.60E-18 129E-17 2.07E-17 2.07E-17 1.26E-17
1.47E-16 4.15E-16 7.63E-16

1.16E-16 2.49E-16 1.20E-16 4.23E-16

1.06E-17 2.78E-17 243E-17 2.22E-17 4.35E-17
1.08E-16 3.53E-16 5.45E-16

4.56E-17 1.46E-16 1.09E-16 5.24E-16

8.79E-18 4.05E-17 4.50E-17 1.04E-16 3.02E-17
6.71E-17 2.55E-16 4.16E-16

1.69E-17 7.71E-17 1.07E-16 2.90E-16
7.94E-18 3.15E-17 5.00E-17 1.24E-16 2.98E-17
1.42E-17 7.83E-17 1.65E-16

799E-18 3.62E-17 7.70E-17 5.80E-17

6.00E-18 2.14E-17 4.59E-17 3.74E-17 9.29E-18
3.56E-18 2.16E-17 6.38E-17

3.27E-18 1.27E-17 3.76E-17 147E-17
2.88E-18 9.03E-18 2.55E-17 1.08E-17 2.39E-18

15

25

40

70

100

TABLE I: PARTIAL TRANSFER CROSS SECTIONS TO Si** n£ STATES IN Si**— H COLLISIONS.

As noted and explained in the previous investigation [4], the capture cross section is seen to be dominated
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FIG. 1: Calculated transfer cross sections to projectile n shells in Si**— H collisions. The full lines are from this work, the
dashed lines from a previous calculation [4]. Data are total transfer cross sections for Ar** projectiles from ref. [12] (v)
, and for Fe** projectiles from ref. [13] (1) and from ref. [14] (o) .

by the population of the n=3 states. The population of the n=4 states is weaker by about a factor of 3. The
calculated population of the n=5 states is again weaker by about the same factor. The undulations of these latter
cross sections, when displayed over energy, should be seen as an artefact of the calculations. One would expect
that these undulations would vanish in a calculation with a much larger basis set.

Out of the n=3 states in the projectile, the 3d state is the one which, in slow collisions, is populated much
stronger than the others, cf. table I. A detailed, quantitative analysis of this effect is outside the scope of this
investigation. We merely note that the initial 1s state of H crosses those states, which correlate to the Si** 34
states, at the favourable interatomic separation of about 7 a.u. The avoided crossing with the other n=3 states
occurs at smaller separations (4 a.u. for the 3p state). Furthermore, the coupling with the 3d states in slow
collisions is favoured since it conserves the nodal structure of the electronic wavefunction. Finally, rotational
coupling plays a role here since the initial state correlates to the 3 po state of the united atom. This rotational
coupling leads to substantial population of m=1 and m=2 states within the 34 manifold.

The calculated £ dependence of the transfer cross sections to the states in the higher shells is usually harder
to explain, even qualitatively. It is however similar in many other systems. In slow collisions, small ¢ values
dominate. As the energy increases, the £ dependence of cross sections approaches an statistical (£+1) distribu-
tion. This is not observed here in a strict sense, the states with the highest £ values in a shell (n=4-5) are more
weakly populated than the states with £-1.

No data exists for this collision system in the literature. In figure 1, we have included total transfer cross
section data from measurements on the Ar*+— H and Fe*+— H systems. They agree well with our results for the
Si**— H system, as is expected for alt energies except in the very low energy regime.

3.1.1. Ni'%*_ H collisions

Our previous work [5] on systems with a closed 3 p—shell of the projectile has been augmented by considering
the Ni'%*— H system. In contrast to the Si**— H system, capture occurs here predominantly into states which
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are rather loosely bound in comparison to the electron states in the projectile core. Hence the core is expected to
play only a minor role here. As in the previous work [5] we take only 1s ground state of hydrogen at the target
center. At the projectile center, we take representations of the 3d and the n=4...8 states. These 77 states are
constructed from 145 hydrogenic states. The occupied states up to the 3 p states are excluded, the pseudostates
which result from the diagonalization of the Ni potential have been kept in the calculation. The calculation at
the lowest energy has been done without the n=_8 states at the projectile. At the target, only the is taken.

energy n ] p d f g h i k
1.5 4 244E-19 1956E-19 145E-19 7.78E-19

5 945E-19 4.80E-18 4.58E-17 2.06E-16 6.72E-17

6 223E-16 9.86E-16 220E-15 1.51E-15 3.61E-16 6.30E-16

7 1.33E-15 7.57E-16 6.26E-16 1.81E-16 7.34E-17 599E-17 6 .30E-17
25 4 6.27E20 511E-19 4.54E-19 3.39E-18

5 387E-18 240E-17 142E-16 227E-16 6.22E-17

6 5.67E-16 7.32E-16 2.15E-15 1.03E-15 2.84E-16 5.12E-16

7 134E-15 9.90E-16 7.74E-16 245E-16 1.09E-16 1.42E-16 3.49E-16

8 398E-17 1.09E-17 529E-18 444E-18 3.50E-18 3.03E-18 5.18E-18 8.47E-18
5 4 996E-20 3.24E-19 1.12E-18 3.47E-18

5 234E-17 3.10E-17 3.07E-16 236E-16 9.21E-17

6 437E-16 6.15E-16 1.62E-15 6.57E-16 3.60E-16 7.15E-16

7 849E-16 7.54E-16 5.65E-16 246E-16 1.70E-16 2.70E-16 5.39E-16

8 3.12E-17 2.11E-17 199E-17 1.64E-17 1.37E-17 1.34E-17 1.76E-17 3.48E-17
10 4 2.04E-19 295E-19 6.68E-18 9.50E-18

5 458E-17 8.84E-17 247E-16 191E-16 1.17E-16 .

6 265E-16 6.00E-16 7.89E-16 5.02E-16 4.82E-16 6.77E-16 .

7 271E-16  6.12E-16 3.82E-16 231E-16 2.11E-16 4.64E-16 8.51E-16

8 1.76E-17  6.49E-17 536E-17 293E-17 2.75E-17 526E-17 7.71E-17 1.30E-16
20 4 267E-19 1.21E-18 6.35E-18 7.48E-18

5 2.50E-17 9.58E-17 124E-16 1.28E-16 1.26E-16

6 9.52E-17 394E-16 3.87E-16 3.28E-16 531E-16 1.05E-15

7 38S5E-17 2.14E-16 2.11E-16 1.64E-16 2.60E-16 5.86E-16 1.06E-15

8 9.83E-18 6.00E-17 6.06E-17 4.08E-17 5.16E-17 1.05E-16 146E-16 145E-16
40 4 1.13E-18 593E-18 1.12E-17 1.28E-17

5 139E-17 822E-17 124E-16 153E-16 2.74E-16

6 2.11E-17 1.14E-16 1.44E-16 1.69E-16 4.98E-16 1.01E-15

7 1.13E-17 5.17E-17 6.59E-17 17.31E-17 1.83E-16 3.64E-16 6.58E-16

8 7.23E-18 226E-17 3.25E-17 3.87E-17 17.52E-17 1.25E-16 121E-16 2.37E-16
80 4 170E-18 7.07E-18 1.50E-17 2.36E-17

5 590E-18 3.21E-17 6.06E-17 1.05E-16 2.32E-16

6 S5.16E-18 206E-17 397E-17 6.50E-17 1.19E-16 3.45E-16

7 9.79E-18 1.36E-17 3.05E-17 5.23E-17 7.82E-17 1.46E-16 2.30E-16

8 7.38E-18 1.26E-17 274E-17 4.78E-17 5.69E-17 8.48E-17 1.30E-16 898E-17

TABLE II: PARTIAL ELECTRON TRANSFER CROSS SECTIONS (IN CM?) TO PROJECTILE n¢ STATES IN Nj'%t—
H COLLISIONS. ENERGIES ARE IN keV/u.

The results from the calculation are given in table II and summarized in figure 2. As in the Ne!%t— H
system [15, 16], transfer is seen to populate predominantly the states in the n=6 shell but, unlike with Ne!0+
projectiles, the states in the n=7 shell are also very strongly populated. The states in the next shells, the n=5
and the n=8 shells, are much weaker except at the highest energies considered here. At these high energies, the
n distribution appears to be not convincing, notably there is too little difference of cross sections between the
n=6-8 states. Probably, the omission of the excitation channel for the target becomes critical at energies where
excitation is a strong channel.
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FIG. 2: Calculated transfer cross sections in Ni**— H collisions.

The dependence of the relative population of projectile n shells in electron transfer on the projectile core
is demonstrated in figure 3. In collisions between bare Ne!%* ions and hydrogen, the states in the n=6 shell are

1.0 T — T Ty T
A10+ — H
|
relative population of projectile n shell
0.8 | E
3 0.6 |
e}
~
c
© 04f
I
0.2 f
O'O L A 1 bl d a1 i 1 i il
1 10 100

energy (keV/u)

FIG. 3: Relative population of states in the n=6 (upper curves, full symbols) and n=7 (lower curves, open symbols) shells
in A'*_H collisions. Curves are from calculations for Ne'** [16] (solid line), Si'® projectiles [4] (dash-dotted line), and
Ni'%_ H projectiles (this work, dotted line).

the ones which are populated dominantly in slow collisions. For Si!% projectiles and even more so for Ni!0+
projectiles, there are fewer transitions into the states in the n=6 shell but more transitions into states in the n=7
shell. This observation is not hard to understand. With increasing size of the inert electronic core of the ion, the
energies of states in any n shell spread out over larger intervals. Accordingly, the energy matching condition
for transfer in slow collisions may easily favour states from adjacent n shells of non-bare collision systems. We
have previously analyzed this behaviour more closely and quantitatively [5], for less charged systems where
the effect is more striking. We reiterate here however that dependences like the ones shown in figure 3 allow
the prediction of otherwise unknown n dependencies for systems which have the same charge state, through a
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simple interpolation scheme. :

There is virtually no dependence of the total transfer cross sections on the core configuration, for these
collisions systems.

3.2. Collisions with helium
3.2.2. Si**— He collisions

For the investigation of Si**— He collisions, we adopt the same states at the silicon center that are used in the
description of the Si**— H system, see the earlier discussion. The two-electron charge transfer configurations
are then constructed by taking anti-symmetrized products between these states and the ground state of the He*
jon. Besides the helium ground state, also representations of the helium 25 and !2 P excited states are included
in the basis. The partial transfer cross sections from the calculations are given in table III. We include also
the calculated excitation cross section to the n=2 states in helium since excitation cross sections of helium in
collisions with multiply charged ions are still very scarce. Figure 4 shows the partial transfer and excitation
cross sections, summed over £ quantum numbers.
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FIG. 4: Partial transfer and excitation cross section in Si**— He collisions.

In comparison to the Si*+— H system, cf. figure 1, the population of states in the n=3 shell is more promi-
nent in slow Si**~ He collisions. The tighter binding of the electron in helium favours the capture into tighter
bound final states. This is also reflected in the £ dependence of capture to the n=3 shell. In the present system,
the more tightly bound 3s and 3 p states are favoured in slow collisions, in contrast to the Si**~ H system where
the 3d state is clearly favoured.

The accuracy of the calculated excitation cross sections to 125 and 125 states of helium is hard to assess. In
slow collisions, the weak process of target excitation is very difficult to describe since it interacts strongly with
capture to high-n states of the projectile, cf. the investigation and discussion of excitation of hydrogen by muiti-
ply charged ions inref. [17]. Athigher energies, excitation channels are expected to interact with each other and
with ionization. Accordingly, the basis set in the present calculations would not appear to be designed, or to be
sufficiently large, for a reliable prediction of excitation cross sections. In figure 5 we show the scaled excitation
cross section for the 2! P final state over scaled energies, where the scaling factor Z has been set to the charge
state of the Si** projectile. At the higher energies, the excitation cross sections should lie on a quasi-universal
curve for all projectile charge states [18, 19). At lower energies, deviations between scaled excitation curves
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energy n s p d f g
1 3 8.235E-16 6.535E-16 2.061E-17
4 1.106E-18 2.174E-18 2.430E-18 2.565E-18
5 2.113E-18 4.411E-19 7.654E-19 6.627E-19 7.700E-19
2 excitation 4.435E-19 2.524E-18
2 3 9.615E-16 6.821E-16 5.615E-17
4 2.408E-18 2.864E-18 1.595E-18 4.134E-18
5 1.401E-18 4.614E-19 1.463E-18 7.310E-19 8.270E-19
2 excitation 4.842E-19 7.076E-19
4 3 7.984E-16 7.344E-16 3.722E-17
4 5.297E-18 3.118E-18 3.876E-18 5.463E-18
5 1.894E-18 2.342E-18 1.988E-18 7.221E-19 1.979E-18
2 excitation 1.203E-18 6.647E-19
8 3 6.667E-16 5.938E-16 8.214E-17
4 2.483E-18 5.260E-18 3.197E-18 1.377E-17
5 1.674E-18 2.101E-18 1.432E-18 1.618E-18 8.278E-19
2 excitation 8.418E-19 2.505E-18
14 3 4.106E-16 4.645E-16 1.570E-16
4 8.520E-18 1.905E-17 4.847E-18 1.556E-17
5 8.648E-19 1.609E-18 2.718E-18 1.821E-18 9.465E-19
2 excitation 2.227E-18 3.064E-18
25 3 2.187E-16 4.037E-16 2.033E-16
4 2.668E-17 6.509E-17 1.930E-17 3.307E-17
5 1.521E-18 6.394E-18 5.240E-18 6.707E-18 1.756E-18
2 excitation 4.003E-18 4.207E-18
50 3 7.228E-17 2.616E-16 3.053E-16
4 1.870E-17 3.465E-17 5.920E-17 3.785E-17
5 6.697E-18 1.126E-17 1.765E-17 1.576E-17 2.970E-18
2 excitation 1.647E-17 8.238E-18
100 3 9.481E-18 5.536E-17 1.325E-16
4 4244E-18 1.868E-17 5.825E-17 1.134E-17
5 2.573E-18 9.568E-18 3.521E-17 6.915E-18 1.357E-18

2 excitation 3.192E-17 4.907E-17

TABLEIII: PARTIAL TRANSFER AND EXCITATION CROSS SECTIONS IN Si**— He COLLISIONS. THE TRANS-
FER CROSS SECTIONS ARE CALCULATED FOR n¢ STATES WITH n=3-5, THE EXCITATION CROSS SECTIONS
FOR n=2.

for different charge states are expected and indeed observed for hydrogen projectiles [17]. The excitation cross
section from this work does fall into this pattern when compared to the calculated excitation cross sections for
He?* impact [20], to the calculated excitation cross sections for H* impact [21, 22], and to data for H* impact
[23]. For scaled energies beyond 15 keV/u, the calculated excitation cross sections in this work may well be too
large since higher n states of the target and ionization channels are missing in the calculation. At scaled energies
below 1 keV/u, the weak excitation channel needs a better representation of the excitation mechanism. At in-
termediate energies, the calculated excitation cross sections may be considered reliable within some 50 percent.
They certainly represent, at this time, the best assessment of low-energy excitation of helium by projectiles of
charge state 4.

3.2.2. Ti**- He collisions

For the investigation of the Ti**— He system, the Ti potential and the representations of the 3d and the n=4-5
states has been taken from our previous work [5] on Ti**— H collisions. At the helium center only the ground
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FIG. 5: Scaled cross sections for excitation of helium to its 2' P state by A7 projectiles. The results from this work for
Si*t impact (full line) are compared to calculated results for He** projectiles {20] (dash-dotted line), and for H* impact
(dashed line [21] and dotted line [22]). Data are for H impact [23] (triangles).

state is included in the calculatlon The results from this calculation are given in table IV. The summed cross
sections to projectile n shells are displayed in figure 6.

energy

N

p

d

f

2

10

20

40

80

120

n
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5

1.40E-16
1.35E-18

2.27E-16
1.23E-18

2.03E-16
2.06E-18

1.20E-16
5.62E-18

4.14E-17
9.19E-18

1.28E-17
5.50E-18

6.48E-18
3.05E-18

1.16E-17
8.86E-19

2.01E-17
1.37E-18

7.69E-17
3.93E-18

1.87E-16
1.65E-17

1.43E-16
1.96E-17

4.14E-17
1.31E-17

2.00E-17
7.74E-18

1.06E-15
3.50E-18
1.16E-18
8.34E-16
7.95E-18
1.38E-18
6.13E-16
1.67E-17
5.15E-18
4.46E-16
2.87E-17
8.51E-18
3.41E-16
6.08E-17
2.12E-17
2.26E-16
3.46E-17
2.23E-17
1.48E-16
2.06E-17
1.37E-17

2.67E-18
2.93E-19

2.02E-18
3.41E-19

5.51E-18
1.10E-18

1.02E-17
3.19E-18

4.69E-17
1.82E-17

4.52E-17
3.40E-17

2.08E-17
1.82E-17

1.34E-19

5.93E-19

1.35E-18

2.38E-18

3.13E-18

1.81E-18

8.47E-19

TABLE IV: PARTIAL TRANSFER CROSS SECTIONS IN Ti**~ He COLLISIONS.

The transfer process in Ti**~ He collisions is seen to populate predominantly the most tightly bound, un-
occupied level of the projectile, the 3d level. The population of states in the n=4 shell is weaker, the population
of states in the n=5 shell is much weaker. For comparison, total transfer cross section data for B**— He collisions
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FIG. 6: Electron transfer cross sections in Ti**—~ He collisions. Data are total transfer cross sections for the B**— He
system, by Iwai et al. [24] (o) and by Gardner et al. [25] (Q). The dotted line is a calculated transfer cross section for the
B**— He system [26].

[24, 25] are also shown in figure 6, along with calculated cross sections for the latter system [26]. For this near-
bare projectile, the dominant contribution to electron transfer goes to the n=2 shell of the projectile, and also
two-electron transfer followed by autoionization is known [26] to play a role. Here the cross sections decrease
with decreasing energy already at 10 keV/u as expected for a near-bare projectile, while for Ti** projectiles the
curve is much broader.

When comparing to slow collisions in the Si**— He system, we note the larger population of the states
in the n=4 shell in the present system. This comparatively large population of n=4 states is caused by a large
population of the 4s state in slow collisions, the states with higher £ quantum numbers are much less populated
by roughly an order of magnitude. The Ti** ion is of course distinguished from a purely hydrogenic system by
a large energy spread within a given n shell. The 4s state in Ti>* lies sufficiently close to the 3d state to allow
its efficient population in slow collisions, while the other states within the n=4 shell are further apart.

3.3. Collisions with molecular hydrogen
3.3.3. Ti**- H, collisions

Transfer cross sections for Ti*+— H; collisions have been calculated with the simple model that has been tested,
e.g., for the C**— H, system [11]. The projectile core potential and the 3 p and n=4-5 states at the projectile have
been constructed as in our previous work [5] on Ti**— H collisions. At the target we include only the ground
state of Hy which is slightly more tightly bound than the ground state of atomic hydrogen in the earlier study.
We note that transfer of either target electron is allowed in the model but transfer of both electrons is disallowed.

The calculated transfer cross sections are given in Table V. The partial transfer cross sections to n shells
of the projectile are displayed in figure 7.

As in the similar Ti**— H system, transfer is dominated by contributions to the n=4 shell. At the highest
investigated energy of 80 keV/u, the cross section contributions to the n=5 shell amount to about one-third of
the contribution to the n=4 shell, which is still below the asymptotic limit of (4/5)3 ~0.51 for a hydrogenic
projectile. The £-distribution in the n=4 shell is peaked at =1 at low energies, but the higher £ values become
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increasingly important at the higher energies.

In figure 7 we include also the total transfer cross section data for Artt- H, collisions [12] and the data
for Fe**— H, [14]. As expected, these total transfer cross sections agree well among each other.

In figure 8 we show the ratio of calculated total tramsfer cross sections for molecular and atomic hydrogen
targets. This ratio is seen to be close to one at low energies but it increases at the higher energies. This feature of
the cross section ratio has been observed before for other systems, see ref. [11] and references given therein. It
reflects the large transfer probability between a multiply charged ion and atomic hydrogen. The second electron
in molecular hydrogen and the slight ground-state energy shift between atomic and molecular hydrogen has only
a very minor effect in slow collisions.

s p d f g

1.88E-16

5.57E-16 2.89E-15 8.37E-17 B8.18E-18

6.95E-18 3.00E-18 1.29E-18 2.81E-18 4.47E-19
2.11E-16

7.88E-16 2.54E-15 1.11E-16 845E-18

425E-18 4.92E-18 1.17E-18 131E-18 2.49E-19
2.88E-16

1.12E-15 1.70E-15 2.28E-16 2.49E-17

1.26E-17 8.59E-18 3.66E-18 2.83E-18 2.46E-18
2.83E-16

energy n
3
4
5
3
4
5
3
4
5
3
4 1.03E-15 1.02E-15 5.08E-16 7.89E-17
S
3
4
5
3
4
S
3
4
5

1.5

25

10

5.12E-17 17.63E-17 1.76E-17 4.85E-18 4.18E-18
2.48E-16

4.66E-16 827E-16 5.19E-16 2.49E-16

5.03E-17 195E-16 9.68E-17 3.74E-17 3.64E-17
2.26E-16

1.04E-16 3.55E-16 2.84E-16 2.74E-16

298E-17 9.88E-17 130E-16 1.34E-16 3.15E-17
1.42E-16

1.04E-17 4.84E-17 5.50E-17 9.42E-17

8.01E-18 2.50E-17 S5.15E-17 9.35E-17 7.39E-18

20

40

80

TABLE V: PARTIAL TRANSFER CROSS SECTIONS TO Ti** STATES IN Ti*t— H, COLLISIONS.

3.3.3. Fe®t— H, collisions

For a study of Fe®+— H; collisions, the Fe potential and the representation of the 3 p and the n=4-6 states in this
potential have been taken from our earlier work [5] on Fe8*— H collisions. At the target center, we include only
the ground state of molecular hydrogen. The results from this calculation are given in table VI. The summed
transfer cross sections for n shells of the projectile are displayed in figure 9.

Unlike in the Fe®*— H system, transfer is seen to populate mostly the states in the n=5 shell of the projectile.
These states are also strongly populated in Fe8*— H collisions but there the states in the n=6 shell are about
equally strong [5]. Obviously, the little difference of binding energy between the ground states of atomic and
molecular hydrogen does make a difference for the final state distribution of transfer. On the other hand, the total
transfer cross sections in these two systems are about the same at low energies, see figure 10 where the ratio of
transfer cross sections for molecular and for atomic hydrogen is displayed. This ratio behaves much like the
ratio for the systems with Ti** projectile ions, cf. figure 8. At the high energies, there is good agreement with
the data by Meyer et al. [14].

The slightundulation in the calculated partial transfer cross sections, notably for the highly excited transfer
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FIG. 7: Partial transfer cross sections to Ti** n shells in Ti*"— H, collisions. Data for total transfer cross sections by Ar**
projectiles are by Crandall et al.[12] (+), and for Fe** projectiles by Meyer et al.[14] (¢)). The dotted line is the result
of a calculation for atomic hydrogen [5].
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FIG. 8: Ratio of calculated total transfer cross sections for the Ti**— Hy system (this work) and the Ti**— H system [5].

states, is probably an artefact of the calculations, which would vanish in a calculation with a much enlarged basis
set.

4. CONCLUSIONS

In this work, we have investigated electron transfer in a few collision systems at low energies. Medium-Z metal-
lic ions have been selected as projectiles. As targets we have taken atomic or molecular hydrogen, or helium
atoms which are the main electron donors in tokamak plasmas. The projectiles have been chosen mostly in a low
charge state (Si**, Ti**) so that electron transfer populates predominantly states that are energetically close to
the occupied shells of the projectile. It is under such circumstances that a detailed investigation, which includes
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449E-18 3.33E-18 192E-17 3.92E-17

5.55E-17 7.40E-16 2.33E-15 1.60E-15 6.22E-16

6.96E-16 3.11E-16 5.78E-17 331E-17 2.29E-17 1.43E-17
1.05E-18 1.04E-18 3.30E-17 8.33E-17

3.35E-16 7.14E-16 224E-15 8.33E-16 4.49E-16

471E-16 3.79E-16 1.01E-16 4.66E-17 3.83E-17 8.51E-17
447E-18 1.03E-17 1.00E-16 1.06E-16

3.44E-16 6.03E-16 1.37E-15 6.63E-16 7.32E-16

energy n
4
5
6
4
5
6
4
5
6 196E-16 527E-16 147E-16 1.14E-16 1.03E-16 2.57E-16
4
5
6
4
5
6
4
5
6

2

10

20 407E-18 1.06E-17 7.57E-17 831E-17

1.57E-16 5.35E-16 6.34E-16 5.14E-16 7.64E-16

488E-17 4.40E-16 1.81E-16 147E-16 223E-16 822E-16
1.41E-17 7.40E-17 9.38E-17 1.19E-16

6.63E-17 3.28E-16 347E-16 3.81E-16 1.04E-15

1.71E-17 9.45E-17 8.58E-17 1.03E-16 240E-16 5.79E-16
6.73E-18 3.77E-17 6.68E-17 1.16E-16

7.68E-18 3.55E-17 6.31E-17 1.19E-16 4.58E-16

9.31E-18 245E-17 4.39E-17 948E-17 223E-16 2.10E-16

40

80

TABLE VI: PARTIAL TRANSFER CROSS SECTIONS IN Fe®+— H, COLLISIONS.
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FIG. 9: Electron transfer cross sections in Fe¥*— Hy collisions. Data are by Meyer et al. [14] ().

the representation of the ionic core by a screened potential, is neccessary. Projectile ions in high charge states
(Fe®*, Ni'®) have also been chosen in order to demonstrate the feasibility of close-coupling calculations when
a very large number of transfer channels must be considered.

The calculated total transfer cross sections are very close to data which are available for other projectile
ions in the same charge state, except at the lowest energies if the nuclear charges of the projectiles are very
different. This is not true for the partial transfer cross sections which are at the focus of this work. The calcu-
lated partial transfer cross sections can be used directly for purposes of charge exchange spectroscopy in fusion
plasmas. There is no data to compare to, for the systems considered here. From simlar investigations for other
systems, one would expect that calculated partial transfer cross sections are very reliable for the dominant
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FIG. 10: Ratio of calculated total transfer cross sections for the Fe®*— H, system (this work) and the Fe®* - H system [5].
Data are by Meyer et al. [14] (A).

shell. The n distribution of electron transfer should be reliable except for the highest n shell considered in a
given study. The £ distribution within a given n shell will become less reliable for the higher n shells.

The studies performed in this work are examples of what can be done for other systems of interest if the
need arises. There are however clear limitations on which systems can be pursued in a feasible and meaningful
manner. The existence of an easy level structure in the charge transfer system is prerequisite for the theoretical
description and the use in plasma diagnostics alike. Hence charge transfer systems with only one electron outside
an inert core have been considered here. A second electron has been alowed for in the target, in the case of
collisions with helium or molecular hydrogen targets. One could also treat systems with a second electron in
the projectile ion in a similar way. All slowly colliding systems must be treated in a case-by-case fashion. On
the other hand, we have indicated that the n distribution may be interpolated between equi-charged systems if
the charge state is sufficiently high.

This work has been performed within an IAEA Co-ordinated Research Project (CRP) on “Atomic Data
for Medium- and High-Z Impurities in Fusion Plasmas” (1991-1994). The author is indebted to R.K. Janev for
his guidance during all phases of this project, and to him and the other participants for the open exchange of
results and ideas at the CRP meeting.
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EXCITATION OF HELIUM BY PROTONS AND MULTIPLY CHARGED IONS:
ANALYTIC FORM OF SCALED CROSS SECTIONS

R.K. Janev
International Atomic Energy Agency, P.O. Box 100
A-1400 Vienna, Austria

ABSTRACT. The cross sections for excitation of n'L (L=S,P,D) states of He from its ground
state in collisions with protons and multiply charged ions are presented in scaled and closed
analytic form. The scaling includes all the relevant dynamic and atomic parameters (collision
energy, transition energy, ionic charge) and is based on the existing theoretical models for the
process at low and high energies. A few parameters in the analytic scaled excitation cross
sections are determined from the experimental data. The scaled cross sections for transitions
from excited states are also briefly discussed.

1. INTRODUCTION

Excitation of helium atoms by protons and multiply charged ions is an important process
affecting the attenuation dynamics of neutral helium beams injected into fusion plasmas for
diagnostic or heating purposes [1,2]. At beam energies above ~ 50 keV/amu, the collision times
of excited helium atoms in plasmas having densities of ~ 10** cm™ can become comparable to (or
greater than) their radiative decay times. Under such conditions (radiative-collisional regime), the
multistep process (such as excitation followed by ionization or charge exchange) may significantly
reduce the beam penetration into plasmas. First demonstrated on the enhancement of hydrogen
neutral beam stopping into fusion-grade plasmas [3], this effect has been recently qualitatively
shown also for energetic helium beams [4]. The main reason for the beam stopping enhancement
effect is the increase of electron loss (combined ionization and electron capture) cross section of
excited atoms in their collisions with plasma protons and impurity ions with respect to that for
ground state beam atoms. For beam energies in the keV region and above, the collisions of beam
atoms with plasma protons and impurity ions are the dominant contributors to the beam excitation.
In the further redistribution of beam excitation among the excited atomic levels of beam atoms, the
electron-impact induced transitions may also play a very important role {3,4].

The excitation collisions of He atoms with protons and other multiply charged ions have been
subject of numerous experimental and theoretical studies in the past. They have been reviewed
recently by Fritsch [5], de Heer et al [6] and Anton et al [7]. The experimental excitation data by
proton impact span the energy range from a few keV to about 1 MeV, and include the 1S — n'L
transitions with n=2-5 and L=S,P,D [5,6]. The data for helium excitation by multiply charged
ions cover the energy range ~ 10g-200q keV/amu, where q is the ionic charge with values between
q=2 and q=45 for different species, and include the transitions 1!S — n!L, with n=2-5 and
L=S,P,D {7].

The use of this data information in various plasma (and other) applications would be much
facilitated if it is rendered into a compact analytic form. The prediction of the g-scaling of
excitation cross sections for atoms colliding with multiply charged ions [8] has proved to be a useful
step in that direction (see e.g. [7]). It has been recently shown [9] that the excitation cross sections
- can also be scaled with respect to the transition energy @, (or in n) in a wide energy range.

In the present paper we shall present simple analytic expressions for the scaled (in both q and
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©,,) excitation cross sections of He atoms colliding with protons and multiply charged ions valid
from the adiabatic to high energy region. The physical basis for the cross section scalings will be
outlined in the next section. In Section 3 we present the scaled cross sections for proton impact,
while in Section 4 we present the scaling results for excitation by multicharged ion impact. In
Section 5 we give some concluding remarks.

Atomic units (e=m,="h =1) will be used throughout unless otherwise explicitly stated.

2. THEORETICAL BASIS FOR THE CROSS SECTION SCALING

We shall briefly discuss the scaling relationships for excitation cross sections following Ref.
[9]. The discussion will be given for the general case of multiply charged ions (q = 2), and at the
end of the section we shall consider the specifics of the proton impact case (q=1).

The general form of the cross section scaling relationship for excitation can be written as

6=9(q, 0,,,E)0(E) =F(E), E=h(E,q,®,,M) ()

where o(E) is the unscaled cross section as function of collision energy E, q and o,, are the ion
charge and transition energy, respectively and & and n collectively designate other parameters of
the process and collisional system (e.g. the oscillator strength for optically allowed transitions,
effective charge of the atomic ion core, etc). The function g and 4 in Eq. (1) specify the cross
section and energy scaling and provide the basis for the scaling relationship 6 = FE). 6 and
E are called reduced (or scaled) cross section and reduced (scaled) enery, respectively.

On the basis of "advanced" adiabatic (or "hidden crossings") theory of ion-atom collisions [10]
and the dipole close-coupling approximation (DCC) for excitation at intermediate and high energies
[8], it has been shown [9] that the scaled energy function 4 is the same for both dipole-allowed and
dipole-forbidden transitions and has the form

F=_2Z Q)
qw,,

The cross section scaling function g, however, differs for dipole-allowed and dipole-forbidden
transitions. For dipole-allowed transitions, the function g, derived from the hidden crossings theory
and DCC approximation, is of the form {9]

2

_ _oh 3
g =
2 qg fi,

where f, is the oscillator strength for the 1'S — n'P transition. For dipole-forbidden transitions,
the form of the g-function can be derived from the hidden crossings theory and classical impulse
approximation and has the form [9]
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n*ei, @

g

gr =

The form of the scaling relationship F(E) in the entire region of variation of reduced energy
E cannot be determined ina umque way neither for the dipole-allowed nor for the dipole-forbidden
transitions. The reason is that in the intermediate region of reduced energies E (~ 50-100
keV/amu) there does not exist a sufficiently simple theoretical model for the excitation process to
suggest the form of F(E) in this region. However, for E « E and E > E where E_ is the
reduced energy of the scaled cross section maximum (E ~50- 100 keV/amu), the asymptotlc forms
of F(E) can be derived from the adiabatic theory, for E «E = and from the DCC (for the dipole-
allowed transitions) or classical approximation (for dipole-forbidden transitions), for E >> E_..
Thus, in the adiabatic energy region, the scaled cross section for both allowed and forbidden
transitions has the following dominant E-dependence [9]

6 ~ B? exp (-a/EY?) , E< E,_, ©)

where a and 3 are some constants. _
In the high-(reduced) energy region, the behaviour of ¢ for dipole-allowed transitions is [8,9]

~ ~

§ ~E*1ln(bE) , E>E, , b=const, O

while for dipole-borbidden transition its behaviour is

5~ EY, B . ™

The form of the function F(E) in the intermediate region of E can be determined only ona
semi-empirical basis. It should be emphasized that the physical basis of the above scaling
relationships for intermediate and high values of E is the validity of dipole approximation for the
projectile-target interaction. This approximation can be justified in a broad energy range for
multiply charged ions, but its validity is severely limited for proton projectiles. In this case the state
mixing within a given n¢-manifold of final states, particularly for large n and ¢ can be strong even
at high collision energies and departures from the scaling function (4) for the weak, non-dipole
transitions can be expected. We shall discuss this point in more detail in the next section.

3. PROTON IMPACT EXCITATION OF He
The recommended proton-impact excitation cross sections for the 1'S — n'L (n=2-5, L=§,P,D)

transitions in He [6] will be taken as a basis for determining the scaled cross sections 6 = F(E)
The recommended data of Ref. [6] in the energy range E ~ 10-1000 keV/amu are based on the
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critical assessment of a large set of experimental data, while for E > 1000 keV/amu they follow
the results of first Born calculations of Bell et al [11]. Below, we consider the transitions to states
with different total angular momentum L separately. :

3.1. 1!S - n!S Transitions

When the recommended cross section data o(n'S) of Ref. [6] for the 1!S — nlS (n=2-4)
transitions in He are plotted in the reduced units

§(18) = n%wi, o (n's) E = E(keV/amu) /@, ®)

where the transition energy o, = ' EIS-EDS| is expressed in atomic units (E,, E_, are the binding
energies of the initial and final state), then all the data, within their assessed uncertainty (10-15%),
fall onto one curve (see Fig. 1). The scaled data show a maximum at E; = 50 keV/amu, and for
E <« E_and E >> E_, they follow the asymptotic behaviours (5) and (7), respectively. AtE =10
keV/amu the data show a small shoulder, the origin of which is (presumably) due to the contribution
to the cross section from the reaction path connected with the rotational coupling of quasi-molecular
one-electron orbitals in the region of small internuclear distances. Accounting for this small
contribution to the total cross section, we represent G (!S) in the form

d(18) = §,(*s) + §,(19) )

where 6, and oh~are the contributions to 6 ('S) from, respectively, the lower (E < 15 keV/amu)
and higher (E > 15 keV/amu) parts of the energy region. The asymptotic forms (5) and (7) for
the scaled cross section are in fact pertinent to 6,. The simplest analytic expression for 6, which
can be constructed under the condition of satisfying the asymptotic relations (5) and (7) is

G,(S) = —— A8 _ (10)
BEPexp (a/E°5) + AE

where A and B are the propotionality constants in the relations (5) and (7), respectively. The
constant B can be determined from the experimental data for 6 in the asymptotic region E >
En (= 50 keV/amu) only. The other three constants in Eq. (10) are determined from the data on
G inthe Tegion of its maximum and below. By introducing the more convenient reduced energy
variable E, = E/50, the above described fitting procedure gives the following expression for G,('S)

-17 2 . £
G (15) - .._pAB X 10~0 scm _ lEso - io (11)
BE.fexp (a/E.;°) + AE,
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FIG. 1. Scaled cross sections for 1'S —>n’S transitions in He induced by proton impact. Thé curve -
is analytic fit, Eqs. (11)-(13), of the experimental data (symbols, Ref. [6]).
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=5.78, B=3.0, «=0.25, P =1.75.

In determining the form of 09(15) we shall be guided by practical fit motlvatlons only. Choosing,
for convenience, a new reduced energy E10 = E/10 we represent Gc( S) in the form

-1
3,(15) = (% . _}7) : (12)
gy g,

with 6, and 6,” de51gnat1ng the asymptotlcs of 6, for E,0 << 1 and E10 >> 1, respectively. Using
power representations for Ue (EIO) and 00 (Ew) we obtain the followmg fits

g, =8Ef, x 107 cm?, &; =20E¢ x 10 cm?, E, = 1_E(') : (13)

The full curve in Fig. 1 represents the results of the analytic fit (9), (11)-(13) of the scaled cross
section. The fit represents the experimental data with an r.m.s. deviation of ~ 5%, i.e. well within
their experimental uncertainty.

3.2. 1S - n!P Transitions

The recommended experimental cross section data of Ref. [6] for proton-impact 1'S — n'P
(n=2-5) transitions in He, scaled according to the relations
2
3 (1p) - Wip o(nip) , B- E(ke(:/amu) (14)
in 1n

are given in Fig. 2. As before, the transition energy o, is expressed in atomic units, and f,  is the
oscillator strength of the transition. All the scaled cross section data follow one curve Wthh has
a broad maximum around E = E ~ 150 keV/amu, and a shoulder in the region around E ~20
keV/amu. The low-energy shoulder on the scaled curve clearly indicates the existence of a low-
energy excitation mechanism which is the same for all n-states. This mechanism operates between
the ground and first excited molecular state of the H-He system in the region of small internuclear
distances during the incoming part of the collision trajectory and its effect is furter transmitted to
all the np'P states during the outgoing part of the trajectory through a series of radial couplings.
This explains the fixed energy position of the low-energy cross section shoulder and the scalability
of its contribution to the total cross section.

Having in mind the structure of the scaled cross section in Fig. 2, we represent G('P) in the
form
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FIG. 2. Scaled cross sections for proton-impact induced 1'S —>n'P transition& in He. The &ymbols
are experimental data (Ref. [6]) and the curve is their analytic fit by Egs. (16)-(18).
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& (1P) = §,(*P) + &,('P) (15)

with 64 and Gh referring to its lower (E < 25 keV/amu) and upper (ﬁ > 25 keV/amu) part.
Introducing, for convenience, a new reduced energy E, 5y, and having in mind the asymptotic forms
(5) and (6) of 6 for dipole-allowed transitions, we represent ch(lP) in the form

_ Aexp(‘a/EN'fs'os) ln<e+YE150)
(1+CER)E s,

&, (1P) x10"Y cm?, B, ,=E/150 (16)

and obtain for the fitting parameters the following values
A=3,50, C=0.306, «=0.25, B=2.5, y=1.7

with e=2.71828l8.....~. being the basis of natural logarithm.
The contribution cg(lP) to the total cross section is taken in the form

-1
5,(0p) = (L +L (17)
0, 0y
with the fitting function 6,”, 6, given by
8y=1.15 EZ;°x10"Ycm?, §,=1.32 Ej2-°x10"cm?, E’20=-2£O. (18)

The solid curve in Fig. 2 represents the fit of scaled experimental cross section data by the
expressions (15)-(18) with anr.m.s. deviation of about 5%. We note that the uncertainty of original
experimental data in, on average, about 10-15%, somewhat increasing at the low-energy edge of
considered energy range.

3.3. 1'S > n!D Transitions

The attempt to scale the recommended cross sections of Ref. [6] for the 1!S — n!D (n=3-5)
transitions by using the relationships (8) has failed. It was found, however, that the cross sections
for these transitions scale according to

B = E(keV/amu) (19)

& (D) = n?wl, o(n'D) ,
0.)1

n

as shown in Fig. 3
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FIG. 3. Scaled cross sections for proton-impact induced 1'S — n'D transitions in Hé. The
experimental data (Ref. [6]) are shown by symbols. The curve is analytic fit to the data by Egs.

(21)-(23).
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As mentioned at the end of Section 2, a possible reason for this deviation from the general
energy and cross section scaling for dipole-forbidden transition, Eqgs. (2) and (4) (with q=1), could
be the strong mixing of n'D and n'P states. Another important feature of the scaled 6(*D) cross
section (present also in the indvidual o(‘D) cross sections) is the pronounced strength of low-energy
transition mechanisms in the process, which produces a contribution to the cross section at lower
energies (E < 30 keV/amu) comparable to the contribution of direct transition mechanisms
operating at hlgh energies (E > 40 keV/amu).

Following the same procedure as in the preceeding two sub-sections, we present the scaled
cross section 6(D), defined by Eq. (19), in the form

d (D) = §,(*D) + §,(*D) (20)

where 6,('D) and 6,('D) are represented by the analytic expressions (with the fitting parameters
determined from the data in Fig. 3)

-1
62(1D) = (tl? + _’%’;) (21)
gy 0y
G;=0.72E%°x10"cm?, §7=1.05exp (-1.5E,;) x10 " cm?, ~15=TE5_ )
-17 2 ~ 2
5, (D) - AB x 10V cm = £ (23)

7P £0.5 = + Fso 50
B E;jexp(a/Eg°) + A Eg

A=0.33 , B=0.30, «=0.25, f=2.5.

The solid curve in Fig. 3 represents the fit of scaled experimental data by the expressions (20)-
(23) with an r.m.s. deviation of 7%. Most of the deviation comes from the low-energy scaled cross
section data.

4. EXCITATION OF He BY MULTIPLY CHARGED IONS

The basis for obtaining the scaled cross sections for 1'S » n'L (L=S,P,D) transitions in He
induced by multicharged ion impact are the general scaling relationships of Section 2 and the
recommended data of Anton et al [7]. For the transitions 1'S = n'P, in addition to the data of Ref.
[7], we shall also use the original data Ref. [12]. We note that the scaled cross sections for the
above transitions have already been discussed in Ref. [9]. In the present paper we present
somewhat more accurate analytic fits for the scaled cross sections.
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4.1. 1'S — n'S Transitions

The recommended data of Ref. [7] for the excitation transitions 1'S —> n'S (n=3.5) in He by
impact with multiply charged ions A" (q > 2), scaled by the relations

na“’i"q(nls) . B - E(keV/amu) , (24)

g(ls) = T
1ln

are shown in Fig. 4. The data cover the reduced energy range E «15-220 keV/amu. In the same
figure we show also the high-energy proton impact data for the 1'S — 3'S [6], reduced by a factor
of 0.8. We should note that the multicharged ion impact data for the transition 1S — 4'S for
reduced collision energies above 100 keV/amu are below the scaled curve by about 10-15%. (The
proton impact data for n=4, however, when reduced by a factor of 0.8, scale in the same way as
the n=3 data). The maximum of the scaled cross section in Fig. 4 is around E ~ 50 keV/amu and
it is convenient to introduce the reduced energy Es; = E/50 when representing the data by an
analytic expression. In accordance with the required asymptotic behaviour of ¢ at low and high
values of E;, Eqgs. (5) and (7), we represent 6('S) in the form

-17 2 .
6(15) - AB X 10 Cm , E50 -

=-p ~0.5 = (25)
B E;jexp(a/Eg;") +A Eg

B
50
with the following values of fitting parameters (determined from exprimental data)

A=4.55, B=2.45, %=0.25, B=1.5 .

The solid curve in Fig. 4 represents the fit (25) to experimental data. The r.m.s. deviation for
this fit is about 4%, which is well within the claimed overall uncertainty of the data (15-20%).

4.2. 1'S — n!'P Transitions

The experimental data of Ref. [7] for the 1'S — n!P (n=3) transition in He induced by
multicharged ions A" (q > 2) are shown in Fig. 5 in the scaled form

5(1p) = o(nip), E-ZElkev/amu) (26)
q f,, q ®y,

Reference [12] provides cross section data also for 1'S — 4!P transition in He induced by cr,
Ni'®* and U** ion impact for a few energies which also satisfy the scaling (26). In Fig. 5 also
shown are the scaled recommended proton impact data for the 1S — 3'P transition for reduced
energies above 400 keV/amu. In accordance with the required asymptotic behaviour, we represent
6('P) in the form
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FIG. 4. Scaled cross sections for 1'S —n'S transitions in He induced by multicharged ion i’mpact.
The symbols are experimental data (Ref. [7]) and the curve is their analytic fit with Eq. (25). The
filled circles are the proton impact data (Ref. [6]) for n=3, reduced by a factor of 0.8.
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FIG. 5. Scaled cross sections for 1'S —>n!P transitions in He induced by multicharged ion impact.
The symbols are experimental data (Ref. [7]) and the curve is their analytic fit with Eq. (27).
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_ 0.5 o) ~
g (*P) _ Aexp (“a/Er5) ln~(e+YE15°) (x107Ycm?), E E (27)

o 150 T &R
(1+ CElSpO) B, 150

where e=2.7182818..... and the fitting constants have the values
A=3.70, C=0.28, a=0.15, f=2.2, y=1.7 .

This fit represents the data well within their average experimental uncertainty (20-30%), with a few
somewhat more significant deviations at very low energies.

4.3. 1'S - n'D Transitions

The recommended experimental cross section data of Ref. [7] for the 1S - n'D (n=3-5)
transitions in He induced by multicharged ion impact are shown in Fig. 6 in the scaled form

5 (D) = n*ei, 6(n'D), £ - E(keV/amu) (28)
g

qu,,

The cross section data for individual n'D transitions have a maximum in the region E ~ 50-60
keV/amu, but show a larger dispersion than in the case of n'S and n'P transitions. This dispersion
~ is, however, still within the claimed 20% uncertainty of the data. The larger dispersion of the
scaled data for different n is connected with the state mixing within a given n-manifold. In Fig. 6
we have plotted also the scaled high-energy proton-impact experimental data for the 1!S — 4'D
transition, multiplied by a factor of 1.5.
The data were fitted to the expression

~ .6 AB 17 cm? ~ E
g (D) = ~_§ 0ABx10 _cm” | E50=§% 29)
BE.;exp(a/Es;") +AE,,

where the fitting constants have the values
A(n=3)=4.5, A(n=4)=5.4, A(nz25)=6.2, B=2.5, «=0.2, Pf=1.5

The analytic fits to the data are also shown in Fig. 6. The value A(n=4) = 5.4 gives a good
average fit to all the data.

It is worth noting that the values of fitting parameters for the n=3-curve are close to those of
the analytic fit for the 6(*S) cross section. The additional factor of 0.6 in Eq. (29) then gives the
ratio of 6('D) and 6('S) cross sections.

The constant value of this ratio suggests that g- and n-scaled excitation cross sections are
subject of an unrevealed L-scaling. Experimental or theoretical data for transitions to L > 3 states
would be highly useful in this respect.
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FIG. 6. Scaled cross sections for 1'S —n'D transitions in He induced by multicharged ion impact.
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(29). The filled circles are the proton impact data (Ref. [6]) for 1 18 — 4D transitions, multiplied
by a facror of 1.5.
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5. CONCLUSIONS

The presented scaled cross sections for the transitions 1S - nlL (L=S,D,S) in He induced by
proton and multicharged ion impact describe the existing recommended experimental data for n=2-5
with an accuracy well within the uncertainty of the data (10-15% for H* impact, and about 20%
for A%* ion impact). The analytic form of presented scaled cross sections allows extension of the
existing data information to states with n > 5. The absence of either experimental or theoretical
cross section data for excitation to states with L > 3 precludes establishment of the cross section
scaling also with respect to angular momentum quantum number L.

On the basis of classical mechanics arguments, one can also infer the cross section scaling for
the n, 'S — n !L transitions (n > ny, L=S,P,D) with respect to ny, at least at high energies. The
classical mechanics shows that the dependence on n,, of the o(n, — n) cross section is (see e.g. Ref.
[9D)

2
Oy~ — i
E ny n°wy,

- (30)

where o_ , is the transition energy. If we retain the definition of scaled energy as before, i.e. E =
E/(q mnoB, then in the cross section scaling function g, Egs. (3) and (4), an additional n{ scaling
factor should be introduced. We may, however, redefine the scaled energy for these transitions as
E = E/(n} q ®, ), in which case the additional scaling factor in the expressions for g is nZ.
Considerations of the ny-scaling in the adiabatic region favour the second choice.
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ABSTRACT. Cross-section data for ion-atom collisions which play an important role in the edge plasma of magnetically
" confined fusion devices are reviewed. This paper is devoted to collisions between low and medium Z plasma impurity ions (Si,
Al, Ar, Ti) and plasma neutrals (H, He).

Charge exchange reactions being the most important ion-atom processes occurring in the edge plasma we limit our study to
these charge transfer reactions in the particular ion energy range leV-lkeV/amu.

I. INTRODUCTION

The aim of the present work is to provide a compilation of theoretical calculations of charge transfer cross
sections involving a representative selection of multi-charged ions with Ne-like, Mg-like or Ar-like cores. The main
theoretical problem in dealing with electron capture process by such complex ions arises from the necessity to represent
the energy difference of initial and final states to within an accuracy of about 0.1 eV. Since inital and final states
involved in electron capture reactions have very different electron configurations, purely ab-initio methods are not very
satisfactory for treating complex ions beyond the second row of the periodic table. However, in many cases, it may
reasonably be assumed that the inner shell electrons only play a passive role in the non-adiabatic process. Model
potential techniques can then be used to represent satisfactorily the closed shell contribution to the ionic cores. In this
way, it becomes possible to have a reliable theoretical model in which the reaction energies are close to their
experimental values. This guarantees an accurate determination of the position of the avoided adiabatic crossings which
to a very large extent determines the electron process. The simplest cases to deal with are complex ions with closed
shell (or closed sub-shell) configurations of the 2p® or 2p63s? type. The single electron capture process then reduces to a
one-electron problem, although care must be exercised when treating a multi-electron target like He .

We have chosen to present in this work the results pertaining to the following reactions :

AI*3 (2522p%)1S + H (15)28 —> AlI*2(2s22pb nl) + H* nl = 3s, 3p )
Si*2 (2522p53s2)1S + H (15)28 —> Si* (2522p%3s? 3p)2P + H* (03)
Si*4 (2522p%)1S + H (1s)2S —> Si*3 (2522p6nl) + H* nl = 34, 4s )
Ar+6 (25s22p%3s2)1S + H (1s)2S —> Ar+S (2522p%3s2 nl) + H* nl = 4d, 4f, 5s, 5p @)
Art6 (2s22p6352)1S + He (15228 —> Ar*d (2s22p%3s2 nl) + He* (15)2S  nl = 3d, 44, 4p ©)
Ti*4 (2s22p%3s23p%)1S + H (1s)2S  —> Ti*? (2s22p63s23p6 nl) + H* nl = 4s, 4p ©

In order to illustrate how a combination of model potential and ab-initio techniques can be used to treat the case
of open-shell ions we also include some calculations on

Si*3 (2522p53s)2S + He (1s2)25—>  Si*2 (2522p63s2 )!S + He* (15)2S ‘ D

—>  Si*2 (2522p%3s 3p) 1.3P + Het (15)2S ®
Al*2 (2522p535)2S + H (15)2S —> Al* (2522p53s3p)2P + H* ©)
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As the basic theoretical methods have already been developed elsewhere {1, 2] we just recall very briefly in
section 2 the main features of the general method. In section 3 we will present the specific aspects of each system and
discuss the results.

2. METHOD

Except for Si*3/He system where an ab-initio method with configuration interaction was used, model potential
techniques have been adopted in all the other systems. For each ion A9*, a parametrized model potential is optimized to
reproduce the electronic states of the A@ 1+ which are likely to be involved in the electron capture process. For closed
shell ions, the ground and excited states of all symmetries (s,p,d...) can usually be reproduced by a fairly simple model
potential to within 0.1 eV. In the case of open-shell cores, the procedure is less satisfactory but when capture takes
place into excited states, the method is also acceptable.

The model Hamiltonian is then constructed as a superposition of the ionic core and the target atom. This is
simple in the case of a hydrogenic target. The electronic Hamiltonian of the molecular ion is diagonalized in a set of
Slater-type orbitals to generate the electronic adiabatic states of the ion-neutral system. The only interactions taken into
account are the electrostatic potentials from the two ionic cores. For the description of the Ad* ionic core we use a
model potential of the general form:

1 n m i
VAq, (r)= —%+_r-2 Z(C,-jr)’ exp(—d,.r) (10)
i=1

j=0

where n and m are finite integers and where the parameters c;; and d; are optimised to reproduce as well as possible the
asymptotic energies of A*@1). In the special case of He target, the model potential method has been modified 3] using
an idea introduced first by Grice and Herschbach {4] to treat the long range ionic-covalent interaction in neutral atom-
atom systems. In that way it is possible to take account of the electronic correlation and symmetry effects in the entry
channel.

The coupled equations are solved in a fully quantal formulation. Prior to integration the adiabatic states are
transformed to a diabatic representation [1]. Galilean invariance is insured by the use of appropriate reaction coordinates
[2]. These coordinates are equivalent to the use of the common translation factor in a semi classical formulation [5].

3.RESULTS AND DISCUSSION

3.1 AIY3/H.

Over a wide range of incident ion energies from a few eV up to about 10 keV, the charge transfer process takes
place via electron capture into the (2p%3p) 2P state of Al*Z (figure 1). The primary capture mechanism is due to the
radial non adiabatic coupling in the vicinity of the avoided crossing between the two Z states (one correlated to the entry
channel, the other to the final 2P channel). However, the rotational (Coriolis) coupling between the T and IT states
contributes appreciably not only to the orientation of the final state but also to the actual magnitude of the electron
capture cross section (figure 2). Indeed, in common with a few other analogous systems involving capture to p-states,
the Al*3/H system furnishes an excellent example of how the interference of radial and rotational can lead to an
enhancement of the Landau Zener probabilities when both Z and I1 states are involved in the electron capture process
[6]. It also explains why there is a strong propensity for orientation of the 2P state at small scattering angles {7].
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Fig 1 : Adiabatic potential energy curves of Al H+3
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Fig. 2 : AI3*/H charge transfer cross-sections (10°16cm?)
as a function of centre of mass energy. The full and long
broken curves refer respectively to our calculations with and
without rotational coupling [6], the chain curve to the
calculations of Kirby and Heil [9], the short broken curve to
the calculation of Phaneuf et al. [8]. The experimental result
of Phaneuf et al. is designated by the full triangle.

The AP*/H system has been studied previously by Phaneuf et al. [8], Kirby and Heil [9] and Gargaud et al .
[6]1. In view of our findings on the importance of rotational coupling, it is scarcely surprising that the calculations of
Kirby and Heil, who neglect rotational coupling, differ significantly from those of Gargaud et al. who take both radial

and rotational coupling into account.

Apart from the experimental measurements of Phaneuf ef al. on total charge exchange cross-sections at
E=0.96 keV, which are in good agreement with our theoretical predictions [6], there is no experimental data on the
variation of cross section with energy. However, in view of the good agreement of our calculations with experiment
for the rather analogous system C*/H [1] we believe our theoretical results presented in figure 2 and table 1 to be of

good accuracy (to within 10% or so).

E (eV/amu) 3s
08 | @ -----

85 | -

282 | -

56.5 0.01
141.2 0.14
2824 0.66
564.7 1.65
1129.4 4.36

3p Total
0.03 0.03
3.44 3.44
13.74 13.74
21.51 21.52
29.62 29.76
30.74 31.40
29.01 30.66
27.65 32.01

-

Table 1 : AB*/H charge exchange cross-sections (10716 ¢m?) as a function of energy.
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3.2 ArS*/H, He

These two systems present many complementary and interesting features. Contrary to what is observed for
more weakly charged species, electron capture takes place simultaneously via several channels : 5p, 5s,4f, 4d states of
A5+ in the case of ArS+/H (figure 3), 4p, 4s 3d states of Ar’* in the case of Ar6+/He (figure 4). This makes it possible
to make meaningful comparisons with energy gain spectra which often provide relative cross sections of the different
reaction channels. '

T ‘. ‘ L] "‘ T T L] I T T L] I L T T
-05 |-
) ) [
S S [
$ 8 ﬁ
u & - 4p
2 9 s
[*] ° i
:g 5p :‘93 [ i 4s
< i R U =T Sy S _
T . 4f L i
-1 1 | 1 X ! L 1 ;"“;‘"'P* 4d P WU S S0 DR ST STV W T ~:."}- P 3d
5 10 15 2 4 6 8 10
Internuclear Distance (ag) Internuclear Distance (a.u)
Fig 3 : Adiabatic potential energy curves (a.u.) of Ar H*0 Fig 4 : Adiabatic potential energy curves (a.u.) of Ar Het®
S-Art0 32y +HUs) . T-Ar*0 (3s2) + He (1s2)
— — —X-ArtS (3s25p) + H I-ArtS (352 4p) + Het (Is)
—mmmm T-AT*S (352 55) + HY ' — —— I-Ar+3 (352 45) + Het (1s)
- AP (3s24n+HY I-ArtS (352 3d) + He* (1s)

............ T-Artd (352 4d) + H

The Ar®+/H system might appear a simpler one for model potential calculations but there is still some
difficulty in separating the contributions of the individual channels to the energy gain spectra [10, 11]. Hansen et al.[12,
13] have pointed out how the energy profile pertaining to a specific state depends on both kinematic and differential
cross sections. We present in table 2 and figure 5 our theoretical results and compare them to the absolute data of
Crandall et al. [14]. Unfornutanely there is no detailed experimental data on how the ArS*/H electron capture cross
sections vary with collision energy. We believe nevertheless that our theoretical calculations are of good quality.

80 ————ry S
S
[ Totol |
E(eV/amu) | 4d af 5s 5p | Total “c 60 |- 4
o 5 Crondall et ol |
1398 | 0.09 | 1432 | 2161 | 37.15 [73.17 o - . o
2797 | 056 |15.71 | 27.67 | 29.76 [73.71 S -
c I P h
83.90 3.88 120.79 | 2994 | 2041 ]75.02 % i = S i mem e R |
L] - —~ - - -4
90.89 4.61 |18.46 | 30.52 | 19.81 17340 2 20 [ o Tl T \\_\5,*:
o ! -7 ]
167.80 997 1715 | 2786 | 17.20 {72.18 S - - ’4; 4
oOF==-----"7 -
335.59 115.10 | 16.71 | 24.79 | 12.24 }68.84 - | :

i A 2 L il ' 02 A A

Energy (eV/amu)
Table 2 : Ar*6/H charge exchange cross-sections Fig 5 : Ar*$/H total and partial charge exchange cross-sections
(10 ' ¢cm?) as a function of energy. (10 'S cm?) as a function of ion energy (eV/amu).
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In the Ar%*/He system, the electron capture channels are well separated and there is no difficulty in interpreting
the energy gain spectra of McCullough et al. [10]. The excellent agreement of both our theoretical results and those of
Hansen et al. [13] with the experimental data of Andersson et al. [15] (table 3 and figure 6) confirms the accuracy of the
maodel potential approach, when correct allowance is made for symmetry and correlation effects in the He target.

[ T T )
30 [ A™/He i
. & - Toto! -
E@Vamy| 3d | 4 | 4p [ Towl .gg [ M
378 | — | 039 | 25.48 | 25.88 '?, ol s . .
755 | — | 136 | 25.07 | 26.43 2 - v ]
2266 | — | 542 | 2061 | 26.03 73 L S, )
4532 | 0.02 | 7.55 | 17.10 | 24.67 @ 101 e ~
90.63 | 0.17 | 1228 | 13.56 | 26.00 S [ e ‘1
167.00 | 074 | 12.02 | 11.04 | 23.80 © L . . ]
333.00 | 2.03 | 13.01 | 929 | 24.34 Obogrl e ——e——q e =" "o -
10’ 10°

Energy (eV/amu)

Figure 6 : Comparison of our theoretical Ar*6/He charge transfer
cross-sections (10 1% cm?) with the experimental data of Andersson
et al. [16] and the theoretical data of Hansen et al. [13] as a function
of ion energy (eV/amu). Andersson ef al. : total (W) ; 4p (A) ; 4s (@) ;
3d (#). Hansen et al. : (- - -). Our results (------- )-

Table 3 : Ar*®/He charge exchange cross-sections
(10 “16 cm?) as a function of energy.

3.3 Si?*/H, Si2*/He,

These two systems have the rather unusual property that electron capture takes place directly into the ground
state.

Si*2 (2s22p®3s2)!S + H (1s)2S <—> Si* (2522p53s2 3p)2P + H* 1n
Si*3 (2522p63s)2S + He (1s2)2S <—> Si*2 (2s22p63s2 )1S + He* (15)2S 12)

As a general rule, charge transfer recombination of an X9* ion leads to the formation of an excited state of the
X901 ion. In a dilute medium, such as astronomical emission-line objects, these excited states decay radiatively to the
ground state before the X491 ion can undergo any collisional process, so that the inverse charge transfer ionization is not
effective. On the other hand, in the case where electron capture can lead directly to the formation of ground states,
ionization may also occur rapidly via the inverse charge transfer process. As a consequence the fractional abundance of
Si ions can be strongly influenced by both the forward and backward reactions (11) and (12).

The Si?*/H system is fairly well suited to a model potential treatment [16]. There is only one effective avoided
crossing involving two X and one I1 state as for A13*/H (figure 7). The main difference is that the avoided crossing
occurs at much larger distances. This tends to give large cross sections at low eV and thermal energies but much lower
cross sections at high energies (table 4).

167



T ]
3 Si*2/H .
E (eV/amu) 3p A .
0.8 40.10 k' ]
8.4 20.25 & =
28.2 14.39 8 ]
140.8 13.65 s ]
281.6 1521 = .
= sy
563.2 15.41 S
3pg
1126.4 19.22 N T T

10
Internuclear Distance (ag)

Table 4 : Si%*/H charge exchange cross-sections Fig 7 : SiH2* adiabatic potentiél energy curves (a.u.) of as a
(10-16¢m?) as a function of energy. function of internuclear distance (ag).

I-Si*2(3sh)+H

............ II-Si* (3523P) + H*

----- I-Si* (3s%3p) + H*

The Si3*/H system is the odd man out of this compilation. Even though model potential techniques could
probably be used to provide a crude estimate of the cross section, this system is typically a three-electron problem for
which the techniques used to reduce two-electron systems such as Ar%*/He to an effective one-electron problem are not
appropriate. An ab initio configuration-interaction with an effective potential to reproduce the (2s22p%) core has been
used in this case [17]. The electron capture process is dominated by an avoided crossing of the Landau-Zener type. We
present in figure 8 the adiabatic potential energies and in table 5 cross-sections for capture to the (3s)!S, (3s3p)3P,
(3s3p)!P of Si%*.

E(eV) lg 3p lp  [Total 28

1.09] 3.63 | — | — | 3.63
2.18| 3.83 | — | — | 3.83

435 498 | — | — | 4.98 1

6.53] 6.03 | — | — | 6.0

10.88] 7.76 | — | — | 7.76

16.33] 9.45 | — | — | 9.45 ]

35.00] 12.41 ———- —— 12.41 Si*¥(3p)%P + He
70.01| 14.39 ] -— | — | 14.39

121.99{ 15.38 | 0.36 [0.0001| 15.74
280.02| 14.81 { 0.65 |0.0003] 15.46
630.07] 13.47 | 0.69 }0.0008| 14.16
1120.1] 12.14 | 0.64 |0.0013] 12.78
1750.5]1 11.13 | 0.60 |0.0016] 11.73
3499.3| 9.87 | 0.49 {0.0023] 10.36

Si*3(3s3p)'P + He®

4 5i*3(3s)%s + He
Si*3(3s3p)°P + He*

$i*3(35%)'S + He'

5262.41 9.07 0.41 |0.0040| 9.48 st L L L e
5 10 ’ 15 20 25
70007 884 037 00074 922 Internuclear Distance (Qo)
Table 5 : Si*3/He charge exchange cross-sections Fig 8 : SiH3* adiabatic potential energy curves (a.u.)as a
(10716 cm?) as a function of energy (eV). function of internuclear distance (ag).
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3 4 Si4+/H.

Being ideally suited for the treatment by model potential techniques [18], this system is an interesting bench-
mark system. Two electron capture channels are probable (figure 9)

Capture to the 3d state which involves a complex crossing network of X, IT and A states, dominates for
collison energies above 20 eV /amu while capture to the 45 channel dominates at eV energies (table 6). At very low
energies, the system exhibits a Langevin effect. Recent merged beam measurements {19] have confirmed the existence of

this phenomenon (figure 10).

Epab(eV/amu)| 3d 4s | Total
0.008 0.38 | 269.941270.32
0.023 0.20 | 162.03 | 162.23
0.085 0.12 | 92.01 |_92.13
0.23 0.19 | 6647 | 66.67
0.85 0.71 | 5497 | 55.67
225 2.71 | 43.88 | 46.59
8.45 12.65 | 28.88 | 41.53

28.18 2725 | 17.89 | 45.13
84.55 34.13 | 1143 | 45.56
140.91 33.70 9.58 | 43.28
281.82 3247 7.67 | 40.14
563.64 29.27 6.93 | 36.21
1127.27 | 23.15 597 | 29.12

Table 6 : Sit4/H charge exchange cross-sections
(10'16 cm2) as a function of energy.
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Fig 9 : SiH* adiabatic potential energy curves (a.u.) of as a
function of internuclear distance (ag).

Cross sectiori (10"%cm?)

250.0

090

Z-Si*4(2pf) + H
--------- Z-Si*? (2p%3d) + H*
—————— 1-Si*3 (2p%3d) + H*
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Fig 10 : Si+4/H, D charge exchange cross-sections

(10'16 cmz) as a function of ion energy (eV/amu).
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3.5 Ti¢*/H

This system is quite analagous to AI**/H [6]. Capture takes place predominantly via the 3p®4p channel of
Ti3+, although there is a small but non-negligible probability of capture to the 3p4s channel (figure 11). There is a
strong constructive interference between the radial and rotational coupling as it is found in the AI3+/H system. We
believe that our theoretical data (table 7) is of high accuracy.

\ -':'\ 1 I M | 1
iy i
- R T
3 \
A v
@ \
K v
E‘ A
, & s
=05 1
E (eViamu)] 4s 4p Total 2 Su
o
]
0.9 —_ — e 3 ] ,
8.5 — 0.06 0.06 1 *m
28.4 — 1.10 1.10 4sq;
-1 FUNTET T BRI ST T N VP U BT SR DA
142.2 0.16 1042 | 10.58 2 4 6 8 10 12
Internuclear Distance (o)
284.5 0.69 1778 | 1847 Fig 11 : TiH* adiabatic potential energy curves (a.u.) of as a function
of internuclear distance (ag).
568.9 2.13 23.78 | 2591 S-Ti(3p%) + H
11379 2.93 28.81 31.74 . [ ¥-Tit3 (3p64p) +H?*
—Ti+3 6,
Table 7 : Ti**/H charge exchange cross-sections moee e I T_1+3 Gp :p ) +H*
(10716 cm?) as a function of energy. e I-Ti*? (3p®4s) + H*
3.5 AP*/H

Although this system cannot be accurately treated by model potential methods, we have thought its inclusion
in this compilation of some interest. It has been the subject of considerable experimental and theoretical investigation
so that there are several elements of comparison of different data. Phaneuf ef al . claim that capture to the Al* (3s3p)!'P
channel contributes up to 25% of the total charge transfer cross section. In our model potential calculations [20],
however, we find that only capture to the ground state channel Al* (3s2)!S is appreciable (figure 12). This is confirmed
by the experimental energy gain spectra [20] which only exhibits a single peak corresponding to the ground state
channel. For that reason, we believe our model potential calculations are reasonably accurate . Figure 13 and table 8

gives an idea of the present state of the art . 6 — Ty Ty
02y T J NE
o
©
£) 's
R —
H]
‘o [72]
5
w —
2 ©
9 o
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* 2
jad
O 1 . i e aaaal
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. . . Internucleor Distance (og) 2 ) . Energy (eV/o mu)
Fig 12 : Adiabatic potential energy curves of Al H* Fig 13 : Comparison of our total cross- sections
I-Al*2 (3s) + H(1s) data (---, [20]) with those of Phaneuf et al.
________ T-Alt (352) +HY (- - -, [8]) and the experimental ones of

Mc Cullough er al. (A, [20]) as a function of
ion-energy (eV/amu).
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(eV/amu)| Experiment | Theory
1923 | 197+£031] 2.88
2308 [276x0.16| 3.30
269.2 1278+£036] 3.67
307.7 |332+£032| 398
346.2 [335+040) 4.24
384.6 1351 +£028 | 446
423.1 34412029 4.65
480.8 | 348+ 042 4.87
538.5 | 396051} 5.06
5769 346034 5.16
673.1 3951047 | 5.34
769.2 1403032} 5.46
961.5 | 459057 ] 5.56
1153.8 | 438+ 0.60 | 5.53

Table 8 : A1Z/H experimental [20] and
theoretical [20] total cross-sections (10-16cm?).
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INELASTIC PROCESSES IN 0.1-1000 keV/u COLLISIONS OF
Ne?" (q=7-10) IONS WITH ATOMIC HYDROGEN

D.R. Schultz and P.S. Krstié
Controlled Fusion Atomic Data Center
Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831-6373, USA

Abstract: Owing to the potential use of neon as an intentionally introduced ra-
diating impurity in fusion reactor divertors, we present here cross sections for (1)
lonization, (i) state-selective excitation, and (i) state-selective charge transfer in
0.1-1000 keV /u collisions of Ne?* (q=7-10) with H. The cross sections may be used
in modeling and diagnosing the distribution and state of these ions as well as other
parameters of the core, edge, and divertor regions of the plasma. We have utilized
the theory of hidden crossings in the low energy portion of the energy range consid-
ered and the classical trajectory Monte Carlo method throughout the high energy
portion.

1. INTRODUCTION

The previous decades have shown an ever closer approach to the goal of break-even in
fusion reactors. As this goal is obtained, the direction of research will turn more and more
towards the physics and engineering study of burning plasmas. Therefore, with the production
of significant quantities of fusion-product helium, and significant fusion energy, it is necessary
to consider how to exhaust this helium ash, how to recycle hydrogen, and how to remove heat
from the plasma. Cooling is required both to extract heat to run turbines producing electricity
(obviously the ultimate practical goal of fusion research) and to prevent the temperature of the
plasma facing components from reaching too high a temperature.

Thus, much effort is being devoted to devising, engineering, and modeling reactor divertors
through which these goals may be achieved, particularly for experimental devices already in
existence (e.g. JET) and for the proposed International Thermonuclear Experimental Reactor.
One of the primary difficulties has been that the early schemes for such a divertor would have
potentially subjected the divertor plates to a very large amount of energy (e.g. 20 to 40 MW /m?
or more [1]). In contrast, current designs call for the reduction of this tremendous heat and
particle flux by using atomic processes in a rather open region, often referred to as a “gaseous
divertor” and by spreading the load over a much larger surface area than originally envisioned.
In particular, charge transfer, hydrogen and impurity radiation, ionization, and elastic collisions
between the recycling gas and the divertor plasma are predicted to disperse the heat [2, 3].

In addition, it is estimated that the radiation from hydrogen will not be sufficient and some
impurity species will have to be introduced into the divertor region to increase the radiation
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losses. Since these losses increase with increasing nuclear charge, Z, and since any large con-
tamination of the core plasma by high-Z impurities will quench the plasma a delicate balance
in the choice of what species to introduce must be made. It is predicted that impurities intro-
duced by puffing into the edge or divertor become entrained to some extent, and that this will
therefore limit the potential deleterious radiation losses.

One suitable impurity for this task seems to be neon. Its nuclear charge is high enough
to induce a significantly increased amount of radiation in the divertor, potentially without
reaching a fatal fraction in the core. In addition, since neon would not ordinarily be present in
a reactor as would species composing the plasma facing walls (Ni, Fe, Be, C, etc.) or occuluded
gases (e.g. oxygen), neon would be a good diagnostic species. If detected, it could have only
originated from the point of injection, and only in the amount injected. Thus techniques such
as charge exchange recombination spectroscopy could be used to track the motion of the neon
ions and their spatial and charge state distributions to determine the parameters of the plasma
such as temperature, density, and rotation.

Therefore, in order to provide a preliminary database for modeling and diagnosis that
incorporates the inelastic collisions involving neon ions and atomic hydrogen, we present here
the (i) ionization, (i1) state-selective excitation, and (iit) state-selective charge transfer cross
sections in 0.1-1000 keV/u collisions of Ne?t (q=7-10) with H. We apply two methods which
have been shown to provide reliable results over complementary energy ranges, the theory of
hidden crossings (HC), and the classical trajectory Monte Carlo (CTMC) technique. Since
each of these methods treats an ion-atom collision as possessing transitions of only a single
electron, we cover a range of ionic charge states of neon for which we can be assured that there
is little effect of electrons contained by the projectile exchanging with that of the target, or
being ionized or excited. Further, we apply the models only to those charge states where the
computed charge transfer cross section is not appreciably affected by capture to unphysical
states. That is, for the partially stripped ions, if the model results in capture to principal
quantum levels that are in actuality filled, then a clear signal that a more robust model must
be employed is present.

In the following sections we quite briefly summarize the CTMC and HC methods and then
present and tabulate our results for the inelastic cross sections.

2. THEORY

A large body of work has shown that the CTMC method provides a reasonable and accurate
estimate of these cross sections for intermediate collision velocities for bare ions colliding with
H, H,, and He. Some results have also been obtained for partially stripped impinging ions
with reasonable agreement found with experiments, but with less overall certainty, since a full
treatment would have to include the multielectronic transitions possible in such a case. Since
theoretical methods with which a large range of ionic charges and collision energies could be
covered more robustly is not readily available, the CTMC results provide a first estimate of the
required processes.

That is, the complete quantum mechanical treatment of an arbitrary ion, carrying possibly
several electrons, colliding with atomic or molecular hydrogen, is a difficult, multi-electron,
many-state calculation. The CTMC technique, in its one-active-electron, many-active-electron,
or model-potential formulations serves as a very useful tool to produce a broad range of required
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data. Careful comparison with other more robust methods for a set of fundamental channels
allows one to assess the range of reliability of the CTMC results, and to extend with some
reasonable level of confidence to other similar systems. Previous works have, for example,
tabulated state selective charge transfer cross sections for C®* and O®* with atomic hydrogen
[4] and He** with H in both the ground and n=2 states of hydrogen [5], and total electron loss
cross sections for Fe ions colliding with H, H,, and He [5].

The basic CTMC method has been described by Abrines and Percival [6] and Olson and
Salop [7], and particular applications pertinent to computing excitation by Reinhold, Olson,
and Fritsch [8], state-selective capture by Becker and MacKellar [9] (see also Refs. [4, 5]), and
for collisions in which the inactive projectile electrons are represented by a model potential by
Peach et al. [10] and Toburen et al. {11], for example. An independent work, using a slightly
different form of the model potential has also been performed using CTMC for charge transfer
and ionization in Ne?" + H by Maynard et al. [12]. The present results generally agree with
these, but are extended here to describe excitation of the target, and to tabulate the charge
transfer cross sections to the n, £ levels. '

The cross sections have been computed concerning ionization and charge transfer for neon
ions colliding with atomic hydrogen using CTMC, and matched in the region of energy around
the maximum of the cross section with results of the theory of hidden crossings.

0.4

0.3

0.2

(Vc _Veff)/vc

0.1

0.0
1072 107" 10° 10

r (a.u.)

Figure 1: The relative deviation of the independent particle model potential [20] for Neit
(¢=6,7,8) from the Coulomb potential of a bare ion of charge ¢ + 1 versus electron distance
from the nucleus.

The advanced adiabatic method, also known as the hidden crossing method, utilizes the
strong localization of the nonadiabatic transitions at low collision energies between two quasi-
molecular states to those internuclear distances where respective quasimolecular electronic

175



eigenenergies cross [13]. Since, according to Wigner-Neumann noncrossing rule, the states
of the same symmetry (that radially couple) cannot cross for real R, the localization of the
strong transitions is shifted to the plane of complex internuclear distances R, where the adi-
abatic electronic Hamiltonian is no longer Hermitian. When R is extended formally to the
plane of complex R, the eigenvalues and eigenfunctions of the instantaneous electronic adia-
batic Hamiltonian H(R) of a two-center—one-electron system are analytic functions. This is a
consequence of the analyticity of H(R). The only singularities have the nature of branch points
that connect pairwise different branches of the single, multivalued eigenenergy function E(R).
If R is real, these branches coincide with the electronic eigenenergies.

12 , T . —
12no

2 L _ ﬁ_ _ _
N=N_(R=>0), I=N—1, m=0
10° 10! 102
R (a.u.)

Figure 2:  Quasimolecular, adiabatic electronic energies for the o states for the Ne!®t + H
collision system expressed in terms of the effective principal quantum number in the united
atom limit, Nos5 = 11//—=2Ens,. Only those ionic curves of Ne®*(n) + H" that are coupled
radially with the initial state, Ne'®t + H(ls),via the Q type transitions (filled circles), are
shown. (Hollow circles, localization of the S superseries; “crossings” of the curves are the
isolated Landau-Zener avoided crossings [15], which do not belong to the @) superseries).

The branch points (hidden crossings) define the localization of the radial nonadiabatic
transitions. Circulation around a branch point R, promotes one branch E, of the Riemann
surface E(R) to another one, Eg, thus making a transition between two quasimolecular states,
a and § . The probability of the transition is given by a simple exponential form,

Aq
Pop = exp(~2=7) (1)
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where v is the collision velocity and

Aup = ‘Im / Eﬂd}%‘ 2)
aB VR[v ,

is the generalized Massey parameter. The integral in Eq.(2) is taken along a contour around

the point R,, starting from real R at an energy E, and ending at real R, at Eg. Finally, vg is

the radial velocity of the nuclear motion.

Thus, following in succession the pairwise transitions in the complex R plane, while the
system evolves along the real R axis, one can obtain the probability of transition from an
arbitrary initial to an arbitrary final state. These are the basic ideas of the hidden crossing
theory (14, 15, 16, 17], which has been shown to be successful [18, 19] in calculation of total
and partial cross sections for ionization, charge transfer, and excitation of one electron atoms
in slow collisions with multicharged ions. The theory is exact in the low velocity limit, and’ its
applicability extends to approximately the maximum of the cross section. The latter depends
upon the system and the inelastic process in question.

Two principal kinds of branch points, those of the so-called S and @ types, have been
defined according to different radial selection rules [15]. These were found to form superseries.
The S superseries are localized in a narrow domain of the complex R plane, at small Re{R},
and constitute the transitions which pairwise, and in succession, connect the states (N, ¢, m),
(N+1,4,m), (N+2,£,m),... (NV,£,m) are the spherical united atom quantum numbers). This
localized set of transitions constitutes a strong mechanism which almost diabatically promotes
the state (N, N — 1,m) into the continuum during the incoming phase of the collision. These
superseries have a limiting point when n — oo, and are associated with passing the centrifugal
barrier. The Q transitions are the main mechanism for charge transfer and excitation, and
these connect (IV,4,m) and (N + 1,£ 4+ 1, m) states. They also constitute superseries which in
succession can promote a state to the continuum in the receding phase of the collision. The
Q branch points are associated with passing the top of the Coulomb barrier and are found at
larger internuclear distances. »

The hidden crossing theory was originally developed for systems of the form (Z2,e€, Z;).
In principle, the method can be generalized to systmes containing more than one electron,
but this has not yet been accomplished in a reliable way. Nevertheless, it can be applied in
its original formulation to the collisions of multielectron ions with one-electron atoms if the
effective potential of the ion is Coulombic for those internuclear distances where the transitions
are localized. In Figure 1 we show the relative deviation of the effective multielectron potential
from the Coulomb potential, (V. — V.;;)/ V., for the ions Ne?* g =6,7,8, where V.;; is defined
as the effective one-electron potential of the multielectron atom given by Szydlik and Green
[20]. A similar potential is used in our CTMC calculations to model the Ne?t ion. From the
figure it is obvious that the electron moves in an almost pure Coulomb potential if its distance
from the nucleus is larger than about one atomic unit.

This can be applied to the collision of these neon ions with hydrogen, whose electron can be
captured by the ion already at larger internuclear seperation. When the internuclear distance
R>1, the overlap of the active electron wavefunction in the initial hydrogenic and final ionic
state is that of Coulombic functions. Figure 2 shows the electronic energy diagram of the
(NeH)'* system, for the manifold of o states. The adiabatic energy curve of the initial
Ne®t + H(1s) state is shown by the thick solid line. The Q transitions and the S superseries
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are denoted by the filled and hollow circles, respectively. Besides these, three isolated Landau-
Zener type avoided crossings appear. These diabatically promote the initial state of the system
to Tio adiabatic state, and charge transfer and ionization are consequences of the subsequent
coupling of this state with others, via the @ and S type branch points. The populations of
the states far from the 7io state decreases rapidly. On the other hand, the positions of the
important S and () transitions (other than for very low lying states, which are only populated
weakly) is of the order of R=10. These branch points are shifted toward smaller values, as the
charge of the ion decreases. Nevertheless, if the collision of Ne™* with H is modeled by the
N™ + H system, on the basis of Figure 1 (with q=6), the relevant S and () transitions stay
well beyond R=1. This justifies the application of the two-center—one-electron hidden crossing
theory to collisions of hydrogen with Ne?* ions with ¢ =7,8,9,10.

Besides the S and Q type transitions, and their relevant superseries, we also calculate
transitions induced by rotation of the internuclear axis at small internuclear distances. These
transitions couple states of different magnetic quantum number m, within a fixed £ and N.
Inclusion of the rotational coupling shifted the charge transfer cross section maxima toward
smaller energies, and significantly increased the cross sections at the lowest energies.

The total number of the branch points used in the calculations of ionization and charge
transfer were as follows: 1) 68 for the (NeH)'®* system; 2) 82 for (NeH)®" (modeled by the
(FH)" system); 3) 75 for (NeH)® ((OH)®t), and 4) 72 for (NeH)™ (NH)™).

3. IONIZATION

In Figure 3 we compare the present CTMC and HC results for the ionization of atomic
hydrogen by Ne”~1%* ions over the collision energy range of 1 to 1000 keV/u. It has generally
been found that below the maximum of the cross section the hidden crossings technique accu-
rately predicts the cross section, while from just below this point to just past the maximum,
the CTMC model is within its established limits of applicability. Thus, a smooth curve joining
the CTMC and HC results, extending from low to intermediate energies provides a reasonable
recommended cross section. For these collision systems, it appears that CTMC is valid down to
10 to 20 keV/u and up to at least 1 MeV /u (higher energies are not of present interest for fusion
research). Similarly, we would recommend the HC result up to about 50 keV/u, with perhaps
an averaging of HC and CTMC in the region in which these ranges overlap. The change in
slope of the CTMC cross sections near 10 keV/u is most likely real, and we ascribe it to an
effect described by Fritsch [21] as a type of orbital resonance, and also shown in both atomic
orbital and CTMC calculations for beryllium ions colliding with atomic hydrogen [22].

We note that our CTMC results generally agree with those of Maynard et al. [12], but
differ slightly, most likely owing to the use of a somewhat different model potential to represent
the inactive electrons on the projectile. For the fully stripped ion, where this difference could
not account for the discrepancies, there appears to be rather good agreement. The primary
differences show up in the detailed shape of the cross sections. For example, from the figures in
Ref. [12], it appears that the ordering of the ionization cross section at, say, 1000 keV /u are in
order of increasing ionic charge state. That is, at this energy Ne'°* has the largest ionization
cross section, followed by the 9+, 84, and 7+ ions in that order. We however find an ordering
of 94, 104, 8+, 7+. Since the cross sections are all within less than fifty percent of one another
throughout much of the entire energy range considered here, small variations of the shape of -
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Figure 3:  The total cross section for ionization of H(1s) in collisions with Ne?* (q=7-10) in
the CTMC and HC models. (Solid curves, Nei°*; dashed curves, Ne**; dotted curves, Nett;
dot-dashed curves, Ne™* ).

the model potential could easily account for this differences.

Certain trends in the variations of the ordering of the cross sections according to charge
are quite real. For example, at high energies, the highest charge states should indeed produce
the greatest amount of ionization. However, this effect is not as large as one would expect on
the basis of first order perturbation theory, and the assumption of a fully stripped projectile.
In that case, the cross section would scale as the charge state squared (i.e. as q*). It should
be noted that as the charge state is increased, the q* scaling is known to break down even for
fully stripped projectiles, and the cross section saturates. For Ne’~°*, the projectile is only
partially stripped, but, since in relatively small impact parameter collisions the target electron
can experience the full nuclear charge, Z =10, the cross section for all of these ions peak at
essentially the same value, reflecting this core penetration (for a more detailed discussion see
e.g. [5]). In addition, at low energies, another effect leads to an inversion of the order of
dominance of the charge states. In this case, since the higher charge state ions generally lead
to a greater probability for charge transfer than do the ions of lower charge state, more flux is
taken up by that channel, and the high-q ions have a lower ionization cross section.

4. EXCITATION

In Figures 4-7 we display the cross section for excitation of the initial ground state of atomic
hydrogen to various final n-levels for the charge states 7+, 8+, 9+, and 10+, respectively. We
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Figure 4: The total cross section for excitation of H as a function of final n-level for several
impact energies of Ne't computed using the CTMC method.
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note that the small fluctuations in the otherwise smooth dependence on n of these cross sections
arises from the statistical uncertainty in the Monte Carlo sampling in the CTMC procedure,
rather than from some physically significant process. In particular, for the largest cross sections,
this uncertainty is very small (on the order of less than five percent) but for the smallest cross
sections, it can be much larger.
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Figure 5. The same as Figure 4 except for Nedt.

Fitting a smooth curve through the points displayed readily demonstrates that above n=4,
the well known scaling of the cross section as 1/n® is obtained. Thus, these results give a
point of reference for the low n-levels while results for the higher n-levels may be obtained
from this scaling. Also readily seen from the figures is the fact that above about 20 keV/u, the
distribution of n-levels populated, and the magnitude of the n-level cross sections does depend
much on the ionic charge state of the neon ion, or the impact energy in the range 50 to 1000
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keV/u. Similar to the situation obtained in ionization, collisions which penetrate the electronic
core of the ion experience very similar charges close to the full nuclear charge, explaining the
only slow variation of the magnitude of the cross section with changing ionic charge.

5. CHARGE TRANSFER

In Figure 8 we compare the results of the present HC and CTMC calculations regarding
total charge transfer. In the energy range of approximately 1 to 100 keV/u, very good overal
agreement exists between the two models. Below this energy, HC is expected to yield the
appropriate behavior, while CTMC plateaus at low energy due to the fact that it essentially
gives an over-the-barrier like result for capture into non-quantized energy levels. Above 100
keV/u the drop off of the cross section described by CTMC is expected to be the correct
dependence of the process. As described in detail by Maynard et al. [12] a scaling of the cross
section with impact energy and ionic charge state, q, may readily be deduced, and we refer the
interested reader to their work.

10’ 7_' I I I
1 0.15 ....,,..4,,'..._’_ .
~"Hidden Crossings
e
5
cC 10 —
S
5
3
2
° 10“7 i
E
(o}
'_.
10"5 ]
Ne® + H Charge Transfer
1'0'19 | I

0.1 1.0 10.0 100.0 1000.0
Energy (keV/u)

Figure 8: Comparison of the HC and CTMC results for charge transfer in collisions of Ne't
(q=7-10) with hydrogen. (Solid curves, Ne®F; dashed curves, Ne’; dotted curves, Ne¥t; dot-
dashed curves, Ne'™ ).

A more detailed comparison of the results of the two theories is presented in Figure 9. One
sees that above 1 keV/u both methods agree on the ordering of the cross sections with ionic
charge state. Below this energy, the quantum mechanical theory predicts that the cross section
for the odd charge states should actually increase in magnitude, while the result for the even
charge states decrease.
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Figure 9: A detailed comparison of the HC and CTMC results for charge transfer in collisions
of Ne*t (q=7-10) with hydrogen. Here the solid curves indicate the HC results and the dotted
curves indicated the CTMC results. Neon ion charge states are indicated by the labels.

Other features of the charge transfer process are illuminated by plotting the distribution of
final n-level after capture, and also provide important practical information for plasma diag-
nostics and modeling. For example, in Figure 10 we display the n-level distribution for a wide
range of impact energies for Ne’* + H. Two characteristics are immediately observed. First,
the distribution is most narrowly peaked in n for the lowest energies, becoming successively
more broad as impact energy is increased. For the lowest energies, the distribution is nearly
a delta function about the most likely n-level. Secondly, this value of n which is most likely
to be populated in the charge transfer is given to good approximation by npm.s = ¢*/*. Such
apropensity has been noted and explained previously (see Ref. [4] and references therein). The
HC and CTMC models agree fairly well on the position of this maximum, but for this ion, the
peaks are displaced by about one n-level. The agreement of the two theories is also very good
regarding the magnitude of the cross section resolved at the n-level. By about 100 keV/u, the
HC model begins to more seriously overestimate the magnitude at the peak, and fails to reflect
the expected width of the distribution. Below 10 keV /u, the lack of quantized energy levels in
CTMC seriously limits its applicability. ‘

Figure 11 displays the same quantities as in Figure 10, but for Ne®t. For the highest charge
states of the ions, such as 9+ and 10+, HC and CTMC are found to compare very favorably. The
shift of the predicted n,q, noted for Ne'* is not present, and again the magnitudes predicted
are in excellent agreement up to about 50 keV/u. -
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Figure 10: The final n-level distribution after charge transfer in collisions of Ne't with hydro-
gen at several impact energy. The solid curves indicate the HC results and the dotted curves

indicate the CTMC results.

The energy dependence of the the n-resolved charge transfer cross sections is displayed in
Figures 12-15 for Ne’~'%*. For the dominant capture channels (i.e. about n=4-6 or 7), HC
and CTMC agree well at the point at which they intersect. However, for the non-dominant
channels, the disagreement is significant. Therefore, we tabulate below the charge transfer
cross section resolved by n and £ only for the groups of dominant channels where we can be
assured that at least the n-resolved HC and CTMC results are in reasonable agreement. Thus,
in Tables 1-4 we present n,{ charge transfer cross sections for Ne’~'%* + H for the dominant
n-levels for 10, 20, 50, 100, and 200 keV/u computed using the CTMC method.

The ¢ distributions also reflect a particular behavior previously noted (see e.g. Ref. [4] and
references therein). That is, for n < npee, the £ distribution peaks more strongly to large £
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than statistical, while for n > n,., the distributions maximizes around £ = ¢3/%. These trends
can more readily be observed from the distributions when not limited to the dominant channel
results tabulated here.

Hidden
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Ne™ +H
Charge Transfer

-21

o1 10 T o0
Energy (keV/u)
Figure 12:  Comparison of the CTMC and HC results for the energy dependence of the n-level
cross section in charge transfer for Ne't + H. The solid curves indicate the HC results and the
dotted curves indicate the CTMC results. The various n-levels are indicated by the labels.

N

100.0

6. SUMMARY

Since the injection of neon into present and next-step fusion devices for diagnostic and
plasma cooling purposes is of considerable current interest, we have presented an extensive
comparison of results for ionization and state-selective charge transfer between a theory valid
at low collision energies (the theory of hidden crossings) and another valid at higher energies
(the classical trajectory Monte Carlo technique). We have displayed graphically the ionization,
state-selective excitation, and state-selective charge transfer cross sections for Ne?* (q=7-10)
colliding with atomic hydrogen in the energy range 0.1 to 1000 keV/u. The present study
has been limited to ions for which we can demonstrate a good likelihood that these one-active
electron models will yield reasonable results. Finally, owing to the usefulness of the charge
transfer cross section resolved by n and £, we have tabulated these cross sections between 10
and 200 keV /u for the dominant n-levels.
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Table 1: CTMC cross sections for charge transfer in 10, 20, 50, 100, and 200 keV/u Ne™ +

H. The table includes the n, {-distribution for n=4, 5, and 6.

Cross sections are given in cm®.

2

10 keV/u 20 keV/u
{ n=4 n=>5 n=6 { n=4 n=>5 n=6
0 1.61E-16 | 2.98E-17 | 6.84E-18 0 6.02E-17 | 1.03E-17 | 3.32E-18
1 3.19E-16 | 6.53E-17 | 1.30E-17 1 1.81E-16 | 3.31E-17 | 9.75E-18
2 3.88E-16 | 1.15E-16 | 1.57TE-17 2 3.94E-16 | 8.59E-17 | 1.72E-17
3 1.13E-15 | 2.65E-16 | 2.28E-17 3 9.76E-16 | 3.54E-16 | 3.11E-17
4 7.87E-16 | 3.10E-17 4 8.56E-16 | 4.88E-17
5 2.77E-17 5 5.05E-17
¥ 1.99E-15 | 1.26E-15 | 1.17E-16 ¥ 1.61E-15 | 1.34E-15 | 1.61E-16
50 keV /u 100 keV/u
{ n=4 n=> n=6 { n=4 n=>5 n=6
0 9.89E-18 | 7.62E-18 | 5.03E-18 0 9.86E-19 | 3.66E-19 | 1.83E-19
1 4.03E-17 | 2.51E-17 | 1.66E-17 1 5.50E-18 | 1.94E-18 | 1.27E-18
2 1.81E-16 | 1.16E-16 | 7.10E-17 2 2.80E-17 | 8.46E-18 | 5.04E-18
3 4.07E-16 | 2.19E-16 | 1.01E-16 3 1.49E-16 | 1.84E-17 | 1.00E-17
4 4.92E-16 | 1.57E-16 4 1.48E-16 | 5.57E-17
5 ' 2.01E-16 5 6.91E-17
¥ 6.39E-16 | 8.59E-16 | 5.51E-16 X 1.83E-16 | 1.77E-16 | 1.41E-16
200 keV/u
{ n=4 n=>5 n=6
0 3.95E-19 | 2.55E-19 | 1.98E-19
1 1.91E-18 | 1.29E-18 | 8.97E-19
2 5.81E-18 | 4.04E-18 | 2.72E-18
3 1.17E-17 | 7.03E-18 | 4.86E-18
4 6.29E-18 | 5.40E-18
5 1.26E-18
by 1.99E-17 | 1.89E-17 | 1.53E-17
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Table 2: CTMC cross sections for charge transfer in 10, 20, 50, 100, and 200 keV/u Ne®* +
H. The table includes the n, {-distribution for n=4, 5, and 6. Cross sections are given in cm?.

10 keV/u 20 keV/u
14 n=4 n=>5 n=6 14 n=4 n=>» n=>6
0 8.06E-17 | 5.07E-17 | 1.09E-17 0 5.10E-17 | 1.69E-17 | 4.61E-18
1 1.51E-16 | 1.09E-16 | 1.82E-17 1 1.27E-16 | 6.12E-17 | 1.05E-17
2 2.57E-16 | 2.36E-16 | 2.83E-17 2 2.96E-16 | 2.44E-16 | 2.47E-17
3 3.97E-16 | 7.42E-16 | 5.26E-17 3 4.09E-16 | 8.02E-16 | 5.92E-17
4 1.62E-15 | 8.93E-17 4 1.37E-15 | 1.14E-16
5 1.23E-16 5 2.17E-16
b3 8.86E-16 | 2.76E-15 | 3.23E-16 b3 8.84F-16 | 2.50E-15 | 4.30E-16
50 keV /u 100 keV/u
12 n=4 n=y n=>6 12 n=4 n=>5 n=6
0 1.55E-17 | 2.49E-18 | 1.27E-18 0 2.11E-18 | 1.89E-18 | 1.51E-18
1 6.50E-17 | 1.39E-17 | 7.73E-18 1 9.80E-18 | 8.51E-18 | 6.90E-18
2 2.62E-16 | 8.77E-17 | 7.68E-17 2 3.58E-17 | 2.61E-17 | 2.04E-17
3 4.29E-16 | 2.08E-16 | 1.26E-16 3 8.72E-17 | 5.26E-17 | 3.65E-17
4 5.58E-16 | 1.63E-16 4 1.31E-16 | 6.71E-17
5 1.34E-16 5 9.90E-17
b)) 7.71E-16 | 8.70E-16 | 5.08E-16 3 1.35E-16 | 2.20E-16 | 2.32E-16
200 keV /u
¢ n=4 n=>y n=>6
0 4.11E-19 | 2.65E-19 | 1.77E-19
1 1.86E-18 | 1.33E-18 | 9.71E-19
2 5.43E-18 | 3.63E-18 | 2.81E-18
3 1.44E-17 | 7T.48E-18 | 5.27E-18
4 1.19E-17 | 7.74E-18
5 5.06E-18
3 2.21E-17 | 2.46E-17 | 2.20E-17
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Table 3: CTMC cross sections for charge transfer in 10, 20, 50, 100, and 200 keV/u Ne*t +

Cross sections are given in cm?.

H. The table includes the n, {-distribution for n=4, 5, and 6.

10 keV/u 20 keV/u
{ n=4 n=>y n=6 { n=4 n=>5 n=>6
0 2.48E-17 | 3.82E-17 | 1.17E-17 0 2.61E-17 | 1.84E-17 | 4.00E-18
1 4.91E-17 | 1.34E-16 | 2.59E-17 1 6.59E-17 | 1.07E-16 | 1.36E-17
2 7.94E-17 | 4.02E-16 | 5.85E-17 2 1.16E-16 | 4.16E-16 | 5.60E-17
3 1.06E-16 | 9.84E-16 | 1.33E-16 3 1.31E-16 | 9.32E-16 | 1.75E-16
4 1.43E-15 | 3.14E-16 4 1.09E-15 | 3.35E-16
d 6.69E-16 5 7.47E-16
> 2.59E-16 | 2.99E-15 | 1.21E-15 b 3.40E-16 | 2.56E-15 | 1.33E-15
50 keV/u 100 keV/u
{ n=4 n=>9 n=6 14 n=4 n=> n=6
0 8.81E-18 | 6.42E-18 | 1.53E-18 0 4.51E-18 | 3.14E-18 | 6.03E-19
1 3.29E-17 | 2.89E-17 | 7.67TE-18 1 1.62E-17 | 1.10E-17 | 4.94E-18
2 9.28E-17 | 9.88E-17 | 6.57E-17 2 2.84E-17 | 2.67E-17 | 1.14E-17
3 1.71E-16 | 2.33E-16 | 1.18E-16 3 3.08E-17 | 5.70E-17 | 2.12E-17
4 5.34E-16 | 2.01E-16 4 1.52E-16 | 3.87E-17
5 5.25E-16 5 1.75E-16
z 3.06E-16 | 9.02E-16 | 9.19E-16 b 7.99E-17 | 2.50E-16 | 2.52E-16
200 keV/u
{ n=4 n=> n=6
0 3.62E-19 | 2.94E-19 | 1.96E-19
1 1.79E-18 | 1.47E-18 | 1.18E-18
2 4.73E-18 | 3.59E-18 | 2.79E-18
3 1.41E-17 | 7.73E-18 | 5.56E-18
4 1.56E-17 | 9.27E-18
5 9.24E-18
z 2.10E-17 | 2.87E-17 | 2.82E-17
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Table 4: CTMC cross sections for charge transfer in 10, 20, 50, 100, and 200 keV /u Ne!%* +
H. The table includes the n,/-distribution for n=>5, 6, and 7. Cross sections are given in em?.

10 keV/u 20 keV/u
14 n=>y n=>6 n="7 14 n=>5 n=6 n="7
0 2.47E-17 | 9.54E-18 | 3.81E-18 0 1.93E-17 | 3.69E-18 | 2.04E-18
1 1.37E-16 | 4.00E-17 | 1.08E-17 1 1.29E-16 | 3.14E-17 | 7.48E-18
2 3.53E-16 | 1.30E-16 | 2.01E-17 2 1 3.62E-16 | 1.55E-16 | 1.51E-17
3 5.56E-16 | 4.07E-16 | 3.05E-17 3 5.73E-16 | 4.32E-16 | 2.8TE-17
4 6.06E-16 | 9.02E-16 | 4.89E-17 4 5.27E-16 | 8.13E-16 | 5.55E-17
5 1.42E-15 | 7.55E-17 5 1.17E-15 | 9.39E-17
6 8.30E-17 6 1.77E-16
by 1.68E-15 | 2.91E-15 | 2.73E-16 by 1.61E-15 | 2.61E-15 | 3.80E-16
50 keV/u 100 keV /u
14 n=>y n=>6 n="7 14 n=>5 n="6 n="7
0 6.86E-18 | 6.49E-18 | 2.89E-18 0 2.00E-18 | 1.72E-18 | 1.42E-18
1 4.30E-17 | 3.78E-17 | 2.45E-17 1 1.02E-17 | 8.92E-18 | 6.64E-18
2 1.30E-16 | 1.04E-16 | 6.52E-17 2 2.30E-17 | 2.00E-17 | 1.50E-17
3 2.36E-16 | 1.74E-16 | 9.40E-17 3 4.85E-17 | 3.45E-17 | 2.64E-17
4 2.85E-16 | 2.97E-16 | 1.31E-16 4 1.13E-16 | 6.40E-17 | 4.32E-17
5 6.26E-16 | 2.16E-16 5 1.55E-16 | 7.44E-17
6 4.82E-16 6 1.33E-16
by 7.01E-16 | 1.25E-15 | 1.02E-15 by 1.96E-16 | 2.84E-16 | 3.00E-16
200 keV /u
V4 n=>9s n=>6 n="7
0 4.07E-19 | 3.42E-19 | 2.12E-19
1 1.41E-18 | 1.15E-18 | 1.09E-18
2 3.38E-18 | 2.80E-18 | 2.17E-18
3 7.28E-18 | 5.35E-18 | 3.84E-18
4 1.82E-17 | 9.54E-18 | 7.53E-18
) 1.51E-17 | 9.79E-18
6 7.01E-18
by 3.07E-17 | 3.42E-17 | 3.21E-17
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CHARGE TRANSFER AND IONIZATION STUDIES INVOLVING METALLIC SPECIES

H B GILBODY

Department of Pure and Applied Physics,
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Belfast, United Kingdom.

Abstract

Some results of experimental studies of charge transfer and ionization in collisions involving
metallic species, which have been carried out in this laboratory, are reviewed. Three different types
of processes are considered.

Measurements of state-selective electron capture in collisions of slow Al*", Fe’* and Fe*" ions
with H, H, and He are described. The results provide a useful insight into the difficulty of predicting
cross sections for particular collision channels and indicate the important role of metastable ions.

Studies of the multiple ionization of Mg, Fe and Cu by fast H and He®" ions are discussed. The
results indicate the relative importance of electron capture and pure ionization channels; it is shown
that the fractions of multiply charged ions formed can be described in terms of independent electron
models of the collisions.

Charge transfer and ionization cross sections in collisions of fast H™ ions with Al", Ga", In", TI",
K" and Cs” at c.m. energies in the range 50-600 keV are considered; the relative importance of the
different collision channels leading to doubly charged product ions is determined. Ionization cross
sections are shown to be predicted within a factor of two by a simple classical scaling relation.

1. INTRODUCTION

The need for a better understanding of collision involving medium and high Z metallic species in
fusion plasmas is well known (see {1], [2]). Reliable data over a wide energy range on charge
transfer and ionization for neutral or multiply ionized species in collisions with H, H, and He and
their ions are important in this context. These processes are relevant to the modelling of edge
plasmas and the design of divertors for the control of impurities, to the effectiveness of plasma
heating by fast neutral beams and to schemes for plasma diagnostics based on the use of fast neutral
or heavy ion beam probes. _

“In this short review, some of the relevant data based on a number of different experimental
studies carried out in this laboratory are considered.

2. STATE-SELECTIVE ELECTRON CAPTURE INVOLVING SLOW METALLIC IONS

The available data on total cross sections for processes of the type

X +Y o XL y* . (1)
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involving collisions of metallic ions X*" with H, H, and He have been summarised in recent reviews
[1], [2]. Data for many of the fusion relevant species are still not extensive. At velocities V<lau
(corresponding to 25keV amu') electron capture may take place very effectively through avoided
crossings involving the potential energy curves which describe the initial and final molecular systems.
These avoided crossings occur at internuclear separations R. ~ (q-1)/AE. The energy defect AE
characterises each collision product channel which results in products X"*(n, 1) and Y(n,’ I) in
specific excited states. In some cases, electron capture may be dominated by a limited number of
excited product channels. Identification of these product channels may be carried out using the
technique of translational energy spectroscopy (TES) which also allows product channels involving
any metastable primary ions present to be detected and identified. A few measurements of this type
have been carried out for metallic species in this laboratory.

In one-electron capture by AI*" ions in collisions with H atoms in the range 5-30 keV, our TES
measurements [3] have shown that the only significant collision channel is

AI**(2p°3s)S + H(1s) > AI'(2p®3s)'S + H' (2)

leading to ground state AI'('S) product ions. Measured total cross sections (Figure 1) can be seen
to be somewhat smaller but in reasonable general accord with values predicted by close
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Figure 1. Cross sections for one-electron capture in AP*-H(Is) collisions. A, experimental [3];
— theory, [3]; ---, theory [4]. (from [3])

coupling calculations [3], [4]. Cross sections for one-electron capture in Al**-H; collisions, which
have also been measured over the same energy range [3] are also dominated by the Al'(*S) product
channel. In this case, cross sections are only weakly dependent on energy rising from 4.9 x 10 cm’

at 5.0 keV to 5.2 x 107° cm? at 30 keV.
TES measurements have also been carried out [5] for the one-electron capture processes

Fe¥ + H(1s) - Fe""(n,]) + H' | 3)

and  Fe' + He(ls*) — Fe“""(n, 1) + He" (', I') 4)
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for ¢ = 3 and 4 at energies of qx2 and qx4 keV. The interpretation of these measurements is
complicated by the presence of unknown fractions of metastable ions in the primary beams used. An
indication of the likely relative importance of these metastable states is provided by the statistical
weights shown in Table 1. However, the lifetimes of these states are unknown so it was not possible
to determine the extent to which decay would occur during transit of the ion beams from source to
target.

TABLE 1. ENERGIES AND STATISTICAL WEIGHTS OF Fe’" AND Fe"" GROUND AND
METASTABLE STATES.

State Energy above Statistical
ground Weight (%)
state (eV)
Fe**(3d°)°S 0.0 4
‘G 4.0 44
p 4.4
1 5.8
‘D 6.1 30
’S 8.3
(3d*4s)°D 15.9 22
Fe*'(3d*YD 00 62
P 3.1 19
'G 4.5 19
N N ER A I T 5
ot T B0 o 6%
cueaoumorr S 0o 6
= A ' B Fe>* + He
i Fe' + H A
Né L1%keV < 12keV
2
3
[5)
~
B D
C
-5 0 5 10 15 20 25 0 5 10 15 20 25 30
Energy Change (eV ).

Figure 2. Energy change spectra for one-electron capture in 12 keV Fe’*-H and Fe'*-He
collisions. Energy defects corresponding to possible collision product channels involving the °S
ground state and *G, *P and °D metastable primary Fe’* ions are indicated. (from [5])
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Energy change spectra obtained from the TES measurements [S] of one-electron capture by Fe’"
ions in H and He at 12 keV are shown in Fig 2. For He, the main product channels (corresponding
to peaks A, B, C and D) are correlated with metastable rather than ground state primary ions. Peaks
A, B and C appear to arise as a result of capture of a 3d electron by metastable Fe’* (3p°3d°)'G, ‘P
and (3d'4s)°D ions. Peak D can be correlated with 3d and 4s electron capture by metastable
Fe''(3d*4s)°D primary ions. In the case of Fe*"-H collisions, although the situation is less clear, it
again seems likely that the collision channels comprising the incompletely resolved peaks A, B and C
in Fig 2 are attributable to ‘G, ‘P and °D metastable rather than ground state primary ions. A large
number of product channels leading to Fe**(3d’) 4s, 4p formation appear to be involved.

In the case of one-electron capture by Fe'" ions in H and He, the energy change spectra obtained
at 16 keV are shown in Figure 3.

LARS S LA RS LLESS RIS IR YT

W oo e [N e 's

(RTINEE EE] ] :P TN RO R °p
A Fe'' + H A
: Fe'" + He
16keV 16keV

Relative Fe®* yield

AASAARSERA RS RARRNRANAR RRASE RARARAARAE RARS] T

-5 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Energy Change (eV)

Figure 3. Energy change spectra for one-electron capture in 16 keV Fe''-H and Fe''-He
collisions. FEnergy defects corresponding to possible collision product channels involving the D
ground state and °P and ' G metastable primary ions are indicated. Vertical lines show predictions
based on MCLZ calculations for °D ground state primary ions.  (from [5])

For He, the peaks A, B, C and D which comprise more than 96% of the Fe’* products can be
correlated with collision channels involving Fe*'(3d*)’D ground state primary ions which, as shown
in Table 1, have a high statistical weight. Peak A can be correlated with the 4s capture channel
Fe*'(3d*)4s°D + He'(ls) while Peak B can be identified with the three 3d capture channels
Fe*’(3d’)'G, P, D + He'(1s). Peaks C and D can also be correlated with the 3d capture channels
Fe*'(3d°)°F + He'(1s) and Fe*"(3d°)°S + He'(1s) respectively. The minor peak E which comprises
no more than 4% of the total Fe’" yield, can be correlated with metastable primary ion collision
channels. _

In the case of Fe'" - H collisions, it is also possible to interpret the energy change spectra in Fig 3
in terms of channels involving mainly ground state Fe*'(3d*)’D primary ions. Peak A can be
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correlated with a number of 4p capture channels Fe''(3d*)4p + H" while peak B can be identified
with thirteen 4s and 4p capture channels Fe'*(3d*)4s, 4p + H.

Since the TES data for Fe*'-He and F***-H collisions do not appear to be greatly influenced by
metastable primary ion channels, McLaughlin et al [5] have carried out multi-channel-Landau-Zener
calculations for Fe*'(3d*y’D ground state ions and obtained cross sections for the main product
channels. No other theoretical predictions are available. To facilitate comparison with experiment,
relative values of the MCLZ cross sections are shown as vertical lines in Figure 3 with the largest
calculated value normalised to the largest observed peak in the energy change spectrum. In He, the
MCLZ calculations do correctly predict the dominant channels but the relative magnitudes of the
minor channels are not well described. In H, while the MCLZ calculations correctly identify the
main product channels corresponding to peak A, they fail to predict those corresponding to peak B.

TES studies of the type described, allow (within the limits of the available energy resolution) the
main excited product states to be identified and the relative cross sections determined. Individual
cross sections for specific channels can, in principle, then be easily obtained if total cross sections are
known. However, a detailed analysis of TES data is precluded where there is evidence of collision
channels involving unknown fractions of metastable primary ions. This is a major complicating
feature since many partially ionized metallic species of fusion interest (as in the case of Fe’") have
metastable states of high statistical weight. This implies that many published measurements of cross
~ sections for one-electron capture by slow metallic ions require cautious interpretation. For example,
the measurements by Phaneuf [6] of total cross sections for one-electron capture in 10-95 eV amu™
Fe'"-H and Fe’*-H, collisions were carried out with Fe** ions in unspecified initial states and may
therefore be dominated by contributions from metastable primary ion collision channels. At the
same time, the corresponding total cross sections measured by Phaneuf [6] for electron capture by
Fe'" ions in H and H, would seem likely, on the basis of the TES data, to be dominated by ground
state primary Fe'" ion collision channels. In the absence of detailed theoretical calculations, the
MCLZ calculations[5] carried out for Fe*-H, and Fe*'-He collisions indicate that this approach may
not provide a reliable identification of even the major collision channels.

In future work it is important that experimental methods be developed to allow measurements in
which the initial state of the primary ions is defined unambiguousty.

3. ELECTRON CAPTURE AND IONIZATION IN COLLISIONS OF FAST H” AND He** IONS
WITH METALLIC ATOMS

In a recent series of measurements in this laboratory [7], [8], [9], [10], a crossed beam technique
incorporating time-of-flight spectroscopy and coincidence counting of fast ion/slow ion and slow
ion/electron collision products has been used to study the separate processes involved in the
formation of multiply charged metallic ions in collisions of fast H" and He”" ions with Mg, Fe and Cu
atoms.

For H' impact, cross sections 100,q for the one-electron capture process

H +X->H+ XY +(g-1)e 5)

leading to metallic ions in specified states q have been determined. Here q=1 corresponds to simple
charge transfer while q >1 corresponds to transfer ionization where one-electron capture is
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accompanied by multiple ionization of the target.
process

Cross sections 1001 for the pure ionization

H+X->H +X" +qe (6)
leading to metallic ions in specified states q have also been determined.

In the case of He” impact, the corresponding cross sections ;0014 for one-electron capture and
20004 for two-electron capture have also been determined together with cross sections 0,4 for pure
ionization. Measurements have been carried out within the energy ranges 70-2000 keV amu for H'
ions and 35-500 keV amu" for He’" ions. Cross sections involving the formation of Mg*" ions for q
up to 4, Fe' ions for q up to 6 and Cu® ions for q up to 7 have been determined. Measurements in
each case were normalised to cross sections for multiple ionization of Mg, Fe and Cu by electron
impact [11], [12], [13] also measured in this laboratory using a pulsed crossed beam technique.

Cross sections for electron capture by H™ and He*" ions in Mg measured by Shah et al [7] are
shown in Fig 4 together with corresponding lower energy values measured by DuBois [14]. - The
large discrepancies in magnitude between these two sets of data are believed to be due in part to the
use of different normalization procedures. The measurements of DuBois [14] were normalised to
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Figure 4. Cross sections for (a) one-electron capture 190,, by H' (b) one-electron captufe 20014 by
He’ and (c) two-electron capture 1,0, by He’* in collisions with Mg. Full symbols [7]; Open
symbols [14]. (from [7]).

total electron capture cross sections based on the oven target method where accurate target
thickness determination is difficult.

For H™ impact, the transfer ionization cross section 10Goq can be seen to provide the dominant
contribution to one-electron capture at the higher impact energies. The high energy ‘bulge’ in 1000,
is consistent with electron capture from the inner 2p and 2s subshell becoming important while, at
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lower energies, 3s capture is dominant [15]. In the case of one-electron capture by He’” ions, a high
energy ‘bulge’ in the total cross section, which is reflected by the energy dependence of the
individual contributions 5061, and 20,3, also seems likely to arise through electron capture from inner
subshells. In the case of two-electron capture by He’ ions, the dominant contribution at high
energies can be seen to arise mainly from 2003 and 20Goa.
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Figure 5. Cross sections for single and double ionization of Mg. ®, [7]; O,[14]; o), 0 cross
sections for single and double ionization by electrons [11]; P, Born approximation calculations
for (3s + 2p) removal by H ions [16]. (from [7]).

Fig 5 shows cross sections for pure single and double ionization of Mg by both H" and He®" ions [7].
The low energy data also included in Figure 5 due to DuBois {14] has a claimed accuracy of only +
50%. The pure single ionization cross sections 1p0;; and 50,1, which provide the main contribution
to the total Mg yield, can be seen to become very large at the lowest energies considered. The pure
double ionization cross sections 10012 and ,00o, only begin to exceed the corresponding transfer
ionization cross sections 100o; and 2012 (Fig 4) at high impact energies. Cross sections 6, and o
for single and double ionization by equivelocity electrons [11] are also included in Fig 5. Cross
sections &, and 1061, can be seen to converge at high velocities. The cross sections calculated by
Peach [16 ] using the first Born approximation for (3s + 2p) electron removal by H' impact can be
seen to be about 0.87 times the experimental values down to 90 keV amu™’.

Cross sections for one-electron capture and ionization measured in this laboratory [8], [9], [10]
for collisions of H" and He®" ions with Fe and Cu atoms are shown in Figure 6. For H impact,
electron capture cross sections 100oq in both Fe and Cu can be seen to decrease rapidly with
increasing energy over the range considered with the simple charge transfer 1000; contribution
dominant. Pure ionization cross sections ;0014 at a particular velocity can be seen to decrease rapidly
as q increases. Singly charged ion production is dominated by pure ionization over the energy range

203



10

LR

10"

10"

Cross section (cm’)

10

-18%_

10"

H'- Fe ]

NEETEPeN |

1000

10" L

107"

10-!7 |

10

. 2
Cross section (cm”)

10"

\RAAALL |

L

e

N
L
cne

L Rk

°
=
Q
_
=
sand

b

oo
oo
“ °

s s asnaul

e
o
o
o
=
=
o |

" b, "

100

1000

Energy (keV amu )

1"
(‘lA
= -16
3 10
=
£
3
2 1
w 10 F
ol
5]
ot
O]
18 Y
10077 ¢ §
.19
10 T — =
100 1000
-1
Energy (keV amu )
. ——rrrrT - aa
+
[ 5 *%eeq, He - Cu
15 ] 20711 .
10 . %] o G -
20912 - * e 2072
0- \‘::\‘
20913 -2 oo
107 1Pheg 0000 11T
S g - \\“\; G
g 20714 777 T e T8 Y
g8 it e
c 10- TR " - e 3
2 20015 7 e 3
Q ]
v BAtIEN
v i8] e ]
» - g S Ry .
2 10 gzo 16 \ 3
— N ]
& i i ]
0 20017 <L 1
1077k E
E ]
20 [ ]
107 ¢ E
; o o
100 1000
-1
Energy (keV amu )

Figure 6. Cross sections for electron capture and ionization in collisions of H' and He®" ions with
Fe and Cu atoms. - - - -, 100,qand 014 [8], [9]: ®, 10014and 3024 [10]. (from [10])

shown but, for q > 2, transfer ionization can be seen to provide an increasingly important

contribution to slow ion formation as the impact energy decreases.
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The cross sections 20, for one-electron capture by He’' ions in Figure 6 show that while the
simple charge transfer contribution 011 is dominant at low energies, the transfer ionization
contributions 2G4 for q > 2 become very important as the impact energy increases. There is also
evidence of broad maxima in the cross sections for q > 4. A qualitative description of the measured
values of 0,4 in both Fe and Cu has been given by Patton et al [8] and Shah et al [9] in terms of a
model in which electron capture of either 4s, 3d or 3p target electrons takes place together with the
removal of additional electrons through binary collisions. The pure ionization cross sections 3021
for He”" impact in Figure 6 can be seen to exhibit a behaviour very similar to the corresponding
values for H™ impact.
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Figure 7. Cross sections 0y, for two-electron captz)re in collisions of He*" ions with Fe and Cu
atoms. Total two-electron capture cross sections oz are also shown. (from [8], [9])

Cross sections 500, for two-electron capture in collisions of He*" ions with Fe and Cu atoms [8],
[9] are shown in Figure 7. Over the energy range shown, cross sections 20, for simple charge
transfer are exceeded by the transfer ionization contribution Go3 in Cu and by both 2603 and 3004 in
Fe. In the latter case, even Gos exceeds 200, at energies above about 50 keV amu™".

Shah et al [17] [8] have also considered the measured q state distributions in Fe and Cu resulting
from one-electron capture by H' ions in terms of a model based on an independent electron
description of multiple ionization [18]. The outer electron subshell structure in iron
(3s)%(3p)°(3d)%(4s)? is rather different from the (35)2(3p)°(3d)'%4s structure in copper. However, in
both cases, electron removal in the energy range considered is believed to involve primarily the 4s
and 3d subshells. The probability of one-electron capture and simultaneous ionization is then
expressed as a product of an electron capture probability P. and an ionization probability P, for the
removal of n electrons from the target where n > 0 and, in this case, n = (q+1). Then the electron
capture cross section
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10G0g = 2nj(;’° bP, (b) P,(b)db 7

where b is the impact parameter. It is assumed that Py(b) for ionization is constant over the
relatively small range of impact parameters where electron capture occurs so that

Py = 10604/ 10 (8)
where a9 is the total cross section for one-electron capture. Measured fractions F, of product ions
in states q can then be identified with P, in equation (8). Values of P, are then calculated on the
basis of binomial distributions applied to the 4s and 3d subshells and then fitted to the experimentally

measured values of Fy obtained through equation (8) using a weighted least squares fit.
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Figure 8. Measured charge state fractions F, of Fe’" and Cu’" ions (shown by symbols) formed in
one-electron capture H'-He and H'-Cu collisions compared with calculated ionization
probabilities P, (full lines) [17], [8].

Values of P, calculated in this way can be seen (Figure 8) to be in good accord with measured
fractions F;.  Patton et al [10] have also used a similar independent electron model to satisfactorily
describe the measured cross sections 10614 and 2002, for pure ionization of Fe and Cu by H' and He*
ions. Again, electron removal from 4s or 3d subshells was considered but the probability for
removal of an electron from a particular subshell was described by the expression

P(b) = P(0) exp (-b//R) )

where P(0) and R are constants for a given subshell (see [19]).
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4, CHARGE TRANSFER AND IONIZATION IN COLLISIONS OF PROTONS WITH Al', Ga’,
In", TI", K" AND Cs” IONS

In this laboratory, a fast intersecting beam technique has been used [20], [21] to study charge
transfer

H+X > HQE)+X* (10)
(where H(Y) denotes all final bound states of H) and ionization.
H+X sH +X  +e (11)

in collisions with ground state Al', Ga', In", TI", K" and Cs” ions. Measurements have been carried
out within the c.m. energy range 50-600keV. Total cross section o(X*") for X** production from
both (10) and (11) and cross sections o, for (10) have been separately determined. Cross sections
o; = (6(X*") - &) for (11) could then be obtained. Absolute cross sections were determined in all
cases. While both (10) and (11) are relevant to a general understanding of particle loss and cooling
in Tokamak devices, an accurate knowledge of the cross sections is also relevant to the use of heavy
ion beam probes for plasma diagnostics. Both TI" and Cs™ beams have been utilised for this purpose
[22].

Fig 9 shows measured cross sections 6(X*"), 6. and o; for collisions of H" with Al", Ga’, In" and
TI'. Cross sections (X*") at a particular collision energy increase with the mass of X" and, in each
case, decrease with decreasing c.m. energy down to the limits shown. In all cases, charge transfer
cross sections o, decrease rapidly with increasing energy so that, above about 200 keV, the
contribution of o, to o(X*") is small and o;~6(X*"). Experimentally measured cross sections for the
ionization of Al', Ga” and TI" by equivelocity electrons [24], [25], [26] are also included for
comparison in Figure 9. The proton and electron impact ionization cross sections exhibit the
expected tendency to converge at high velocities. Cross sections o; for proton impact ionization
calculated by McGuire [23] using the first Born approximation are also shown in Figure 9. These
calculations, which make allowance for contributions from different electron subshells, become
smaller than the high energy experimental values in the case of Al". However, for Ga’, In" and TI"
the calculated values of o; are larger than the experimental values by an average of 10%, 25% and
30% respectively. ,

In the case of H'-TI" collisions, Murphy et al [27] have also_studied TI** formation for c.m.
energies in the range 80-299 keV. Total cross sections o(TI’") are less than an order of magnitude
smaller than o(TI*") over the range considered with the transfer ionization process

H+TI > HX)+ TP +e (12)

providing the main contribution to o(TI’") at c.m. energies below about 100 keV.
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Figure 10 shown o(X>"), 6. and o; corresponding to (10) and (11) for H'-K" and H'-Cs" ions
measured by Murphy et al [27]. In both cases, for these heavy rare gas-like ions, charge transfer
cross sections 6. decrease with increasing energy over the range considered. At high c.m. energies,
values of 6(X*") ~ 6; show the expected tendency to converge to cross sections for ionization by
equivelocity electrons [28], [29].

Measured cross sections o; for collisions of H” with K*, Cs”, Ga”, In", TI" ions and H atoms can
be described fairly well by a simple classical scaling relation [20]. Scaled cross sections &; for

ionization by projectiles of charge Z, may be expressed as

n
Ei = Gj (R22p2 Z ni/uiz)" (13)
i=1 :
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where u; is the ionization energy of electrons in the i th. subshell (provided Auger decay is
energetically forbidden) and n; is the number of such electrons, R is the Rydberg constant. The

projectile energy E, is scaled as E = E,/AU where A is the projectile mass expressed as units of
electron mass; U is the 1onization energy.
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Figure 11. Scaled ionization cross sections G, plotted against scaled energy E ( see text ) for
collisions of H with K~ (W), Cs™(4), Ga' (0 ).In"(4),TI' (CJ) and H(®).(from [27])

In Figure 11, data for o; scaled in this way are shown. The scaled cross sections G; can be see

to be in agreement to within about a factor of two indicating that this simple scaling relation is useful
for rough predictions of cross sections for proton impact ionization.
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FUSION RELATED EXPERIMENTS WITH
MEDIUM-Z MULTIPLY CHARGED IONS

R. HOEKSTRA, J.P.M. BEIJERS, F. W. BLIEK, S. SCHIPPERS, R. MORGENSTERN

KVI Atomic Physics, Zernikelaan 25, 9747 AA Groningen, The Netherlands

ABSTRACT

An overview is given on spectroscopic investigations of keV/amu collisions between
medium-Z multiply charged ions and Li and He targets, which have been performed at the
KVI during the last years. Line emission cross sections relevant for fusion plasma diag-
nostics have been experimentally determined and are compared with theoretical predic-
tions based on CTMC, Close-Coupling and Landau-Zener calculations. It is found that for
Li-targets the large cross sections for visible light emission are practically independent of
the projectiles' core structure and that these cross sections are reliably predicted by close
coupling and CTMC calculations. For He targets very low cross sections for visible light
emission are found, related theoretical data are not yet available; here also the dominant
rection channels - giving rise to VUV light emission - have been investigated, and it is
found that there is still unsatisfactory agreement between experimental and theoretical
data.

1. INTRODUCTION

Fusion plasmas inevitebly contain medium- or high-Z impurities, which arise from
plasma wall interactions or which are deliberately introduced to influence various plasma
properties, e.9. to decrease the plasma temperature in the outer regions. Due to the high
plasma temperatures these impurities are generally highly ionized. During collisions with
(externally injected) neutral species these highly charged impurities can capture electrons
into excited orbitals, and subsequently decay via emission of characteristic radiation. This
radiation is often used for diagnostic purposes, e.g. at "Joint European Torus" (JET) to de-
termine the spatial density distribution of impurities, or plasma parameters such as ion
temperature or rotation velocity.

A precise knowledge of light emission cross sections for interaction of the various
collision partners, including their dependence on the collision energy is the basis of
"Charge Exchange Spectroscopy" (CXS) plasma diagnostics. Especially cross sections for
the emission of visible light are relevant for diagnostics purposes, since in the practical ap-
plications optical fibers are used to guide the light from the fusion reactor to the light de-
tectors. Three species are of special interest as electron "donors" for CXS, namely atomic
hydrogen (c.q. deuterium), helium and lithium atoms. D-beams are being used since a
long time for plasma heating and parasitical diagnostics. More recently also He beams
have been introduced which may penetrate deeper into the core region of fusion plasmas
because of the high He ionization potential. Beams of Li atoms on the other hand are -
due to the low Li ionization potential - especially suited for studying the outer plasma re-
gions, i.e. the divertor region and the scrape-off layer of the plasma. As electron
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"receivers" the ions of the most abundant plasma impurities (He, Be, B, C, N and O) are to
be considered. Apart from injection-beam related diagnostics the divertor region and
scrape-off layer are also monitored by UV spectrometers in areas which are not crossed
by the beams. For an interpretation of the light from these areas UV emission cross sec-
tions for low energy collisions are needed.

In order to determine as many of the relevant cross sections as possible a joint ef-
fort has been undertaken during the last years by theorists and experimentalists. A purely
experimental approach would have the disadvantage that it is nearly impossible to perform
the huge number of experiments which would be necessary to determine all cross sec-
tions of interest. Moreover it is experimentally very difficult to determine state selective
capture cross sections for bare ions because of the degeneracy of the Fstates involved.
Last but not least experiments with such a species as Be (the plasma facing walls of the
JET tokamak are partly covered with Be) are rather complicated in connection with toxic
hazards. In these cases reliable theoretical results are a good alternative.

However, also theory has shortcomings. It is e.g. difficult to determine accurate
cross sections for processes which represent only minor fractions of the total electron cap-
ture. A typical example for such a case is the population of n=7 or n=8 levels in C* + He
collisions, which gives rise to the emission of visible light, but which represents less than
10 of the total inelastic cross section. Moreover most of the theoretical treatments are so
far confined to one- or quasi-one electron systems,whilw in reality often many-electron
systems are involved. It is therefore essential to perform benchmark experiments which
can serve as tests for advanced theories. Eventually these efforts will lead to a data base
for medium-Z multiply charged ions similar to the ones which already exists for the He** +
H system (von Hellermann et al [1]) and the He* + He system (Folkerts et al [2], Fritsch

[3]).

2. VISIBLE LIGHT EMISSION FROM COLLISIONS OF MULTIPLY CHARGED IONS WITH LL.

Li beams are well suited for visible light CXS since - due to the low ionization poten-
tial of 5 eV - electron transfer to multiply charged ions proceeds preferably into high n-
levels. The resulting excited ions decay with a large branching ratio via emission of visible
light. As a benchmark system collisions of bare C** ions on Li have been investigated by
several groups. On the theoretical side Olson et al [4] have performed Classical Trajectory
Monte Carlo (CTMC) calculations and Schweinzer et al [5] close coupling calculations, in
order to determine population cross sections for the various (n,/)-states in the H-like pro-
jectile. With the exactly known branching ratios for radiative decay line emission cross
sections have been determined and compared with experimental emission cross sections,
obtained by Wolfrum et al [6]. Good agreement is found between the two sets of theoreti-
cal and the experimental data.

Intuitively one expects that neither the Li-core nor the core of the prolectlle ion to
which the outer Li-electron is transferred will play an important role for the transfer proc-
ess. This expectation has been tested at different levels of sophistication. First of all one
can state that the principal quantum number n of the states populated in the projectile ion
is nearly exclusively determined by the projectile charge and is hardly dependent on the
core. As an example figs.1 and 2 show a comparison between theoretical predictions and
experiment for bare O*-ions and He-like Ne®*-ions colliding with Li. Fig.1 shows electron
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Fig.2. Cross sections for OVIII Iighé emission

; + :
resulting from electron capture O™ 4L
collisions. Circles, squares, diamonds and
triangles denote 7-6, 8-7, 9-8,10-9and 11-10
transitions respectively. Open symbols: theory [4],
connected by lines to guide the eye; closed
symbols: experiment (9-8) by Wolfrum et al [6]).
(From Olson et al [4]).

capture cross sections (Olson et al [4]), which are based on (CTMC) calculations. For all
collision energies (between 2.68 and 10 keV/amu) the cross section maximum is predicted
for capture into n=8 and 9, having a value of more than 10" cm? Since branching ratios
for radiative decay of the resulting hydrogen like O™ and also for the analogue Li-like
Ne’*-ions are known, these population cross sections can again be converted into emis-
sion cross sections and thus be compared with absolute line emission measurements. In
view of the importance of these processes we have measured such absolute emission
cross sections.

The experiment is described in more detail elsewhere (Hoekstra et al 1992 [7]). A
beam of multiply charged ions is extracted from the Electron Cyclotron Resonance (ECR)
ion source of the Atomic Physics Facility at the KVI. The ion beam crosses a thermal
beam of Li atoms with a density of about 10" atoms/cm® which is produced by heating a
single stage oven to a temperature of about 520 °C. A monochromator for visible light -
absolutely calibrated for wavelength and intensity - is used to observe radiation at wave-
lengths between 300 and 600 nm at right angles with respect to the ion beam.

Experimentally determined cross sections for light emission at the (n=8— n=8) tran-
sition in Ne™ are shown in fig.2 in comparison with the corresponding theoretically deter-
mined ones for O’*. As one can see the experimental data are systematically lower than
the theoretical ones by about 20%, but there is reasonable agreement for the energy de-
pendence of the cross sections.
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One might wonder whether the nearly exclusive dependence of the capture cross section
on the charge state q also holds for lower g-values. Such a core-independence would e.g.
allow to use cross sections for He-like C* projectiles in place of those for bare Be** projec-
tiles, which are difficult to determine experimentally in view of toxic risks. For g=5 the
question of core-independence has been investigated in some more detail by Hoekstra et
al [8]. Fig.3 shows cross sections for the (n=7— n=6) transition in the fourfold charged
ions of B, C and N resulting from collisions of the fivefold charged bare, H-like and He-like
ions of B, C and N respectively. The experimentally determined cross sections are com-
pared with theoretical ones, obtained from CTMC calculations for bare B* projectiles.
Again one can see that the intuitive expectation of nearly core-independent capture and
emission cross sections is fulfilled.
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Fig.3. Emission cross sections for the
(n=7— n=6) lines in various A* ions result-
ing from A* + Li collisions. Experimental
data where A represents B, C and N are
compared with theoretical ones for B* (from
Hoekstra et al. [8]).

The next step of sophistication is a test of Fspecific capture cross sections. These
are needed for plasma diagnostics purposes since due to strong electric and magnetic
fields in fusion plasmas eventually various Fstates are mixed, resulting in branching ratios
for line emission which strongly deviate from those of atoms in a field-free region. The
comparisons shown above for visible light emission - summed over all transitions between
certain n-levels - represent in fact a test for mainly the higher-/ levels, since these contrib-
ute most due to their large branching ratios for transitions to the next lower n-level and
due to the more or less statistical cross sections. The strongest core-effect however can
be expected for the low-/ levels due to the deeper core penetration of the corresponding
elctron orbits. Since the low-/ levels in ions with a He-like core are sufficiently shifted, the
corresponding optical transitions can be distinguished spectroscopically. This allowed us
to compare experimentally determined /-specific emission cross sections for He-like pro-
jectiles with theoretical ones for bare projectiles [8]. In fig.4 such a comparison is shown
for N** and B> projectiles respectively. Good agreement between theoretical predictions
and experimental results is observed for all lines investigated. This clearly indicates that
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even for low-/ levels and rather low projectile charge states the electron capture process
is hardly influenced by the projectile core. As an important result for plasma diagnostics it
can be stated that theoretical results for e.g. Be** ions can be regarded as sufficiently reli-
able, and that complicated and expensive experiments with these ions need not be per-
formed. However it should be pointed out that for higher-Z projectiles the influence of core
effects can certainly not longer be neglected. For Ar®* and Kr®* Jacquet et al [9, 10] have
observed significant deviations of the Fspecific emission cross sections from those pre-
dicted for the bare O ions.

In a further step of sophistication one can of course try to check the theoretical pre-
dictions for the population of magnetic sublevels during electron capture by multiply
charged ions. Experimentally this can be done by measuring the polarization of the subse-
quently emitted radiation. For Li targets that has not been done so far. However first ex-
periments have been performed in our group for He** colliding on a Na target. The
polarization of the radiation emitted in the He*(n=4— n=3) transition following electron
capture into He*(n=4) has been measured by Schippers et al [11] and compared with the
predictions of CTMC calculations. The results are shown in fig 5. The positive value for the
polarization implies that (with the quantization axis parallel to the ion beam direction) pre-
dominantly m=0 magnetic substates are populated in the capture process. Again good
agreement is found between experimental and theoretical results.
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3. VISIBLE LIGHT EMISSION FROM COLLISIONS OF MULTIPLY CHARGED IONS WITH HE.

Cross section for the emission of visible light foliowing collisions of multiply charged ions
on He are extremely small due to the high binding energy of the He electrons. In fact most
of the electron transfer proceeds into ionic orbitals with low principal quantum number, re-
sulting in UV or VUV radiation. So far therefore only very few line emission cross sections
for visible light have been determined experimentally. Only the He*+He collision system
has been investigated in more detail [2, 3]. In a recent measurement performed in our
group [12] for 4 keV/amu collisions of C* on He the cross section for Cvi(n=7— n=6)
emission was found to be about 2-10% cm? However it is questionable whether this line
emission in the visible region can serve as a tool to determine plasma impurity concentra-
tions, because in the practice the signals might completely be masked by radiation result-
ing from collision between ions and small fractions of metastable He atoms. Since electron
binding energies in these metastables are only a few eV, the related cross sections are
again huge - just as for the alkali atoms - and larger than those for ground state atoms by
several orders of magnitude. In view of this it is interesting to gain more knowledge about
cross sections for light emission resulting from collisions with He metastables. This knowl-
edge could serve two purposes: first of all it would allow to estimate an upper limit for the
fraction of metastables in the injected He beams, below which CXS measurements are not
strongly influenced; secondly it could be used to determine the fraction of He metastables
in all those cases where their contribution to light emission in a certain spectral range is
dominant. A direct measurement of these cross sections is presently beyond the experi-
mental possibilities since metastable He targets with sufficiently high density are not avail-
able. However reasonable estimates can be obtained by extrapolation of cross sections
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for targets with similar electron binding energies, whereby these "neighbouring” cross sec-
tions can again be checked by comparing experimentally and theoretically determined val-
ues . Such a comparison is shown in fig.6, in which cross sections for Cvi(n=7— n=6)
emission following collisions of C* on various targets are plotted as a function of the initial
electron binding energy. Again the results of CTMC calculations are in good agreement
with available experimental results and therefore one can trust that the extrapolated emis-
sion cross section of roughly 4.10™ cm? for C*+He" collisions is describing the reality
rather accurately.
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Fig.6. Cross sections for the emission of visible light at the n=7— n=6 transtion in C** resulting from
C** collisions on various targets, i.e. as a function of the target ionization potential. (a) for a collision
energy of 4 keViamu, (b) for 40 keV/amu. Closed symbols represent experimental results from Wolfrum et
al [6], Hoekstra et al [13] and Bliek et al [12], and open circles CTMC calculations [12] (from Bliek et
al. [12]).

4. UV IIGHT EMISSION FROM COLLISIONS OF HE_LIKE IONS WITH HE

As mentioned in the previous section collisions of multiply charged ions on He have
very small cross sections for the emission of visible light. The dominant capture channels
proceed into lower-n orbitals and give rise to the emission of UV light. However, also such
UV emission is used for plasma diagnostics, especially in the divertor region and scrape-
off layer outside the range of injected neutral beams. This implies that low collision ener-
gies (down to the eV/amu range) are of interest. So far experiment and theory have mainly
investigated these dominant electron transfer channels. On the theoretical side CTMC cal-
culations are not longer appropriate since at the high electron binding energy in combina-
tion with a rather slow projectile motion the assumption of classical trajectories for the
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electrons involved is no longer justified. Close-coupling calculations have been performed
for several systems, however they are rather complicated because electron-electron inter-
actions have to be taken into account in the determination of coupling matrix elements as
soon as two or more active electrons are involved in the transitions. In view of this it is es-
sential first to provide a reliable basis of experimentally determined charge exchange and
light emission cross sections for the dominant reaction channels. Corresponding experi-
ments have been performed in our group for the He-like ions N°, O%, F'* and Ne®* collid-
ing with He at collision energies between 0.05 and 2 keV/amu [14, 15] and for Ne®**+He
collisions between 0.07 and 1.2 keV/amu [16]. The experimental data were not only com-
pared with existing close coupling calculations, but also with predictions based on the
classical overbarrier model [17] and on the Landau-Zener model.

Details of the experiment have been described earlier [14, 15]. In order to detect
the VUV photons emitted by the decaying product ions a grazing incidence monochroma-
tor was used. A position sensitive detector allowed simultaneous detecton of lines within
a range of about 20 nm. The monochromator is placed at the magic angle of 54° with re-
spect to the ion beam direction and is tilted by 45° in order to cancel all polarization de-
pendent effects.

In fig.7 a spectrum of VUV photons obtained from N** collisions on He at a collision
energy of 879 eV/amu is shown as an example. The areas under the peaks were deter-
mined by a fit with Gaussian line shapes. From these areas absolute population cross
sections for the various (n,/) states were calculated, whereby the appropriate branching ra-
tios given by Lindgard and Nielsen [18] were used. Also cascade contributions from higher
populated states have been taken into account.
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Fig.7. VUV spectrum of N** (3~ 2I') transitions obtained from
879 eV/amu N°** collisions on He

In figs. 8 and 9 we show the results of this procedure for the capture cross sections into

the 3s and the 3d projectile orbitals as typical examples (n=3 is the dominant capture
channel in these cases). Clearly the cross sections are significantly smaller than those

220



discussed above for the Li target. The absolute cross sections for most systems are in fact
in rather good agreement with the predictions of the classical overbarrier mode! [17]. An
exception from this is the O** + He collision system for which a somewhat smaller cross
- section is found. The reason for this is the fact that the 3Fstates in O°* are far off reso-
nance, whereas the electron binding energy in the N*(3/). states is comparable with that in
He. The experimental data in the high energy range of our measurements can be com-
pared with existing close coupling calculations. For N** + He collisions such calculations
have been performed by Bacchus-Montabonel [19] with a molecular orbital basis, and for
OFf + He collisions by Fritsch and Lin [20] and by Shimakura et al [21] with AO and MO
bases respectively. The results are included in figs.7 and 8 as solid lines. In the
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Fig.8. Cross sections for capture into 3s (a) and into 3d (b) of N** during collisions of N°* on He
at energies between 0.05 and 10 keV/amu. Full circles: Beijers et al [15]; open circles: Dijkkamp
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higher energy region the theoretical predictions are in reasonable agreement with the ex-
perimental data. With decreasing collision energies however pronounced discrepancies
between theory and experiment can be observed. Clearly in this energy region theory has
to be improved, especially in view of the relevance for plasma diagnostics.

in order to get an indication whether the main trends of the experimental data can
already be reproduced by much simpler means we have performed Landau-Zener calcula-
tions, which are described in more detail by Beijers et al [15]. The results of these calcula-
tions are included as dashed lines in figs.8 and 9. For capture into the 3s states these
calculations show a remarkable agreement with the experimental data. For capture into 3d
however the Landau Zener calculations predict a decreasing cross section with increasing
collision energy, whereas the experiment and also the close coupling calculations clearly
show an increasing cross section. The failure of the Landau-Zener model in this case is
not too surprising since rotational coupling, which is of increasing importance with increas-
ing collsion energy, is not taken into account in this model.

5. CONCLUSION

Light-emission cross sections for collisions of medium-Z multiply charged ions with Li and
He have been studied during the last years. For Li targets emission cross section for visi-
ble light are large and are reproduced by CTMC calculations with sufficiently high accu-
racy to render difficult experiments e.g. with Be ions unnecessary. For ion-He collisions on
the other hand emission cross sections have not yet reached the same state of maturity.
For plasma diagnostic purposes more experimental and theoretical investigations are
necessary. Special attention has to be given to the role of metastable He atoms, since
even extremely small fractions of less than 0.01% of such metastables can already domi-
nate light emissionin the visible range, especially for low collision energies.
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Abstract

The low energy charge exchange collisions between Ar3+, Ar6+, Kr3+, Kr6+, Fe7+, Fe8+,
and Nil7+ projectiles and He or Hj targets have been studied by vacuum ultra violet spectroscopy.

Emission cross sections of the observed transitions have been measured. When possible,
absolute cross sections of the n and 1 projectile excited states formed during the capture have been
deduced, as well as the total capture cross section.

In addition to single electron capture, one electron capture with excitation of a core electron
and two electron capture followed by autoionization have been observed and measured. The
influence of a metastable beam fraction is discussed.

1. INTRODUCTION

In magnetic confinement fusion energy devices the need for data on collisions between
metallic impurity ions comming from the vessel, injected atoms further ionized in the plasma and
the main plasma constituents has been recognised as a priority [1] [2]. In particular electron capture
collisions between multiply ionized ions and He or Hy are relevant to a better understanding of the
plasma edge and to the diagnostics (electron density and temperature...). Charge exchange
spectroscopy has shown to be a powerful method for such diagnostics [3].

We present in this paper some of our results on the collisions between Ar3+, Ar6+, Kr5+,
Kr6+, Fe7+, Fe8+ and Nil7+ jons and He or Hp. Results are obtained by optical spectroscopy in the
vacuum ultra violet (VUV).

The X9+ ion beam extracted from the 10 GHz Caprice electron cyclotron resonance (ECR)
source in Centre d’Etudes Nucleaires Grenoble is charge and mass analysed by two bending
magnets, and sent into the target gas cell filled with He or Hy. The gas cell pressure is kept
generally at 5.10-5mbar in order to minimize multiple collisions.The gas cell has an entrance hole

of Smm diameter.
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Photons are analysed at 90° to the ion beam direction with a 3m grazing incidence
spectrometer equipped with 300 lines/mm and 600 lines/mm gratings blazed at 51.2 and 25.6nm
respectively. The detector is a either set of micro-channel plates (MCP) coated with MgF> in order
to improve the VUV efficiency, and with a resistive anode or a channel electron multiplier (CEM).

Spectra have been obtained by charge exchange spectroscopy between X4+ ions and He and
Hj gas targets at energies of 10-20gkeV depending of the ions.

The absolute cross section calibration is made with the three C IV lines (A = 312A
2525-3p2p0, A = 384A 2p2P0-3d2D, A = 419A 2p2P0-352S) obtained by the C4++H; collision at
40keV for which the emission cross sections have been measured {4, 5]. By this method we only
have to measure the ion beam currents in the vacuum. During the experiment we only have to take
into account the small instabilities of the ion current after passage through the gas cell. We also use
as secondary standards, collisions like N4+, Q6+, N5+ + He(H») for which emission cross-séctions
have been measured and which cover a wide spectral range [6]. A conservative value of the error bar
on emission cross-sections may then be evaluated to 30%. Of course, for intense lines where the
photon statistics are good, this error may be smaller. This estimated error bar does not include any
possible polarization effect of the emitted radiation and a possible metastable ion beam fraction.
Due to possible blending in KrV and NiX1I the spectra of which are not well known, the error bar
may be higher (= 40%).

The first work in charge exchange spectroscopy measurements is to identify lines of spectra.
For this purpose we have used the compilations of Bashkin and Stoner [7] and Kelly [8] and
published papers for each ion spectrum. The particularity of the charge exchange excitation has
been also used to confirm or to help the identification : |
- selectivity of the capture and possible prediction of the populated nl sublevels using the Niehauss
model [9] and the extension made by Burgdorfer et al [10].

- variation of the excited n level by change of the target ionisation potential.

The possible processes [11] which can occur to populate excited levels are in our case of a

two electron gas target (T) :

a) processes involving electron capture :

- single electron capture (SEC) with core conservation of the incident ion
X0 (al)+T = X9t n 1)+ T*

- one electron capture with excitation of a core electron (transfer - excitation (TE) procéss)
X0 (@l)+ T — X (1, 0,1, ) + T |

- atomic configuration interaction [12] [13]
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b) processes involving two electron capture :

- two-electron capture followed by autoionization (tranfer - ionization (TI) process)
X +T - X@2* L T+ followed by x(472+ _, xla-1 4 ¢

- stabilized two electron capture followed by radiative decay (radiative double electron capture
DEC) X%* +He(H,) - X2 4 He** (H,)™

This process gives the spectrum of the X(@-2+ ion and may be well separated from the
X(@-1+ spectrum.

Transfer-excitation (TE), transfer-ionization (TI) and atomic configuration interaction may
populate. The same excited level. But the second one corresponds to a two electron capture (Q — q
- 2) while the others correspond to a one electron capture (Q — q - 1) . So we have to take care to
attribute the process and then to compare our optical cross section values with cross sections
0q — q - 1 obtained by other methods. In this paper we take only into account the X(q-1)+
spectrum, and not the X(@-2)+ spectrum typical of DEC or of double collision.

From the measured emission cross sections (Gem) of each line of the spectra, using

cascading decay processes and transition probabilities we are able to deduce the excitation cross

section ¢ (nl) of each n,l level and finally the total cross section ¥ o(nl)which may be compare to
nl

oq—>q-1

The presence of a metastable beam fraction in the incident ion beam is a possible reason of
incertainties in the cross section values. This influence is much more sensitive for cross sections of
lines for which the upper level is populated by capture to ions in the metastable state. By observing
these lines, charge exchange spectroscopy shows clearly the presence of a metastable beam
fraction.

With He as a target gas we observe the A = 304 A 1s-2p He II transition showing that the

target is also excited. We do not give the emission cross section of the 300A line in this paper.

227



2. RESULTS AND DISCUSSION
2.1 Ar3+ 4+ He (H2)

Ar V transisitons from upper levels with ground state core (3s23pnl) and excited state core
(3s3p2nl) are observed. The process leading to the first excitation correspond to SEC, while the
second one is typical of TE. New lines corresponding to 3d-4p, 3d-4f, 3p-3d transitions are
identified. Level calculations of Fawcett [14] have been used. Measured emission cross sections of
each observed Ar V line are displayed in Table 1 and 2.

In agreement with the reaction window model, the n=4 levels are more populatéd than the
n=3 levels with an Hj target as also shown by energy gain measurements by Mc Cullough et al [15]
and Giese et al [16]. With He, the 3d levels are more populated.

So, the strong population of the 3d levels observed with Hy cannot only be attributed to
SEC. TI process is involved as shown by Giese et al with D [16] at 3 keV energy. If we take their
value of oT] / 011 +0sEC = 0.23, the 639 cross section (99 x 10-17 ¢m?2) must be split into

oseC = 30 X 10-17cm?2 and o771 = 69 X 10-17 c?.

With He this TI process is less than 2% as shown by Justiniano et al [17]. The 3s3p3 level
excitation is attributed to the TE process. On Table 3 are displayed the deduced excitation cross
sections of the involved levels.

Our measurements of (SEC + TE) 142 X 10-17 cm?2 with He and 313 X 10-17 cm2 with Hy
compare favourably with 6q.q-1 measurements 164 x 10-17 cm?2 [18] and 342 x 1017 cm? [19]

respectively with He and Ha.

Table 1 : Emission cross sections Gepy, in the collisions -
Ar>+ (3s23p2P%)+He (Hp) — Art+ (3s3p2nll3L) + He+(Hot) at 50 keV

A(nm) identification Oem (10117 cm?)

He H»
52.72 3523p2 3P - 353p3 350 0.7 1.9
55.85 3523p2 1D- 3s3p3 1PO 0.3 0.9
63.58 3523p2 1§ - 353p3 1PV 0.2 1.1
70.55 0.7 3.2
71.03 3523p2 3P - 3s3p3 3P0 2.1 6.3
71.63 3.6 12.0
72.54 3523p2 1D - 3s3p3 1DO 6.1 12.4
82.31 2.4 17.6
82.54 3s23p2 3P - 3s3p3 3DO
83.47 | 4.9 26.3
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Table 2. Emission cross sections g, in the collisions
Ar’* (3s?3p ?P%) + He (H,) - Ar*" (3s3pnl L) + He* (H,") at 50 keV.

Gem (1077 cm?)

A(nm) Identification

He H,
25.18 3p°P-4d°D° 1.0 6.8
25.75 3p'D-4d'F° 0.5 1.9
26.51 3p!S-4d'P° 04 1.0
33.85 3p°P - 4s°P° 13.7 40.8
35.08 3p'D-4s'P° 4.7 17.2
38.05 3p'S-4s'P° 1.0 4.2
41.71 3p°F°- 413G 0.8 3.4
42.52 3p'D-3d'P° 0.7 6.3
43.66 3p'P-3d'F° 16.9 27.5
44.78 3p°P-3d°D° 36.2 751
46.34 3p°P-3d°P° 26.8 78.6
47.11 3p°P’-41°D 1.1 10.8
48.64 3p'D-3d'D° 9.7 242
54.01 3p°P-3d°F° 92 11.2
66.47 3d°F°-4p°D 1.5 8.2
72.54 3d'D°-4p'P 6.1 12.2
79.83 3d°P°-4p°S 1.6 10.6
82.54 3d°P’-4p°D 1.7 11.8
84.98 3d'D°-4p'D 1.5 6.2
87.34 3d°D°-4p°D 1.1 4.1
91.63 3d'P°-4p'S 2.8 24
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Table 3. Excitation cross sections ¢ (nl) (1077 cm?) for Ar** + He (H,) at 50 ke V.

a(nl)

‘nl He H,
4s 6.5 28
i 40 130
4d 45 20
4f 3.5 23

Yo (4]) 54.5 201
3d 66.5 99
5o (nl) 121 300
353p° 21 82

SEC 121 231
TE 21 82
TI 69

q- gl 164 [18] 342 [19]




2.2 Ar6+ + He (Hy)

The Ar6+ ion, ground state 3s2 180, has also a metastable state 3s3p 3P0 on which electronic
capture may occur. Spectroscopic results of Fawcett et al [20] and Lesteven-Vaisse et al [21] have
been used. New lines corresponding to 4 - 5 and 3p - 4p, 4d transitions within the 3s2 ground state
core and the 3s3p metastable state core respectively, are identified. Measured emission cross
sections of Ar6+ + He at 120 keV energy and Ar®+ + Hy at 60 keV energy are displayed on
Tables 4, 5.

From these measurements using transition probabilities and cascading processes we have
been able to deduce the excitation cross sections o(nl) of the excited ArVI levels. They are
displayed on Table 6.

Due to the presence of the metastable state, these emission cross sections have to be
corrcted with the right ion beam value corresponding to the ions in the ground state (f) and in the
metastable state (m). Using the percentage (p) of metastable ion beam in the total beam measured

by EI Sherbini et al [22] on a similar ECR ion source, p = 0,20, we have made this correction on the

I . . c c
deduced excitation cross sections displayed on Table 6 : o = Op=—

(1-p) p

With an Hj gas target, the 3s23d levels cannot be directly populated and this population
results from a TI process which represents 14% of the SEC + TI processes. The same process may
occur for the 3s3p3d2L and 3s3p2 2L levels with metastable core, but these levels may also be
populated by a TE process within the fundamental core 1s2 and so the respective values of thes
processes may not be deduced. Giese et al [16] have shown the importance of TI for Ar6+ +D5.

Our non-corrected total cross section 465 x 10-17 cm? obtained with Hy has to be compared
to the Gg-q-1 measurements :
563 x 10-17 cm2 [23], 393 x 10-17 cm?2 [24], 450 x 10-17 cm? [22] and 419 x 10-17 cm? [25]
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Table 4. Emission cross sections a.,, in the collisions
Ar® (3s* 'S) + He (H,) - Ar’* (3s’nl °L) + He* (H,")
at 60 keV (H,) and 120 keV (He).

Oy (1077 cm?)

A(nm) Identification
_ He H,
18.08 3p?P’-5dD 5.4
19.62 3p2P°-5s?S 24
22.07 3p?P°-4d*D 166
28.01 3d D - 5 7F° 5.7
29.33 3p?P°-4s°2S 204 18.1
32.83 3d D - 5p P° 6.2
37.41 3dD - 4f2F? 63
45.77 34 51
3p?P°-3d°D
46.21 88 91
54.85 4528 - 54 *P° 8.2
63.41 3d D - 4p *P° 0.8 11.7
74.57 4p 2P - 55 %S 2
82.43 4d D - 5f°F° 3.4
110.31 4f2F° - 5¢ °G 2
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Table 5. Emission cross sections o.,, in the collisions
Ar® + He (H,) -~ Ar™* (3s3pnl >L) + He" (H,") at 60 keV (H,) and 120 keV (He).

' Oem (10717 cm?)
A(nm) Identification
He H,
19.08 3s3p? *P - 3s3pSs *PP° 19.2
19.46 3s3p? 2P® - 3s3pdp 2S 18.5
20.28 353p? 2P° - 353pdp D | 12.8
21.15 353p? *P - 353p4d *P° 9.2
21.58 353p? P - 3s3p4d *D° 7.5
28.32 3s3p? “P - 3s3p4s “P° 4.8 17.2
46.00 3s3p? “P - 3s3p3d ‘D° <1 4
46.53 353p2 ‘P - 3s3p3d ‘P° 1 9
47.09 - 1.6 7
3s3p* S - 3s3p3d ?P°
47.36 ‘ 1.4 5
47.69 1.1 8
48.46 3s3p® *D - 3s3p3d ‘F° 1.7 5
48.68 3.5 20
49.74 | <1 2.7
3s3p? ?P - 3s3p3d 2P°
50.92 14 55
55.15 3s%3p *P° - 3s3p* 2P 3.8 ' 10
58.91 83 23
3s23p 2P° - 353p* %S
59.68 2.8 10
61.88 3s?3d 2D - 3s3p3d *P° : 1.4 4.5
75.48 6.8 11
3s23p 2P° - 3s3p* D
76.71 16.1 " . 23
99.84 <1
3s%3p 2P° - 3s3p* ‘P
10.16 ’ <1
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Table 6. Excitation cross sections a (nl) (10" cm?) of 3s?nl and 3s3pnl states for
Ar®" + He (H,) - Ar’* + He™ (H,") at 120 and 60 keV respectively.

He H, .
a(nl) adnl) or o,,(nl) a(nl) a{nl) or o,(nl)
3s?nl
5s 26 32
Sp 19 24
5d 9 11
5 9 11
5g 2 3
Yo(5)) 65 81
4s 20.5 25.6 1 1.2
4p 1.5 1.9 19, 24
4d 178 185
4f 10 12.5
Yo(4]) 22 27.5 238 222.7
3d 11 14 50 62.2
3s3pnl (L)
4p 31 155
3d 9 45 58 290
3p 27 135 23 115
Y o(nl) 36 180 112 560
3s3pnl (‘L)
Ss 19 95
4d 16 80
4s 5 25 17 85
3d 1 5 13 65
Yo(nl) 6 30 65 325
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2.3 Kr5+ + He (Hp)

The ground-state configuration of KrV is 4s24p2 and only the excited 4s24p4d and 4s4p3
configurations are known [26]. For line identification we have used the spectroscopic results of
Trigueiros et al [27], which show also the importance of the interaction between these
configurations. So the lines with the 4s4p3 3P0, 3D0 upper level show that the interaction of
configuration process is important in these collisions. Futhermore many lines remain unidentified,
especilly with the Hp target. Measured emission cross sections of Kr3+ + He (Hp) at 100 keV
energy are displayed on Table 7.

The sum of all emission cross sections gives a value of 30 x 10-17 ¢cm2 for He and
130 x 10-17 cm? for Hy. These values are much lower than the values of 6g_q.1 : 1.4 x 10°15 cm?2
Wu et al [28] and.4 x 10-15 cm2 Tawara et al [29] obtained at different energies. The direct
population of the ground state may explain this difference.

—_

Table 7 :
Emission cross sections oem (10-17 cm?2) in Kr5+ + He (Hp) — Kr4+ + He +(Hp)* at 100 keV

A (nm) identification oem (He) oem (Hjp)
43.45 _ 4524p2 3P - 4524p4d1P0 <0.1 11
46.28 4s24p2 3P - 4524p4d3DO 1.9 16
46.53 " 1.9 18
47.27 " 24 30
69.38 4524p2 3P - 4s4p3P0 1.3 "~ 3.8
71.08 " 2.1 8
77.18 4524p? 3P-4s4p3 3D0 2.8 7.5
79.38 " 6.8 19
81.02 " 7.6 17
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2.4 Kr6+ + He (H3)

The Kr VI spectrum, ground state configuration 4s24p has been observed and identified
with the results of Trigueiros et al [30] and Pagan et al [31]. Upper levels 4s25s - 4d - 5p - 4f are
excited as well as the 4s4p2 2D level which is mixed with the 4s24d 2D level by interaction of
configuration [30]. Fig 1 shows a schematic energy level digram of KrVI. All measured line cross
sections are displayed on Table 8. From these measurements we may deduce the o(nl) excitation

cross sections :
oml) (10-17 cm?)

nl 44 4Af 5s 5p  4s4p22D
He 69 <l 24 < 40
Hy 55 23 30 98 130

which give a total cross section of 133 x 10-17 ¢m? for He and 336 x 10-17 cm?2 for Hj. These
values may be compared to 2 x 10-15 cm? [28] and 5 x 10-15 cm?2 [29] obtained at different

energies.

E (103cm’l) Kr VI 4s2nl2L configuration

A

25 ’ 2P0 2D ZFO

400 +

3001

2001

T

100 -

Fig.1 Schematic energy level diagram of Kr VI
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Table 8. Emission cross sections o, in the collisions
Kr® + He (H,) - Kr** + He* (H,") at 90 keV (error ~ 30 %).

0o (1077 cm?)

. A(nm) Identification

He H,

36.31 8 10
4s’4p 2P° - 45255 2S

37.41 16 20
45.02 24 35
46.53 4s%4p ?P° - 45%4d 2D 38 96
46.73 7 21
54.06 <0.5 2.6
54.37 4s4p D - 4s%5p *P° <0.5 6.5
54.81 <0.5 15
56.50 <0.5 10
57.00 45%4d 2D - 4s?4f 2F° <0.5 3
57.30 <0.5 10
70.58 12 49
74.28 4s%4p 2P° - 4s4p? 2D 19 95
74.87 9 10
95.66 <0.1 8
96.51 45%4d 2D - 4s?5p 2P° <0.1 46
98.04 <0.1 20
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2.5 Fe7+ + He

The Fe VII spectrum has been identified using the results of Reader and Sugar [32] and
Shirai et al [33]. We identifiy transitions between the lowest configuration 3p53d2 and excited
3p63d4d and 3p63d4s configurations. Many lines remain unidentified and the evaluation of the total
cross section is difficult. Line emission cross sections are displayed on Table 9.

Table 9 :
Emission cross sections 6em (10-17 cm2) in the collision Fe7+ + He — Fet* + He * at 105 keV

A (nm) identification oem
22.13 3p634d2 - 3pb3ddp 24
22.22 " 4.0
22.23 I 4.1
23.10 " 2.7
23.26 " 15
23.65 " 2.7
23.83 " 2
24.13 " 6
24.44 " 17
26.65 " | 4.5
26.60 " 2.6
29.23 3p63d2 - 3p63d4s 4.4
30.45 " 3.1
30.90 " 3.8
31.20 " 3.1
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2.6 Fe$+ + He (H3)

The Fe VIII spectrum has been identified using the results of Reader and Sugar [32] Shirai
et al [33] and we have made energy level computations with the MCDF code [34]. The observed
lines are shown on the schematic energy level diagram in fig. 2 and their emission cross sections on
Table 10.

It is possible that the Fe8+ions (3p6 ground state configuration), owing to the short transit
path between the exit of the ECR source and the entrance of the chamber, may also be in the
3p33d 3P0 metastable state since its lifetime is of order of 0.1 ps.

Using the decay cascading schemie we may deduce the exciation cross sections 6(nl) of the
51 levels, but not for the 4d and 4f levels since de 4d - 4f line.is out of our spectral range.
Furthermore it seems that 4p level is not directly populated.

o@l) (10-17 cm2)

nl Ss Sp 5d Sf S5g
He 0 - 04 O 0 0
H»y 5.1 22 2.7 2.8 14

If with He the Fe8+ + He total charge exchange collision may be evaluated to 37x10-17 cm?
via the 3d-4p transition, with Hj this total cross section may be higher than the value deduced from
the 3d-4p transition (26x10-17 cm?2) since of the3d-nf transitions have not been measured and only a
few part of the population of the nf levels is taken into account by cascade into the 4d level.
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Fig. 2 Schematic energy level diagram of Fe VIII



Table 10 : Emission cross section oem (10-17 ¢cm?2) in the collision
Fed+ (3p6 150) + He (Hp) — Fe7* (3p® nl 2L) +He+ (Ho+) at 120 keV

A (A)
19.40
19.47
19.60

27.25
27.70

36.63

37.52
38.35

58.30
58.68
59.08

59.33

69.53
72.12

88.40

identification
3d2D - 4p 2p0

"

4p 2P0 - 54 2D

44 2D - 5f 2F0

4p 2P0 - 5525

"

4 2F0 - 5¢ 2G

4d 2D - 5p 2p0

4p 2P0 - 44 2D

4f 2F0 - 54 2D

ocm

15

<0.1
<0.1

<0.1

10
<0.1
1.3
0.4

0.5

1.7
8.8

<0.1

16
10

2.8

3.2
1.9

14

9.8
8.3

16
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2.7 Nil7+ + Hy

Only the lowest excited states of Ni XVII are known [35] and the capture occurs in highly
excited states. So many lines remain stll unidentified and it is difficult to evaluate the total cross
section. Spectroscopic work is in progress. Fig. 3 shows typical spectra obtained with Ni 17+ with
H, at two pressure and with Nil6+ in order to discriminate against double collisions. Emission cross
sections are displayed on Table 11. '
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Channel
Fig. 3

partial spectra of Nil7+16+ + H,
(t integration time, p gas cell pressure)
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Table 11. Emission cross sections ga.,, in the collision
Ni'™ + He - Ni'®* + He" at 340 keV (error ~ 40 %).

A(nm) Identification Oem (1077 cm?)
17.54 3p? 'D - 3p3d 'F° 2.1
19.73 3s3p °P° - 3s3d °D! 4
19.99 3s3p P! - 353d °D? 8.6
20.05 3s3p P! - 353d °D’ 2.8
20.20 3p2 D - 3p3d °D° 0.2
20.75 3s3p*P°-3s3d°D 19
20.86 3s3p °P° - 3s3d °D 1.4
21.59 3s3p 'PY - 3s3d 'D 7.2
24.92 3s?!S - 3s3p 'P° 44.6
25.19 3s3p °P° - 3p* °P 2.5
26.36 3s3p °P° - 3p*°P 1.7
26.61 353p °P° - 3p? °P 5.8
26.94 3s3p *P° - 3p? °P 9.5
27.31 353p °P° - 3p? 'D 55
28.15 3s3p *P° - 3p? °P 0.8
28.56 3s3p °P2 - 3p? P 1.8
28.97 353p *P°- 3p2 'D 6.6
29.00 3s3d°D - 3p3d °P° 3.7
29.02 3s3d 'D - 3p3d 'F° - 4.6
29.17 353d °D - 3p3d °P° 13
32.20 3s3d°D - 3p3d °F° 0.5
33.82 3s3d°D - 3p3d ’F° < 0.1
35.38 3s3d °D - 3p3d °F° < 0.1
35.58 3s3d°D - 3p3d °F° <0.1
36.68 3s? 'S - 3s3p °P° 0.6
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3. CONCLUSION

Ar3+6+ Kr3+6+ Fe7+8+ and Nil7+ ions have been produced by an ECR 10 GHz Caprice
ion source. The charge exchange collisions between these ions and He or Hp have been studied by
photon spectroscopy. Many lines have been recorded and attributed. Some new observed lines have
been identified. Furthermore a number of lines remains unidentified. This is due to the possible
presence of a metastable stateand to the lack of information on energy levels for some ions, and
spectroscopic work is still in progress . From line emission cross section measurements we have
been able to deduce excitation cross sections ans total cross sections. These results compare
favorably with total ¢ — q - 1 measurements when available et show the interest of this method

(energy resolution, new spectroscopic results).
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ELECTRON CAPTURE COLLISION PROCESSES
INVOLVING MULTIPLY-CHARGED Si, Ni, Ti, Mo, and W
IONS WITH H, H, and He TARGETS
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A. AGUILAR, A.M. JUAREZ, H. MARTINEZ

Instituto de Fisica, UNAM, P.O. Box 48-3, 62251 Cuernavaca,
Mor, México

Abstract

The available experimental and theoretical total cross section data for one-electron capture
involving medium (Si, Ti, Ni) and high (Mo, W) Z ions and neutral H, H, and He are
presented. It is shown that these data can be described in terms of empirical scaling relations
involving charge-reduced cross sections, o/q and reduced energy, E/q"?. The selected data
follow the behavior predicted by this scaling law over a wide range of energies and charge
states, with an overall rms deviation of 27%. Sources of data and fitting parameters are
presented.

1. INTRODUCTION

Recent advances in the research of magnetically confined plasmas oriented towards
nuclear fusion have been extraordinary. In particular, the results on large Tokamak research do
show that the majority of the main plasma parameters are already in the range of those required
for a reactor operating device [1]. However, among the various important technological
challenges we can mention that of the plasma edge region where a number of reactions between
the hot core plasma and the wall materials lead to severe energy losses and impurity transport
processes. Among these reactions, some are due to electron-capture processes of multiply
charged ions of wall-constituent elements such as Si, Ti, Ni, Mo and W with atomic and
molecular hydrogen and He .

Quantitative knowledge of the fundamental processes governing these reactions is of
importance for the modelling of the above plasma processes, leading to improvements in the
operating conditions of present and future Tokamak devices. The need for accurate cross sections
has been addressed by several research groups [2-6]. From the experimental point of view,
electron-capture processes have been reviewed extensively by Gilbody [7,8] and de Herr [9]. On
the theoretical side, different reviews have been presented by Brandsen [10] and Janev et al [11].

The aim of the this paper is twofold. On the one hand, we present the extension of a
previous compilation [12] of available cross sections for the electron-capture reaction
X9+ y » xW@L 4 y+ (1)

| where X stands for Si, Ti, Ni, Mo or W, and Y for H,V' H, or He.
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On the other hand, use has been made of a semiempirical scaling law [13] to fit the data.
This law has been shown previously to be very useful in describing the dependence of charge
exchange cross sections with energy and different charges states of ions colliding with the above
target gases. Indeed, the present work is mainly based along the lines of Ref.[13].

2. SOURCES OF DATA

We have compiled all available experimental and theoretical cross sections for the single
electron-capture reaction described by Eq. 1. In most cases we have found that no coincidence
analysis with respect to the charge states of the target ions after the collision has been carried
out. Therefore, the experimental data may also be influenced by the contribution of transfer
ionization processes. Other processes, such as those due to H, targets, dissociative collision
channels which may involve charge transfer or ionization, or two electron process with capture
and ionization for the case of He must be considered; however, no detailed information could
be found in the literature.

There are comprehensive compilations of data for multiply charged ions colliding with
atomic hydrogen [14-16]. For the case of collisions with H,*, data have also been compiled by
Tawara [16]. Data for He have been compiled by Wu et al [17,18]. The current bibliographic
files at the ORNL Controlled Fusion Atomic Data Centre provided further data over the range
0.001-1000 keV/amu. The comments appearing on Refs. 19 and 20 with regard to reaction (1)
for other ions are equally valid for the ion species discussed here.

All experimental data were obtained by the fast ion beam-gas method thoroughly
described by Gilbody [8] and Phaneuf et al [13], and merge beam technique [65] and are
summarized in Table I of this paper. This table indicates that experimental data are in fact
scarce, particularly for the case of He as a target. As regards theoretical calculations, these have
been described by Brandsen [6] and Phaneuf [13], and merge beam technique [65]. For instance,
for fully stripped ions, it has been pointed out that the results of the multichannel Landau-Zener
method with rotational coupling (MLZRC) agree within 30% or better with the measurements
of Meyer et al [21] for bare ions of charge states Z=6-10. These calculations were performed
by Janev [11] for charge state values q up to 74. This work also presents comparisons with other
theoretical calculations such as the classical trajectory Monte Carlo method (CTMC) [22], and
the unitarised distorted wave approximation (UDWA) [23,24]. A more comprehensive
description of the theoretical methods which are commonly applied in the treatment of charge
exchange and ionization processes is given by Brandsen [6] and Janev et al [25]. Among the
most recent calculations dealing with partially stripped ions are those of Fritsch [26,27], Katsonis
et al [28], and Uskov et al [29].

The theoretical data relevant to this study are also presented in Table I. As it can be

observed from Table I, on the whole, cross section data for the processes under study, and
particularly for He as a target, again, is far from complete.
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TABLE 1. SOURCES OF DATA FOR ELECTRON CAPTURE.

Ion Energy®®. References®
Experiment Theory
Siv* + H = Siv" + HY
Si?* 5.11(4)-1.02(5) 8.44(5)-3.56(2) 32-35,36,37
Si’ 5.11(4)-1.54(5) 33,34,36
Si* 5.11(4)-2.03(5) 1.0(-2)-3.15(5) 34,36,37-41,65
N 7.30(4)-2.03(5) 3.57(1)-3.52(5) 34,36,37,41-43
Si ¢ 1.03(5)-2.03(5) 3.57(1)-3.52(5) 26,34,36,40-42
Si’™ 1.58(5)-2.03(5) 3.57(1)-3.57(3) 34,36,41,42
Si® 2.03(5) 3.57(1)-3.76(5) . 26,36,40-42
Si’ 2.03(5) 3.57(1)-1.404) 26,36,41,42
Si v 3.57(1)-4.92(5) 26,40-42
Sit+ 3.57(1)-4.00(3) 26,41,42
Si 3.57(1)-1.00(4) 26,41,42
Si 3.57(1)-8.00(3) 26,42
Siw 2.50(1)-5.00(5) 23,26,31,37,41,42, 4448
Si*t + H, = Si*"* + H;*
Sj 2HAst 5.11(4)-1.02(5) 34
Si? 5.11(4)-1.54(5) 34
Si ¢t 5.11(4)-2.03(5) 34,36
Si7 1.03(5)-2.03(5) 34,36
Si & 1.58(5)-2.03(5) 34,36
Si ‘¢t 2.03(5) 34,36
Sit + He = Si®* + He'
Si + 1.25(-4)-9.92(2) 49
Si® 1.00(6)-2.00(6) 50
Si 1+ 3.57(5)-3.04(6) 51-53
Si B 2.00(6) 50,54
Si '+ 1.00(5)-2.00(6) 1.53(3)-1.02(6) 41,43,50,53,55
Tiv* + H= Ti""* + H*
Ti ** 1.46(2)-8.34(2) 56,57,58
Ti * 5.25(3)-3.06(5) 29
Ti** 1.00(0)-2.55(6) 28,29,40-42,59-62
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TABLE I (cont’d). SOURCES OF DATA FOR CHARGE TRANSFER.

Ion Energy References
Experiment Theory
Ti *+7+ 2.08(1)-4.00(5) 28,29,42
T &+8+ 2.08(1)-4.00(4) 28,29,40,42
Ti ** 2.08(1)-5.00(5) 28,29,42
Ti 2.08(1)-7.00(5) 28,29,40,42 .43
Ti "+ 2.08(1)-4.00(5) 28,42
Ti @+ wats 2.08(1)-4.00(5) 42,43,45
Ti 2 2.00(1)-1.00(5) 11,37,42
Ti** + I_I2 = Tjev+ + I_Iz+
Ti ?* 5.00(2)-4.004) 56-58
Ti ** 1.00(3)-1.00(5) 62
Ti** + He = Ti“"* + He*
Ti** 2.00(3)-1.00(5) 62
Ni** + H= Ni*"* + H*
Nij #+5+8+ 1.70(1)-2.00(5) 28,42
Ni 1.70(1)-3.00(5) 28,42
Ni "+ 1.70(1)-4.00(5) 28,42
Nj o+ 1.70(1)-4.00(5) 28.42,62
Ni "+ 1.70(1)-1.70(3) 28,42
J\ 1.70(1)-1.70(3) 42
Nj #1617+ 1.70(1)-5.00(5) 42
Nj 20+ 27+ 1.70(1)-1.70(1) 42,45
Ni #+ 2.00(1)-1.00(5) 11,37,41,42
Mo + H = Mo“"* + H*
Mo ** 6.25(3)-3.06(5) 29
Mo * 6.00(4) 1.04(1)-3.42(5) 29,36,40,42,63
Mo ** 6.00(4) 1.04(1)-4.00(5) 29,36,42
Mo ¢* 6.00(4)-1.16(5) 1.04(1)-4.00(5) 29.36,40,42,63
Mo 7+ 6.00(4)-1.61(5) 1.04(1)-1.04(3) 29,36,42
Mo ** 6.00(4)-1.61(5) 1.04(1)-6.25(5) 29,36,40,42
Mo *** 6.00(4)-1.61(3) 1.04(1)-6.25(5) 29,36,40,42,63
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TABLE I (cont’d). SOURCES OF DATA FOR ELECTRON CAPTURE.

Ton Energy References
Experiment Theory
Mo H+er+i+ 6.00(4)-1.61(5) 1.04(1)-1.04(3) 36,42
Mo ** 6.00(4)-1.61(5) 1.04(1)-1.04(3) 36,42,45
Mo 16+ 18+ 1.16(5)-1.61(5) 1.04(1)-1.04(3) 36,42
Mo #+2+ 0B+ 1.04(1)-1.04(3) 42
Mo 20+:30+ 1.04(1)-1.04(3) 42,43 .45
Mo #* 4.00(1)-1.00(5) 11,37
Mo + H, = Mo“** + H,*
Mo “+=* 6.00(4) 36
Mo * 6.00(4)-1.16(5) 36
Mo "+ s+ 6.00(4)-1.61(5) 36
Mo 16+ 18+ '1.16(5/)-1.61(5) 36
W + H= Wed* + H*
W 3+ 6.25(3)-3.06(5) 29 ,
W # 4.60(4)-6.00(2) 5.44(0)-3.06(5) 29,36,40,42,63
W s+7+ 4.60(4)-6.00(4) 5.44(0)-5.44(2) 29,36,42
W & 4.60(4)-6.00(4) 5.44(0)-4.57(5) 29,36,40,42,63
W 4.60(4)-6.00(4) 5.44(0)-6.25(5) 29,36,40,42 .63
W o+tis12+ 4.60(4)-6.00(4) 5.44(0)-5.44(2) 36,42
W 1o+ 4.60(4)-6.00(4) 5.44(0)-6.45(5) 29,36,40,42,63
W Brwelss 6.00(4) 5.44(0)-5.44(2) 36,42,45
W 1o+ w30+ 5.44(0)-5.44(2) 42,43,45
W 7+ 2.10(0)-1.00(5) 11,48
Wq+ + H1 = W(q-l)+ + I_L+
W 4.60(4) 34
W st 4.60(4)-6.00(4) 34
w 13+ to 15+ 6.00(4) —3—4

* Energies are normalized to units of eV/amu.
® Figures in parenthesis are powers of 10.
¢ Underlined references present experimental data.
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3. THE EMPIRICAL SCALING LAW

The general features of the dependence of the cross sections with velocity and charge
state have been discussed and summarized by Phaneuf [13]. Briefly, the structure of the cross
sections can be split into two regions. At low velocities, the cross sections are almost
velocity independent, showing a rather flat behavior. At high velocities the cross sections fall
rapidly. These two regions have been described in terms of scaling laws of several degrees
of complexity and physical insight. At low energies, these laws predict a weak dependence
of the cross section with the logarithm of the inverse of velocity. At higher velocities the
behavior is more complicated, thereby making it more difficult to obtain a more
comprehensive, analytical dependence of the cross section. Janev and Hvelplund [30] have
discussed several possible scaling laws to describe the electron-capture processes. Based on
some of these, Phaneuf [13] has arrived at the following scaling relation

A 1n(B/E)

g =
1 +CE?+DE*S

(2)

with the reduced variables

~(3)

where, as suggested by Janev and Hvelplund [30], ¢ is the electron-capture cross section in
units of cm?, and E is the collision energy in units of eV/amu, and q is ion charge state.

4. FITTING PROCEDURE

All available data for collisions of Si, Ni, Ti, Mo and W on H, H, and He listed in
Table I were fitted according to Eq. 2, and are shown plotted in Figs. 1 to 7. The fitting
parameters A, B, C, D are listed in Table II. To assess the accuracy in the fitting of Eq. 3
to the data, we used a least squares method and varied the parameters carefully so as to
obtain the best correlation coefficient, which is a good statistical measure of fitness. Table
IT also gives three different rms deviations, namely, in the low velocity region, which we call
the "plateau”, the high velocity region, or "fall", and a third, overall rms deviation. As it
can be seen, the scaling law fits the plateau region remarkably well, with overall deviations
around 10%. The fall region shows deviations that are, on the whole, a factor of 3 to 4
larger than those on the plateau, but one must bear in mind that on this region the cross
sections fall 4 to 5 orders of magnitude over about one decade of energy increase.
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As it has been also discussed by Phaneuf [13], one can rescale the above reduced
cross sections and energies from equation (3) to include all targets through their ionization
potentials, I, related to that of hydrogen, Iy, as

5 = (IO/IH)Z» %, E = (I,/1,)? \/—E;_I (4)

where o and E are in the same units as above.

Si%*, Mo%", and W9" data were rescaled according to the above definitions, and their plots
are shown in Figs. 8 to 10, respectively. Thus we observe that the single set of reduced
variables can represent the electron-capture cross sections for the above systems under study.
The fitting parameters are given in Table II, which are those for H.

TABLE II. THE VALUES OF PARAMETERS A, B, C AND D IN EQ.(2) FOR H, H,
AND He TARGETS.

Ion T® AP B C D rms deviation® (%) nom.
o 10 10° 10" 10® plateau fall total points
Si H 1.01 145 1.0 255 184 70.9 36.0 232
Ti H 0.85 3.10 1.6 180 16.9 74.6 38.9 273
Ni H 0.85 3.10 1.6 180 8.4 41.8 22.6 294
Mo H 0.78 596 1.1 253 8.6 63.8 27.8 305
w H 0.81 2.00 80 0 129 292 15.0 300
Si H, 1.00 145 1.0 75 263 26.3 25
Si He 1.00 1.25 200 0.615 25.8 25.8 20

2T target gas.
® A,B,C,D in units of cm?, eV/amu, (amu/eV)?, and (amu/eV)*3, respectively.
¢ Plateau and fall regions are defined below and above 20 keV/amu, respectively.

253



107" T T l I I I

10‘18 ] | ] i L N

' 10 100 10 10

Eq%® CeV amu™)

Figure 1. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q"* for Si** + H collisions, for
4=<qg=14. The solid curve is the analytical fit from Eq.(2). See Table II for fitting coefficients.
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Figure 2. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q"? for Ti** + H collisions, for
4<q=<22. The solid curve is the analytical fit from Eq.(2). See Table 1l for fitting coefficients.
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Figure 3. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q"” for Ni¢* + H collisions, for
4=q<28 except q=14. The solid curve is the analytical fit from Eq.(2). See Table II for fitting coefficients.
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Figure 4. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q"? for Mo®™ + H collisions, for
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4<q=<30. The solid curve is the analytical fit from Eq.(2). See Table Il for fitting coefficients.
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Figure 5. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q'” for W*+ H
collisions, for 4<q<30 and q=74. The solid curve is the analytical fit from Eq.(2). See Table II for fitting
coefficients.
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Figure 6. Scaled electron capture cross sections, o/q, as a function of scaled energy, E/q'? for Si**+ H,
collisions, for 2<q<9. The solid curve is the analytical fit from Eq.(2). See Table Il for fitting coefficients.
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Figure 7. Scaled electron capture cross sections, a/q, as a function of scaled energy, E/q'? for Si®* + He collisions,
for q=11, 13 and 14. The solid curve is the analytical fit from eq.(2). See Table II for fitting coefficients.
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Figure 8. Doubly scaled electron capture cross sections, (Iy/l,)%a/q, as a function of doubly scaled energy, (I,/1,)°’E/q"?
for Si** + (H,H,, He) collisions. (R) H, (J) H,, (O) He. The solid line corresponds to the analytical fit of Fig. 1.
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Figure 9. Doubly scaled electron capture cross sections, (I/L)’a/q, as a function of doubly scaled energy, (I,/I,)’E/q"?
for Mo®™ + (H,H,) collisions. (B) H,(O) H,. The solid line corresponds to the analytical fit of Fig. 4.
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Figure 10. Doubly scaled electron capture cross sections, (I,/1,)°0/q, as a function of doubly scaled energy, (I,/1,)*E/q""
for Wit + (H,H,) collisions. (B) H, () H,. The solid line corresponds to the analytical fit of Fig. 5.
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5. SUMMARY AND CONCLUSIONS

Several semiempirical formulas have been developed, and in particular that due to
Nakai et al [64], who could fit total cross sections for single electron-capture with 30%
overall accuracy, with a formula bearing a considerably larger number of free parameters
than the one introduced by Phaneuf [13], who has discussed the usefulness of the present
scaling law for the case of Fe. Katsonis [28] has reported the A-D coefficients for different
projectiles, including Ni and Ti on H over the 3-100 keV/amu q'? range, having found that
the coefficients are the same for both Ni and Ti ions, which is also our case.

Finally, a point must be made from Table I that more experimental and theoretical
data are needed for these systems. For instance, electron-capture collisions cross section data
for He with Ti, Ni, Mo and W ions must be encouraged since He constitutes the ash of an
ignited D-T plasma, and it will be abundant at the plasma edge. However, with the available
data and the good fitting with the semiempirical formula, one is already able to make some
good estimates of the cross sections over a wide collision energy range for q =4, with only
four adjustable parameters, leading to about the same degree of fitting accuracy as that
reported in Ref. 64.
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