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Conditions for thermonuclear ignition of deuterium-tritium (DT) gas by a focusing ideally symmetric shock
wave are estimated. The wave is focused to the center and then reflects. In so doing a higher-pressure zone is
produced following the front of the shock wave reflected from the center; if the wave is intensive enough, the DT
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gas thermonuclear ignition can occur in the zone. The ignition criterion can be written as p ,#,u,” 2 1, where po is

initial DT gas density, [po] = g/cm’, u, is mass velocity following the converging shock wave front of radius o, [ro] =

cm, [ue] = 107 cm/sec.
PACS: 28.52.Cx

The preceding paper of this issue [1] demonstrates
the expediency of development of double-pulse lasers
for studying the thermonuclear laser target performance
based on moderate fuel pre-compression and subsequent
ignition of the center by the focusing shock wave.
Purpose of this communication is to estimate the
conditions for thermonuclear ignition of deuterium-
tritium (DT) gas by a focusing ideally symmetric shock
wave.

A focusing spherical shock wave in homogeneous
gas with adiabatic exponent y tapers off to a self-similar
regime near the focusing center [2]. This means that
density p, mass velocity u, and sound speed c in the
shock-compressed material can be expressed as

p=p,0(r) ung(r), c=§C(r), (1

where P, is initial gas density (density before the front
of the converging shock wave), r is radius, t is time,
J (T ), u(T ), C(T ) are functions of one self-similar
variable
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I = —itr, )
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& is a constant, m is a constant dependent on the
equation of state of gas following the shock front. For
DT mixture, which we consider as ideal completely
ionized gas with adiabatic exponent y=5/3 (following
the wave front near focusing), m is ([2]):

m=-1,45268. 3)

Evaluate &,. To do this, note that at the front of the self-
similar converging shock wave [2]:
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Conditions for thermonuclear ignition of deuterium-
tritium (DT) gas by a focusing ideally symmetric shock
wave are estimated. The wave is focused to the center
and then reflects. In so doing a higher-pressure zone is
produced following the front of the shock wave
reflected from the center; if the wave is intensive
enough, the DT gas thermonuclear ignition can occur in
the zone. The ignition criterion can be written as
poryity” 2 1,

where po is initial DT gas density, [po] = g/cm’, o is
mass velocity following the converging shock wave
front of radius o, [ro] = cm, [us] = 107 cm/sec. Here uy is

mass velocity following the converging shock wave
front of radius ro. From relations (1) and (4):

p=sohue o 1T
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Estimate pressure P and temperature T in the material
compressed by the self-similar shock wave:

¢’ = y£ (6)
p

Hence,
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Having used the equation of state for completely ionized
ideal DT gas,

Nk
P=2—0pT, 8
AP ®

where N = 6,02:10* is Avogadro number, k=1.38 107
erg/deg = 1.602 - 107 erg/keV is Boltzmann constant,A
is average atomic weight of DT gas (if the number of
deuterium atoms, D, is equal to that of tritium atoms, T,
then A=2.5), we find

= Au(% CZ(T) H_E ) 9)
2Nk 12021 iy
By expressing velocity uo in terms of 107 cm/sec and
temperature, T, in terms of keV, we should take k =
1.602 - 107 (107)> = 1.602 - 107 in the formula.
Estimate the self-similar shock wave front

velocity. At the wave front, T = const; hence, from (2)
we obtain

2(m+1)

N MH’””
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To find out the conditions, under which the DT gas
thermonuclear ignition by the shock wave is possible, it
is necessary to include the heat losses and
thermonuclear energy release. We are interested in the
conditions that ensure the gas ignition following the
front of the shock wave reflected from the center for the
least wave intensity. The thermonuclear energy release
at the converging shock wave front can be therewith
neglected. In any case, additional energy can only
strengthen the converging wave. In contrast, the heat
losses can attenuate the converging wave in comparison
with the self-similar one. If the heat losses are small, the
wave may be considered the self-similar wave as before.
It can be shown that the heat losses due to radiation can
be neglected for the converging spherical shock wave, if
the shock-wave intensity, wy=ur™" (where u is mass
velocity following the converging wave front of radius
r; for the self-similar wave this value is constant, that is
independent on the front radius r and equal to the mass
velocity for wave radius r=1 c¢cm), meets condition
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We will consider the condition met. Electron heat

conduction can be neglected, if the temperature at the

converging shock wave front is not higher than
22 )0/3

Te= 101000 ]

1
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(12)
lTe]: kev, [pO]: glem’, [rO]: cm, lu0]= 10"cm/S
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We will consider the condition as met too.

Now consider gas volume, V, behind the front
of the shock wave reflected from the center and write
the law of conservation of energy for that volume with
account for heat losses and thermonuclear reaction:

d
E(E+ Ey)= A+ Ep- E, - E,. (13)
Here E is internal energy of the gas:
v
E-= dV (14)
[0
Ex is kinetic energy of the gas:
Ll
E, = I L —dv, (15)
) 2

A is work per unit time done by pressure forces on gas
with taking into account the energy contributed to the
volume along with the material through the shock front:
U w0
A= -4nr’gPu - (D - u) EL + p—HD, (16)
0 y-1 21

where 1 is radius, D is reflected shock front velocity; all
the quantities are taken at the shock front; Er is
thermonuclear energy released in gas volume V per unit
time:

flrlav, a7
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where f(T) is thermonuclear DT-reaction rate [2], for
which the following interpolation relation is valid:

_19.9826

™ (18)

2629601071+ 0.232207°"*
f(T) - 2/3 ( -4 3.25 )e
721+ 0.94150007*T*

[T] = kev,[f(T)] = 10" cm’ / sec
€ is energy released in DT gas in one thermonuclear
reaction event: £ = 2.83010°" in units of 10" erg =
10 MJ, ¢ and q are functions including thermonuclear
alpha particle and neutron escape from volume V; for
homogeneous spherical volume the functions have been
determined by E. Pavlovskii:
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Z=13.0 /3 228+ 1gT - 0.51gp

32 for T > lkeV,

[p]: g%cvn3,[71 = kePﬂ’I1 = n’,
E, is energy lost by the gas due to bremsstrahlung

(volume V wunder discussion is assumed to be
transparent to bremsstrahlung):

v 2
E,=[a’NTav,
A

0

(20)

where

M.
a= 17500, [E,]= 100 8 = 102/
sec 10" " sec
E. is the energy lost by the gas in volume V due to
electron heat conduction, which can be written as

>

€2y

where a.= 2:107?, [E.] =10" erq/10” sec=10 MJ/107 sec,
X is a correction factor that includes proper temperature
distribution over radius.

Having introduced the relevant profile factors for the
other quantities (14,15,17,20), write them as

E, = 3(4?") X.aT"? V",

E-= XELIV,

Ek:xkp%l/,
3- A)(A-2 -4 (22)
Er :xTS———i%———lANZPZEE—gizf(TﬂC

The values at the front of the shock wave reflected from
the center appear in all relations (21 and 22).

Eq. (13) serves for determining temperature T
following the front of the shock wave reflected from the
center with account for heat losses and thermonuclear
reaction. Density, p, mass velocity, u, and velocity, D,
of the front of the shock wave reflected from the center
also appear in this equation. All the values, with taking
into account heat losses and thermonuclear reaction,
generally speaking, differ from those at the front of the
self-similar shock wave reflected from the center. To
determine them accurately, besides Eq.(13), the
equations of conservation of mass, momentum, and
energy at the front of the (not self-similar) shock wave
reflected from the center can be used. The relevant
values before the front of the shock wave reflected from
the center, that is behind the converging shock wave
front, appear in the equations. We consider the
converging wave to be self-similar, as both
thermonuclear energy release and heat losses for it can
be neglected, and conclude that all the values before the
front of perturbed shock wave (with taking into account
heat losses and thermonuclear energy) depend on a
single self-similar parameter, T, for which the relevant
equation can be obtained. This equation along with
Eq. (13) solves the set-up problem of estimation of all

physical quantities following the front of the shock
wave reflected from the center with taking into account
heat losses and thermonuclear energy release. It is
convenient to write Eq. (13) for temperature and the
equation for self-similar parameter T in the
dimensionless form. To do this, take unperturbed
temperature at the front of the shock wave reflected
from the center, that is self-similar temperature (9)
(instead of t), for the argument, where by T is meant the
value at the front of the self-similar wave reflected from
the center:

1=1,=-1.558(fory =5/3) (23)
Hereinafter we use the self-similar exponent m, self-
similar variable T, and functions 0 (T),U(1), C(T)

determined for adiabatic exponent y = 5/3 by
Yu.D. Bogunenko and E.A. Karpovtsev.
The equation for T will be therewith written in

simple form:
O-11

dr ) m
ar'. 2m+1) Q T’

where Q is some dimensionless function, which velocity
D (10) of the self-similar shock wave reflected from the
center [with T = T, (23)] has to be multiplied by to
obtain the perturbed shock wave velocity.

To transform Eq. (13) to variable T, take into
consideration relations (9) and (10), then:

t r T

a a

(24)

(25)

Here we simplify the problem by assuming that the
ignition occurs at temperature T close to self-similar
temperature T, and take the wvalues of all other
parameters at the front of the self-similar shock wave
reflected from the center. Then, in particular, function Q
=1; from Eq. (24) it follows that T = cosnt = -1.548 (the
value before the reflected self-similar wave front); the
relevant values of the self-similar functions are
0(1)=18.88, U(1)=-0.2306;
C()=0.6140 for 1=-1548
U@ = 0.5163;
0(11)=32.28; U(ty)= 0.1510;
C(11)=0.7498 for 1;=-1.45268,

at the reflected self-similar wave front.

Eq. (13) along with expressions (16,21,22) as well as
(5 and 8) with taking into account (25) and (26) is
transformed to the following equations for perturbed
temperature T:

dT | 0y 17 007523, T _

dr,  1-0.0241x, T,

a

13.6x p O x 0
— 200 0 P 900X 2L (g+ 4q) f(T)- T+
1-00241x, 7. ° X, @+ 4/ (D) o

, 0.0022x, 1 T
1-0.0241x, p7,°* 1.53+1qT- 0.5lgp, "

(26)

1- 0.894x,
2 -
1- 0.0241x,

27
which depends on parameter [3:

[po] = q/cm, [Vo] = cm, ’”o] =10"cem/ s,
(28)
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and weakly depends (in the logarithmic manner) on
initial density po.

Coefficient xg is expressed in terms of xi from the
condition that for the unperturbed case, where T=T,, and

x,=x,=x; =0, Eq(27) should be satisfied
identically.
Eq. (27) without inclusion of heat losses and

thermonuclear energy release (when
x, = x, = x; = 0) is written as

ar . T _

ar,” 1,

il o,

ay = 00620894k

1- 0.0241x;

Clear that for T=T, the condition

a;-a=1 (30)
is met.

Eq. (29) with taking into account (30) has solution

T [
T=T +(T,-T a )
! (0 aO)ETaOH

Hence, with decreasing T, (that is with increasing time)
the perturbed temperature T will tend to the unperturbed
T,, if a;>1. In fact:

3D

_ 01062  for x, =0,

a, = 32
‘ E1.007 for x, =1, 32

that is tendency 7 -~ T, will proceed quite slowly. If

the initial values of T and T, are the same (To=Ta), then
T=T..

Since by the ignition is meant a situation, where
temperature T behind the front of the shock wave
reflected from the center begins to increase (with
decreasing self-similar temperature T.), it can be

dT
dT,

a

considered that vanishes at the ignition time.
Having assumed that the perturbed temperature T is
therewith the same as the unperturbed (self-similar)
temperature T,, from Eq. (27) with taking into account
(30) we obtain the equation for determining ignition
temperature T=T,:

13.6x,, B

- X
1- 0.0241x; 726
0
29010 2L (¢ + 44) (1) - NT ]+
i

Xu
0.0022x, 1 73! i
1- 0.0241x; B 1.53+ 1gT - 0.51gp

From this equation we can find (for example, with
the method of trials) the value of T such, with which the
value of (3 will be minimal. This minimal value of (3 is
just the critical value of the parameter, with which the
ignition occurs, and the relevant value of T determines

X

(33)

L o
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the ignition temperature. The critical values of 3 and T
depend on the profile factors z, X, X., and X, In
particular, with unit values of the profile factors the
critical values of 3 and T are equal:

=12, T=85keV . (34)
A change in the initial gas density, Po, leads only to a
slight change in the term that includes the gas electron
heat conduction and is equivalent to some change in the
profile factor x.. Eq. (27) with parameter (3, minimum
necessary for the ignition, gives the dependence of T on
T.: if at the initial time T¢=To., then with decreasing T,
the value of T first becomes less than T, (due to heat

dT
dT,
vanishes, and then (with further decrease in T,)
temperature T begins to increase due to thermonuclear
energy, which is just responsible for the DT gas burst.
With 3 less than minimal necessary no increase in T
with decreasing T, is observed and no ignition occurs.
The minimum value of 3, with which T still increases
with decreasing T, (beginning with some values of T
and T,), is just the ignition criterion. The critical values
of B as well as T and T, depend, besides the profile
factors, on the choice of the initial value of To=T, in the
integration of Eq. (27). The minimum value of 3 and the
associated critical values of T and T, are

B = 0.85 7= 3.5kel;

1, = 2keV;

forT,=T,, = 8keV.
With increasing or decreasing initial values of T=Ta

the values of  and T, increase and T remains about
constant. Thus,

losses), with some T=T; (ignition temperature)

(35)

B=1.5T= T, = 3.5keV with T, = T,, = 4keV,

B=2;T=T,=3.5keV withT, = T,, = 30keV.
(36)
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