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Deflagration Wave with Radiative

Energy Transport

Moritake Tamba and Keishiro Niu

Abstract

Numerical calculations are carried out to analyze snatial

structures of stationary deflagration waves formed in slab

targets. In the analysis, radiative energy transport is taken

into account. Profiles of radiative energy flux differ de-

pending on the states of the outer-layer material of the target

(solid or plasma). However radiative energy transport plays

a negligible role in deflagration-wave structures formed by

light-ion beam.



5 1. Int reduction

In incrt:al confinement f'u ~i: { Tr.'•'•', th • Y" .uel L..

target is compressed through thi. de flag ..: t ion wa v'e which is

formed at the surface of the target. Tn analyses ' for spatial

structures of deflagration waves formed by light-ion beam (LIB),

the all internal energy transports such as heat conduction were

neglected, because the amount of LIB energy deposited in the

wave was large in comDarison with those caused by other processes.

However, radiative energy transport , which seems to be dominant

in the wave next to the driver's, has a possibility to play roles

in the following two sides. One is in the sDatial structure of

the deflagration wave (and hence in the compression of the pellet)

The other is in the preheat of the fuel. The purpose of this

paper is to clarify the effect of radiative energy transport in

the deflagration wave in an ICF target. The slab target is

assumed to have double layers. The outer layer consists of a

solid metal or a metal plasma and the inner one consists of the

DT fuel. Different forms of equation are employed for radiation

depending on the state of the outer layer (solid or plasma).

AnaJvtical model used here is the same as that in reference 1

exnect the radiation. No detailed information is given for the

line spectra radiated from the metal layer. Accordingly the

diffusion tvpe equation is employed here for the radiative energy

transport.

Basic Equations

Throughout the paper, the equation arc described in the wave

^inee we are interested in fluid motions of the beamr mmt
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(to which subscript b is attached) and the target (to which no

subscript refers) in which radiative energy transport takes place,

the one-dimensional (the independent space variable is x only)

basic equations are described as follows;

equation of continuity of the target,

— (nu)=0, (1)
dx

equation of momentum of the total system,

mnu^H + m n ub-^= — , C2)
dx dx dx

equation of energy of the total system,

-i( |nuf +imnu3 +lAKn, u, 3) ^ , (3)
dx l L Z b b b d i

equation of continuity of the beam,

n,
b

—(n,uJ=0, (4)
dx b b

equation of momentum of the beam,

du, R, (5-1)
- - - b _ r 1 >
b I l b U b dx ft, (5-2)

transport equation of radiative energy flux,

dF
R=_^(Ue-U), (6-1)

dx A1

=PB-^- U, (6-2)

diffusion equation of radiative energy density,

^ = - ^ - F R (i = l or 2) . (7)

dx cA.

Here li is number density, u velocity, f tenroerature (multiplied

by the Boltzmann constant), m particle mass, Fp radiative energy
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flux, U radiative energy density, 0 radiation energy density

- - 4 _
in an equilibrium state (U =4oT /c, c bein« sneed cf light in

vacuum and o the Stefan -Boltzmann constant!, n~, "he Sremsstrahlunt

loss, A- absorption mean free path of radiation In the solid

metal and A_ the absorption mean free Dath of radiation in the

metal plasma. The momentum transnort R. from the beam to the

solid metal and R^ from the beam to the metal plasma are re-

spectively given by

A -4- _- - 2
4iTe n, 2m u, .„.

R = b 7 - , e b (8)

m 2b u,
[M.'b ub)-(l

+—) — I L ^

where lnA is the Coulomb logarithm, Z the atomic number of the

material of the surface layer, <J> and b in eq.(8) are defined bv,

(10)

cm
In eq.8, I means the averaged excitation energy of the solid

metal and is given empirically ' . Subscripts i and e renresent

the ion and the electron respectively. In the case of the ab-

sorption of high energy photons in the solid, the absorption

mean free path can be determined by bound-free transitions ,

, _4.38xlO22 -7/2
A,— 7-7 l

1 (l+Z)zZn

On the other hand, in the case that the surface layer is a
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fully ionized plasma which absorbs its own Bremsstrahlung, the

absorption mean free path is

In eqs.(12) and (13), f is presented in eV. The Bremsstrahlung

emission loss Dn in ea.(6-2) is given by
• rS *•

.XI 2 - 1 / 2 - 7

PB=5.35x10 Z T ' n". (14)

Through the deflagration wave, the plasma flows with the

subsonic velocity which increses monotonously vrith increasing x.

Since the Mach number increases with the flow velocity in the sub
en

sonic region, the Chapmann-Jouguet condition is assumed to be

satisfied at the rear edge (the end) of deflagration wave. In

other words, the end of the deflagration wave is the sonic point.

The basic equations (1)^(7) are normalized by the quantities

at the sonic point (the bars on the variables are omitted for the

nondimensional equations);

nu=l, (l>)

u+Ma2Bub+nT=2+Ma
28, (2')

5nT+u2+Ma36ub
2+FR=6+Ma

3S, (3')

- - - 3
FR=FR/5mnsus , (IS)

du,
-3^=Ri (i = l, 2), (5')

, lnBu, 2

Rl=nb n — '
1 b lnB

B=2meubs/I, (17)
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R

R = n e m , ,., m m , , - m
JLP J2 V2. (1+Jl} ( X } 1/2 JDp=i,e ni i h ^ ^̂

( 1 8 )

u s R l s

dFR
=

M —

-

M " '
U

3S

V

2^

Q

f
bs
3 -

. ** n

t 1/2
s s

R2s

1/2
s

2s

(20)

D. - T T J ( i - 1 , 2 ) , C 7 . )

D l = 27-15/2- ' (22-1)
1 5.04xl0^/Ts

i;>/':Rls

n ™ % "s3 ^bs "s3 "bs
D 2 = 77- 15/2- ' (22-2)
1 5.04xl0//Ts

i:3/ZR2s

where the subscript s stands for the quantity at the sonic point.

In the above equations, M=m,/m, a=u, /u and S=n, /n .
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§3. Structure of Deflagration Wave

In the previous section, equations are given for examining

the structure of the deflagration wave which includes the radi-

ative energy transport. These equations are solved numerically

by the Runge-Kutta-Gill method. Figure 1 shows the profile of

radiative energy flux in the target whose outer layer is solid.

The outer layer in the target is supposed to be aluminium (Al).

Hence Z = 13 and 1=162.5 eV. The parameters used for calculation

are ns=4.23xl0
20 cm"3, us=5.0xl0

5 cm s"1, fs=1.0xl0
5 K, M=0.037.

a=-1.0xl0 and 6=1.3x10 . Radiative energy flux is plotted in

Fig.2 for the target whose outer layer is plasma. The para-

meters in Fig.2 are Z=13, n =1.0*1021 cm"3, u =5.23*10 cm s"1,
o S

Ts=5.0*10
8 K, M=0.037, a=-2.664*10 and 6=8.5xl0"3. Spatial

profiles of n, n, , u, u, , T in the wave are shown in Fig.3

corresponding to that of F in Fig.l, and in Fig.4 corresponding

to in Fig.2. In these figures, the boundary between Al layer

and the DT fuel is located at x=0.3.

§4. Discussions

Let us suppose a hypothetical situation in which the effect

of fluid motion of the target is negligible on the deflagration

wave. In such a situation, the radiative energy loss in the

outer layer of the target compensates the energy supply of the ion

beam, since the phenomenon is steady. In the case in which the

outer layer consists of a solid metal, the radiative mean free

path is short in it. Therefore, the radiative enerpy density is

close to that in equilibrium. In the outer layer of the target,

temperature and radiative energy density become homogeneous
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and radiative energy flux is almost zero. Because the radiative

mean free path is long in the DT fuel, strong radiation flux

leaves the boundary between the metal and the fuel, penetrating

the fuel region. This radiative energy flux F =aT must just

match the energy flux supplied by the ion beam. Since F is
- 4

proportional to T , the large increase in the supply of energy

flux by the ion beam is compensated with the small increase in

the temperature of the solid metal layer. Next, let us consider

the case in which the outer layer of the target consists of the

fully ionized plasma of a metal. The radiative mean free path

in it is rather long. The Bremsstrahlung, p~, creates radiatfve

energy flux which passes through the metal plasma layer as well

as the fuel region. Since p~ is proportional to T , the energy

flux supplyed by the ion beam induces large increase in the tem-

perature of the metal plasma.

The profiles of radiative energy flux given in Figs.l and 2

qualitively support the conclusions with respect to the hypotheti-

cal situation described above. In Fig.l, flux is nearly equal to

zero inside the metal layer, increases rapidly at the neighbour-

hood of the inner boundary of the metal layer, and remains in

the high value in the fuel. On the other hand, radiative energy

flux increases approximately linearly toward the inner boundary

in the metal plasma layer as is shown in Fig.2.

In the both cases, however, the maximal values of nondi-

mensional radiative energy flux F are very small. As is clear

from eq.(14), this fact indicates that radiative energy transport

does not contribute much to determining the structure of the

deflagration wave in comparison î ith the kinetic energy of the
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target flow. Figure 3 shows T, n, n, , u and u, in the target

with the outer layer of the solid metal. In spite of the fact

that the radiative mean free path is rather short in the layer,

the curve of T has a angular point at x=0.22 where the beam

velocity u. becomes zero. This means that the temperature T is

determined exclussively by the beam energy and the radiation

energy gives no contribution to T.

- - 2 -
Equation (8) gives reasonable value of R, when 2m, u, >I.

The value of I of aluminium is rather small. In view of this

point, aluminium is chosen as the material of the outer layer of

the target in this paper. However the results obtained here remain

true for the target whose outer layer consists of a metal with a

high Z value.

Through the two numerical examples carried out in 53, we

can conclude that the energy transfer by radiation plays a small

or negligible role on the deflagration wave formed by the light-

ion beam at the surface of the target. The effect of radiative

energy transport on preheat of the fuel must be examined care-

fully in the near future.
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FiguTe Captions

Fig.l Radiation flux Fr in the target whose outer laver

is Al solid. The parameters used for calculation are

Z=13, ns=4.23xl0
20 cm'3, us=5.0xl0

S cm s'1, fs=1.0xl0
5 K,

M=0.037, a=-1.0xl03 and 0=1.3xlO"7. The boundary between

the DT fuel and the Al solid is located at x=0.3.

Fig. 2 Radiation flux Fr in the target whose outer layer

is Al plasma. The parameters used here are Z=13,

n =1.0xl021 on"3, u =5.23xlO7 cm s"1, T =5.0xl08 K,
5 S 5

M=0.037, a=2.664^10 and S=5.5*10"3. The boundary

between the DT fuel and Al plasma is located at x=0.3.

Fig. 3 The number density n of the target, the number density

n. of the beam, the velocity u of the target, the

velocity u of the beam and the temperature T of the

target in the deflagration wave for the case that the

outer layer of the target is Al solid. The parameters

used here are the same as those used in Fig.l.

Fig.4 a) The velocity u of the target, the velocity us of the

beam and the temperature T of the target,

b) the number density n of the target and the number

density n, of the beam in the deflagration wave for the

case that the outer layer of the target is Al plasma.

The parameters used here are the same as those used in

Fig.2.
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