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Abstract. A model has been proposed in order to describe the D-T fusion reaction burn in a magnetized
cylindrical target. The reaction is supposed initiated in a central hot spot in the end of the implosion phase. In this
model the thermonuclear fuel is composed by an interfering of three fluids which are the electrons, the deuterium and
the tritium fluids.

lons density decreasing due to the fusion reaction is taken into account. Importance is given for the alpha
energy deposition in the thermonuclear fuel and for the effect of the applied magnetic field on the ignition
conditions. The energy losses due to bremsstrahlung emission and by heat conduction are computed. Screening effect
due to dense plasma is discussed and considered in this work.

1D space and 2D velocity space Eulerian simulation has been carried out in this work.
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1. Introduction

In the way of inertial thermonuclear fusion, the fusion reaction begins initially in a central
hot spot compressed and heated by the shock wave. This hot spot is formed by an external source
or by converting of the shock wave energy into heat energy.

It is important to well know how the burn wave propagates outward leading to the ignition of
the surrounding cod fuel. This permits to calculate the fraction of burned fuel and then to
optimize the implosion conditions.

The pertinent parameter of the fusion reaction burn in cylindrical magnetized target
is the surface density pR, that the Lawson criterion can be presented in this situation as
a threshold condition on pR. Then the self burning of the fusion reaction, for a
sufficient confinement time, needs a threshold value of pR which depends on the
nature of the used fuel. For example in a mixture of deuterium and tritium, pR >
0.2g / cm? and this value is significantly reduced by the applied magnetic field.

If we look at transport processes on a global scale - for example, the total heat
transport in the initial interaction phase, it is not necessary or practical to study the
plasma in such detail as it includes different collisions between electrons and ions. For
describing the evolution of the macroscopic quantities such as density, temperature and
pressure, a simplified picture of the fluid plasma is often enough. In the burning phase,
a charge separation occurs over a length scale which it can be comparable to the Debye
length. In this case the plasma cannot be considered as a single component fluid.

In this paper, we look to fuel plasma as an interfering of several fluids via
collisions. Each king of particles is considered as a fluid characterized by hydro-
dynamical equations: continuity equation, conservation of momentum and conservation
of interne energy. This work is organized as follow: in section 2, we present the simple
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fluid model intensively reported in the literature under some approximations. In section
3, we present our multi fluids model and the physical effects taken into account in this
model. Finally, in section 4, a conclusion is given.

2. Fluid model

In this model somewhat simplified and widely reported in the literature, the plasma is treated
as a single conducting fluid. For a homogeneous fluid, the equation of continuity of matter in the

fuel plasma, supposed a mixture of deuterium and tritium, is presented as:
d

ﬁ = _nDnT<O-v)1 (l)

where n is the number of thermonuclear fusion reaction per volume unit, nj, is the deuterium
density and ny is the tritium density npny(ov) means the fusion reaction rate, where o is the
cross section of the fusion reaction and v is the relative velocity of two fusing nucleus.

In order to estimate the fraction of burned fuel, we regard to thermonuclear fuel as
homogeneous plasma. In this situation, the fraction of burned fuel can be deduced from the above
equation. If the instantaneous densities of tritium and deuterium are the same, they are given by:

np =nr =nz—°—n, where n, is the initial ion density (the sum of the initial densities of
deuterium and tritium).

Introducing the fraction of burned fuel, f;,, given by:f, = 110717 the continuity equation can be
rewritten in terms of £, as:

d
o =21 - fy)ov), &)
The solution of this equation is:

__ notpiov)/2
fb - 14+(ngtp{ov)/2) (3)

where 7, corresponds to the fusion reaction detonation time.

The detonation time is related to the sound speed in the plasma approximately by : T, = r/3C in
the case of a spherical target and by: t, = r/2C, in the case of a cylindrical target which
corresponds to our case, SO :

_ nor{ov)/4Cs
fb T 14(ngr{ov)/4Cs)"

(4)

By introducing the mass density, p = mpnp + myny, the above equation rewrite as:

PR

fo = (®)

" pRAY(TY

where Y(T)~C,/{ov).

The reaction rate depends strongly on the temperature. An expression of this was introduced by
Hiverly (1979), so:

(ov) = expi?ﬁ% +a; + asT + a,T?+asT3+a Th), (6)
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where a; = —21.377692, a, = —25.204054, a; = —7.1013427 x 1072, a, = 1.9375451 X
107*, ag = 4.9246592 x 107 |,  az = —3.9836572 x 1078 and b = 0.2935. Here the
temperature is in KeV.

For a Deuterium-Tritium fusion reaction in the temperature range of T = 20-40 keV, the fraction
of burned fuel can be approximated by the practice following expression:

PR
g
PRY6(- )

fo = ()

In the way of inertial thermonuclear fusion, we always try to maximize the surface density
of the hot spot in order to obtain a more effective reaction detonation and consequently to get a
maximum of burned fuel.

In practice, the thermonuclear energy deposed in the thermonuclear fuel is that of the
alpha particles. Because the mean free path of neutrons in plasma at a temperature of about 10
keV is very large compared to that of the alpha particle (~ 40 times).
For a well self-heating of the fuel, it is necessary that the radius of the cylinder containing the
fuel is much higher than the mean free path of the alpha particle [,:R > I,.
The thermonuclear power produced in a central region can be approximated by:

dEfusion _

~ mr? (ov)=} "y - (8)

whereW,, is the energy of the alpha particle deposited in the plasma. This corresponds to
the change of thermal energy:

di% = (nr noT) = mr? nO + annoT— 9)

By considering that the thermonuclear energy absorbed is transformed into internal energy:
Line dEf“ﬂ, we obtain the equation of change of the radius of the detonation region, so:

ddt ( d)t d

r ov War I T

dr _ o {oviWar 1
de — 0 12T 3T dt (10)

One can deduce from this equation that the burning velocity v, = Z—: is greater than the sound
speed in the plasma C;. For example, if T > 15 KeV'T, v, > 2C,.

3. Multi-fluids model

The single fluid model is not enough to describe the spatiotemporal evolution of the inertial
thermonuclear fusion reaction. Because, a space charge occurs on a scale length of the burning
evolution which can be comparable to the Debye length and the quasi neutrality is not
established. In order to describe, more rigorously; the evolution of the fusion reaction to the cold
fuel, we developed a multi fluids model: the electrons, the deuterium ions and the tritium ions.
This model takes into account the spatiotemporal dependence of the reaction rate which strongly
depends on the plasma temperature. In this model, we are taking into account the energy losses
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by bremsstrahlung and by thermal conduction, the energy deposited by produced alpha particles
in the fuel and the effect of the applied magnetic field on the plasma and the alpha particles.

3.1 Physical Effects

e Alpha particles energy Deposit in the fuel

The produced alpha particle deposits its energy in the fuel predominantly by the dynamical
friction mechanism. The solution of the classical motion equation of an alpha particle allows to
determine the fraction of the energy deposited in the thermonuclear fuel after a path, so:

f=52-2(5)- (), w

la lg

The average value of f . :

f, = ﬁff rdr [ sin(0) d6 [ f,(r, 8, )de, can be exactly evaluated for a uniform sphere. But
in the case of a cylindrical geometry, an approach form of this integral is calculated as:

Xq+x2
fo= g (12)

where x, = £ (R + c2/V2cZ + 1000), R = -, ¢ = R /o and 1gg is the initial velocity of
the alpha particle (at birth ).

e Energy loss by bremsstrahlung

The specific power of radiation emitted by bremsstrahlung mechanism is calculated by Al
Akhiezer and VB Berestetskii (1965) using a relativistic Maxwellian distribution. The following
formula is obtained:

T, ee el
P,, = con? /m(’( (T,) + K°(T,)), (13)

16 . . . . .
where ¢y = Y 2m/3ar?m,c3, a is the fine structure constant and r, is the classical radius of the

electron. The functions K®¢ (T,) and K® (T,) were calculated using a numerical fit, so:

Kee(y) = 1.78y — 0.15y %2 + 0.58y3

K¢ (y) = 1.1+ 0.59y + 3.06y 2 — 2.56y° + 0.85y*

e The fusion reaction rate
The most used formula for the Deuterium-Tritium fusion reaction rate is established by
Hively (1983) by considering a relativistic Maxwellian distribution:

(ov) =9.1x 1076 exp (—0.572 (ln (6:7))2'13) cm?3/s. (14)
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In this expression the temperature is keV.

The previous expression must be corrected by taking into account the Debye screen on the
potential of Coulomb repulsion between the nucleuses. Because in a dense plasma, such the
inertial fusion burning fuel, the potential is given by the Debye potential:

Vp(r) = 4 exp (— /1_) V.(r) — E,, where V.(r) is the Coulomb potential, E, = " ql is the
TEQT TEYAD
energy of Debye screen produced by the dense plasma and A is the Debye length.

Taking into account the Debye screen, the rate of fusion reaction for a mixture of
deuterium and tritium at temperature T, became:

3
Rfs = Rpyg ll + \/§rezl —

9.1 x 107 nyny[1 + \/51"33/2]Texp (—0.572 (ln (6:7))2'13) cm™3/s, (15)

- and ag is the Bohr radius.

where I, =
4megap

3.2. Model. Equations

The equations of this multi-fluids model are the hydrodynamic equations of each species
of particles in the thermonuclear fuel. These equations are obtained by calculating the moments
of the transport equation.

e Continuity equation

This equation is presented for electrons in the form:
Ze 4+ 7.(neV) =0 (16)

And for deuterium and tritium in the form:

6nD

+ 7. (n, V) = —npny{ov). a7

anT + 7. (V) = —npnr{ov). (18)
The second member of these equations describes the reduction of ion density by the
fusion reaction.

¢ Momentum conservation equations

The momentum conservation equations for electrons, deuterium and tritium are presented
as:
d(neve)

e dt V(n T) X B Nne (VeD V)eD + Ver I_/)eT)’ (18)
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D —d(n;tVD) = —V(npT) + enpVp X B = np (Vpe Voe + VorVor), (19)
and mr % = —ﬁ(nTT) + enT]_/)T X E —nr (VTDI_/)TD + VTeI_/)Te) (20)

Here j—t= % +V.V is the time convective derivative. The first term in the right-hand side in

these equations corresponds to the force due to kinetic pressure gradient, the second term is the
force due to applied magnetic field and the third term characterizes the interaction via collisions
between the three fluids at their interference in the fuel plasma.

e Energy conservation equation

The equation of energy conservation that takes into account the energy loss by
bremsstrahlung, the heating of the fuel by the alpha particles energy and the energy loss by heat
conduction is presented as:

3d(n,T) 3d(npT) 3d(nsT)
2 dt 2 dt 2 dt

~V.(Go +dp + Gr) — Py + Eqofu Ry, (21)

+ neT\7 I_/; + 'l"LDTﬁ> I7D + TlTT|7 I_/)T =

where g; is the heat flux of species i, P, is the radiated power per unit volume by bremsstrahlung
mechanism,E,f, Ry is the energy deposited per unit time and per unit volume in the fuel, where
E.o0,f, and Ry are respectively the initial energy of the alpha particle (at birth), the fraction of the
energy of the particle Alpha deposited in the fuel and the rate of thermonuclear fusion reaction.

3.3 Numerical simulation

In the case of a magnetized cylindrical target, the simplest numerical simulation is 1D
space and 2D velocity space:

n. = ng(t, 1), np = np(t,r), ny = np(t,1); Ve (4, 1) = Ver (61U, + Ve (6, DTg 5 Vp (1) =
VDr (t, I')l_ir + VDG (t, I')l_ie ,VT (t, r) = VTr (t, r)ﬁr + VTG (t, r)ﬁe and T = T(t, r)

In this case we can represent the model equations in a dimensionless form, where
1ni HﬂaI/L |_)E1T|_)11t|_)i1r|_)1,
ng Vo To to To
where n, is the initial density of deuterium (tritium), Vo, = \/T;, /m, is thermal velocity of
electrons at the ignition temperature, t, = 1ns and ry is the initial radius of the cylinder

containing the thermonuclear fuel.
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-Continuity equations:
an, OVer

x| M, (22)

6nD _ BVD,

ot = h Ry (23)
6nT _ aVTr

T S (24)

N toV ~ noR
Ou yaq :nOTO et Rf = (; f
oro 0

-Momentum equations:

0(neVer) _

o = —biVe % — by B(Z:T) + 0ceVeo — e (Ve Vepr + Ver Verr), (25)
% = —L2eVer = Ne(VepVepo + VerVera), (26)
% = —Db1Ver a(ng:/m) — by 6(:;?“ + Q2cpVpg — e (VpeVepr + Ver Vprr), (27)
—a(ngrl’g) = —0cpVpr — Me(VpeVpeo + VerVpra), (28)
% = —byVr, a(ngf ) — b, a(g: Dy QcrVrg —nr(VreVrer + vrpVrpy), (29)
% = =0 Vrr =y (VreVreg + vrpVrpe), (30)

toTo

\' B . . .
where b,_ f—t" b, = Qi =t ;— is the normalized cyclotron frequency for particle of
0 e

meVorop’
species i and v;; is anormalized collision frequency ij.

-Energy conservation equation:
on,T +npT +n;T)

ot
_ .y 00T d(myT)  d(n;T) 2 W 2, 0V
s e gy by boor 3 1l gy T3 Ty
2 oVry 20q, 20q, 20q, 2 2 ~
3T 5 T3 "3 3o 3io Y3leRn 31)

where ¢ = E, /Ty et E,o = 3.5 MeV is the energy of the alpha particle at birth.

The model equations are composed by a set ten dimensionless coupled partial differential
equations. The numerical solution of this system allows us to study more rigorously the
detonation of the fusion reaction in the case of a magnetized cylindrical target. We have shown in
Figure 1, the reaction rate vs. the temperature of the plasma. We presented in figure 2, the
fraction of alpha particle energy deposited as a function of the applied magnetic field.
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4. Conclusion

In order to well describe the thermonuclear fusion burn in a magnetized cylindrical target,
a multi fluids model is proposed for the fuel plasma. The following physical effects are
considered in this model: - the energy losses by bremsstrahlung emission and by thermal
conduction, -the confinement of fuel plasma and the produced alpha particles by the applied
magnetic field, -the self heating of the thermonuclear fuel and -the Debye shielding effect on the
fusion reaction rate. The numerical resolution of the model equations permits to determine the
spatio-temporel evolution of the fuel burning. It has been shown that the fraction of burned fuel
undergoes an increasing due to the augment of the fusion reaction rate by the screening effect and
due to the magnetic field.
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