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Abstract: A three-temperature thermonuclear burn model considering the slowing-down effect of alpha par-

ticles is presented, with which the temporal evolution of temperature and particle number density are calcu-

lated. Comparison with the description that alpha particles deposit their energy instantaneously, calculation

shows that the slowing-down effect of alpha particles delays ignition time, makes the maximum of electron

and ion temperatures lower and is more remarkable for lower density conditions.
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1 Introduction

In thermonuclear burn, various fusion reactions
occur, releasing a large quantity of charged products
and neutrons. While the neutrons escape from optic
thin plasma, the charged products deposit their energy
into plasma and therefore sustain thermonuclear fusion.
Compared with hydrodynamic time scale, the charged
particles slow down so fast that considering the charged
particles stopping instantaneously is a good approxima-

‘. But in thermo-

tion in most hydrodynamic process
nuclear burn, the slowing-down effect of charged parti-
cles in plasma should be concerned as its character
time is closer to slowing-down time of charged parti-
cles.

In this paper, the successive binary collisions the-
ory has been used to describe the slowing-down process

23] Based on a three-

of alpha particles in plasma
temperature thermonuclear burn model™* | in which
bremsstrahlung, inverse bremsstrahlung and Compton
scattering effects have been considered, the thermonu-

clear burn process of D-T plasma is calculated, and

slowing-down effect of alpha particles in ignition is

* Received date; 15 Mar. 2007 ; Revised date: 8 June 2007

Document Code: A

studied.

2 Simulation Model

Assuming that the D-T plasma is uniform, produ-
cing alpha-particle isotropically, the time scale of the
implosion is far longer than thermonuclear burn time so
that the volume of the plasma can be assumed constant
during D-T ignition. The electron temperature, ion
temperature and radiation temperature are uniform re-
spectively in plasma. There are mainly four thermonu-
clear reaction channels of D-T':

D+T—n(14.07 MeV) + a(35.2 MeV),

D +D—’He(0.82 MeV) + n(2.45 MeV) ,

D +D—T(1.01 MeV) + p(3.03 MeV),

D +’He — (3.6 MeV) + p(14.7 MeV).

The ion particle number density equations can be
[4]

written as
dn,
T; = R])Dp - Ry (1)
dn,
dt = Ry, + RD,3He s (2)
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dn
T: = - Ry = 2(Ryp, + Ryp,) = Ryspe 5 (3)
dnay,
d;H = Ry, - RD,3HC ’ 4)
dn
Adtl = Rl)[)p + Rl),3He : (5)

Here n, is the particle number density of species k
ions, k can be one of T, *He, D, "He, p. R;; is Max-
well averaged volumetric reaction rate between i species
and j species, i.e. , the number of reactions between 1
species and j species per unit time and per unit volume
is given by

n;n;

Ry = 1+,

<0' V>ij . (6)

Where the Kronecker §; =1 if i =j and §; =0 else-
where. (ov) i is Maxwell averaged reactivity of species
‘i’ and ‘j’ , which is the function of ion temperature.

The electron, ion and photon energy density rate

equations are given as

dE. . N dE,
dt 25‘*'((2115)“,,‘((5)1]"&& (7
dE. )
=5 () ®)

= (9)

s () 4 (L)
d die /, de /-
Where E. = (3/2)n kT, is the electron energy density

e

and kT, is the electron temperature. E; = (3/2)n, kT,

is the ion energy density and kT, is the ion tempera-
ture. E, =g kT! is radiation energy density, o, =7/
[15(Hke)’ ] and kT, is the effective radiation tempera-
ture. S and S represents the alpha-particle energy
source to electron and ion respectively, (dE/dt);, re-
presents the ion-electron energy exchange, (dE /di),
represents the energy loss rate due to bremsstrahlung
and inverse bremsstrahlung, dE./dt represents the en-
ergy loss rate due to Compton scattering. The power
density deposited to electrons by alpha particles at time

L is

su = [[( =Bl D) ryyay . 0)

Here ( —dE_(t,, t)/dt), is the energy loss rate of an
alpha particle released at time ¢, to electrons at time ¢.
The power density deposited to plasma ions by alpha
particles at time ¢ is
S, = [(= Bl D) pocyan
o de ;

Where ( —dE,_ (¢, t)/di), is the energy loss rate of
an alpha particle released at time ¢, to plasma ions at
time t. (dE/dt), in Eqs. (7) and (8) represents the
energy exchange between all kinds of ions and elections
in plasma, while ions and electrons obey Maxwell dis-

tributions. It can be written as'®’

(), =2l - o

Where k =T, *He, D, *He, p , and

(%) =—4 LR2mnn (Z,Z.e)°A,, -
ke
(kT - kT.) ¢
- 13
m.c m, ¢’ ( kT, kT, \*? (13)
m.  m,c
Where
A, = 1“(Z/i/<22)m)‘ 0.5lnn, + 1. 5InkT.
cV/(e)”

c is the speed of light, e is the elementary charge.
(dE./dt), in Eqs. (7) and (9) represents the brems-

strahlung and inverse bremsstrahlung term,

)R o

dt de

where (dE /dt) | represents the energy loss of electrons
per unit time per unit volume due to the bremsstrahlung

and inverse bremsstrahlung'®’ caused by ions of species

k.

(&), =1 7 Gy Gy

b

ARG (kTr)”OQ] . (15)

kT,
The dE./dt in Egs. (7) and (9) represents the ener-
gy loss of electrons per unit time per unit volume due to

Compton scattering, it can be written as'>* '
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3 Calculations and Results

D-T thermonuclear burn process has been calcu-
lated considering alpha particles slowing down gradual-
ly and comparing with the description that alpha parti-
cles slow down instantaneously. The initial tempera-
tures of electron, ion and radiation are 3 keV and The
initial density of D-T is 300 g/cm’.

calculation, the energy conservation and charge conser-

Throughout the

vation are satisfied.

The temporal evolutions of electron, ion and radi-
ation temperature are shown in Fig. 1, which are calcu-
lated considering the alpha particles slowing down grad-
ually. Fig. 1 shows that temperatures of electron, ion
and radiation are consistent at the start, spring up sep-
arately at £=0.03 ns and approach to consistence after
t=0.2 ns. Fig. 1 also shows that the ion temperature

peak is higher and decrease more flatly than that of the

electron.
.
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Fig. 1 Time evolution of electron, ion and radiation temperature

in thermonuclear burn. k is the Boltzmann constant.

The temporal evolutions of particle number densi-
ties of plasma ions in thermonuclear burn are illustrated
in Fig. 2. Fig. 2 illustrates that the particle number
densities of D and T decrease steeply from 100% to
20% in 0.16 ns. In the end of the burn, the number
density of D is a little more than that of T because of
tritium breeding in Eq. (3).

The temporal evolution of ion and electron temper-
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Fig. 2 Temporal evolution of particle number densities of all

kinds of ions in thermonuclear burn.

ature considering the slowing-down process of the alpha
particles are compared in Fig. 3 with the description
that considering the alpha particles slow down instanta-
neously. Results in Fig. 3 show that the peaks of ion
and electron temperatures are lower about 10 keV than
the instantaneous case. The time when the maximum
temperatures appear also delay several ps in the gradual

case.
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Fig.3 Comparison of temporal evolution of temperature in ther-

monuclear burn.

Fig. 4 shows that the difference of the maximum
electron temperature in ignition between the instantane-
ously and gradually stopping descriptions of alpha parti-

cles under different initial D-T density conditions.

AET

epk

= kTepkd - kT

epkg ’

kT, and kT, are the maximum electron temperatures
assuming the alpha particles deposited their energy in-
stantaneously and gradually respectively. From Fig. 4 it

/ET,

ki decreases while the ini-

can be seen that AT,
tial D-T density increases. This means that the slowing
down effect of the alpha particles become unremarkable

under higher densities. The same conclusions can also
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be obtained for maximum ion temperatures from Fig. 5.

0.175

0.165 \

AKTop / kTepka

0.145 —

100 300 500 700 900
p/(g-cm™)
Fig.4 Difference of the maximum electron temperature between
the instantaneously and gradually stopping descriptions of

the alpha particles.
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Fig.5 Difference of the maximum ion temperature between the
instantaneously and gradually stopping descriptions of al-
pha particles.

Compared with the instantaneously and gradually
stopping descriptions of the alpha particles, Fig. 6 il-
lustrates difference of the time when the maximum ion
and electron temperatures appear under different D-T
densities. From Fig. 6 it can be seen that the difference
become smaller while the initial D-T density increases.
This also means that the effect of the alpha particles is

more remarkable under lower D-T densities.
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Fig.6 Compared with the instantaneously and gradually stopping
description of alpha particles, the difference of the time at

which the electron or ion temperatures are maximum.

In conclusion, after considering the slowing-down
process of the alpha particles, the ignition time is de-
layed, the fronts of the temperature peaks grow slower
and the maximum of temperatures are lower than the
instantaneous case. The slowing-down effect is more

remarkable for lower density conditions.
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