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Abstract
Analyses are given for structures of deflagration waves
formed by ion beams in spherical targets.

The singularity at

the sonic point disappears in the spherical target if the beam
pressure is in

balance with the plasma pressure.

The

expanding supersonic flow of the background plasma can be
connected with the subsonic flow in the core of the target
through the deflagration wave.

The length and the strength

of the deflagration wave in the spherical target is comparable
with the corresponding ones in the slab target.
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§1.

Introduction
In inertial-confinement fusion, the target is compressed

by the accelerating deflagration wave which is formed by the
action of the external energy driver. ' As for the external
energy driver, the laser is known to be useful.

Recently, the

other drivers such as REB and light-ion beam attract attentions.
In this paper, we analyse the deflagration wave which is
formed when the ion beam impinges on the target.

Our analytical

model is developed with the following assumptions; 1) the
target heated by the ion beam is already fully ionized and is
treated by a fluid with one temperature, 2) the ion beam is
also treated by a cold fluid, 3) the ion beam is already
neutralized by electrons, 4) the number density of the beam is
so small in comparison with that of the plasma as to neglect
the backward flow of the beam after the release of the energy,
5) the deflagration wave is maintained in a stationary state,
6) the beam interacts with the plasma through the classical
Coulomb scattering.

The schematic diagram of this model is

shown in Fig.l.
In the deflagration wave in the slab target, the sonic
point is singular. '

So the background plasma in the subsonic

condition can not expand continuously through the deflagration
wave into the supersonic region.

This is the case for the

deflagration wave supported by laser. '

In inertial-confine-

ment fusion, the pellet is spherical, and the spherically
symmetric deflagration wave is formed.
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In this paper, we show

that the singularity at the sonic point in the slab mode] disappears in the spherically symmetric model, and the flow
changes continuously from the subsonic to the supersonic region
through the sonic point.

§2.

Basic Equations
The basic equations in the spherical coordinate are as

follows;
nur 2 =1,

W
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„, flu.
nu—+
dr

(1)
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, dub
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dr

u2/2-a3Su^/2+3T/2 = 2-a3B/2,

(4)

(5,
dr
Here ri is the number density, f the radius, u the velocity, t
the temperature and the suffix b represents the quantities of
the beam.

The quantities except u are normalized by the

respective quantities at the sonic point represented by the
suffix s.
u

The velocity u is normalized by the sonic speed

(= J (5/3)kf /m.) at the sonic point, where m- and m

the ion and electron masses, respectively.

are

The bars on the

variables are omitted after they are normalized.

In eq.(4),

a and 6 are respectively the ratios of the velocity and the
number density of the beam to those of the target plasma at
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the sonic point;
a = [-ub/u]s,
In eq.(5), A

6 = [nb/n]s.

.

is the representative length of the interaction;

lt2 m. 1/2
-A-

en.

m

logA ' e

where logA is the- Coulomb logarithm, £„ the dielectric constant
in vacuum and -e the electron charge.
In order to solve eqs.(l)-(5), we employ the following
boundary conditions at r»l.
u = T = n = 1, u b = -1.

(6)

Equations (1) and (2) are the mass conservation law for
the target plasma and the beam.
conservation law.

Equation (4) is the energy

Equation (3) is the total momentum conservation

law for the background plasma and the beam, while eq.(5) is the
momentum conservation law for the beam only.

The right hand

side of eq.(5) shows the mutual interaction between the background plasma and the beam.
The exact expression of the Coulomb interaction consists
of the complicated terms including the error function. ^ Here,
for simplicity, we use the approximate interaction term as the
right hand side of eq.(5), assuming that the beam velocity is
much smaller than the electron thermal velocity.
Let us define the front of the deflagration wave by the
point where u,=0.

Then eq.(4) becomes
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u| + 3T f = 4 -a°e ,

(7)

where the suffix f means the quantities at the front.

In order

to satisfy the mass conservation (1), we must assume the
existence of the source of plasma with T£ and n,. at the radius
r^.

Since the left hand side of eq. (7) must always be positive,

the condition c. g<4 must be satisfied.

As can be seen from eq.

(7), the total energy flux in the wave is equal to the sum of the
energy flux (part I)- of the plasma from the front, and the energy
flux (part II) of the beam from the sonic point.

The condition

a 6=4 means that the energy flux of part I can be neglected in
comparison with that of part II.

Namely, the total energy flux

is supplied by the beam from the sonic point.

§3.

Elimination of Singularity at Sonic Point
Substituting du,/dr and d(nT)/dr in eq. (3) from eqs. (1),

(2), (4) and (5), we obtain the equation for du/dr;

«• 6 f
] -if - . (8)
r

Since

u=T=l at r=l, eq. (8) is singular there unless the numerator

does not equal to zero.

However, when the numerator equals to

zero, that is,
-(5a2B + 2a 3 e)r s /X s + 6 = 0 ,
this sigularity vanishes.
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(9a)

The terms in the right hand side of eq.(9a) represents the
pressures.

The first term originates in the beam and the second

in the plasma in the spherical configuration.
requires the balance of the two pressures.
the ratio f /X

r- A

s

Therefore, eq.(9a)

The balance determines

for given parameters a and B;

26 s •

t9b)

5oi 0+2a S

To see the meaning of eq.(9b), we consider the deflagration
waves with various intensities (various a and g ) , provided that
the sonic state (X ) is constant.

As can be seen from the

second term in the right hand side of eq.(8), the pressure
caused by the spherical configuration is inversely proportional
to the radius r.
radius r

Under the balance of the two pressures, the

at the sonic point decreases as the intensity of the

beam increases.

Equation (9b) clearly shows that r

becomes

small when a and £5 increases.
The gradient of u at the sonic point is evaluated as;
= lim

]

By using eqs.(l)-(5), eq.(8') reduces to
= 0.
where q=[du/dr] r=1 , n=ct 3,

£=a 0, and k=rs/\s.

(10)
The two solutions

of eq.(10) correspond to the two different flows of the background
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plasma at the sonic point.

The positive solution gives the flow

which changes from the subsonic to the supersonic state at the
sonic point.

The negative solution gives the flow which changes

from the supersonic to the subsonic state.

Through the defla-

ration wave as is considered here, the flow must change from the
subsonic to supersonic state.

So that, we must choose the positive

solution.
The steady deflagration wave can exist under restricted
conditions.

Let us first examine the case that eq.(10) has two

solutions with the opposite signs.

Then the following condition

must be satisfied;
£k2-5£k-3 < 0.

(11)

On the other hand, eq.(9b) for k (=rs/*s) can be rewritten as;
^ =

X

6

-

C

(12)

where c is restricted into
6/7<c<3.
since we expect to be

Substituting k from eq.(12) into eq.(ll), we get an inequality
for I ( = <x36);
(13)
The left hand side of eq.(13) increases from
c.

When £ is smaller than 0.1 ,
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0.1

to 0.5 with

eq.(10) has two positive, or

two negative or two complex solutions.
hence C is small), r
(9b).

If (3 is small (and

(k) becomes large as can be seen from eq.

In such a case, the solution is physically meaningless.

In our analysis, the numerical integrations of eqs.(5) and (8)
with the boundary condition (6) are performed by using RungeKutta-Gill method for ? which satisfies the condition (13).

§4.

Spherical Deflagration Wave
Numerical integrations lead to n^, T^, u~, n(r), u(r),

T(r),

and u,(r).

The dimensional values n(f), u(f), f(f),

fij^f) and u b (r) are obtained if we specify n^ and f^ in addition
to a and 3.

Equation (9b) determines r and hence ?r.

The

structure of the deflagTation wave is plotted in Fig.2; the temperature in Fig.2a, the velocity in Fig.2b and the beam velocity
in Fig.2c.

As can be seen from Fig.2c, the beam which enters

into the background plasma, interacts with the plasma, reduces
the speed, and stops at r=r f .

Figures 2a and 2b show that the

background plasma with n^ and T^ at r^ flows out, being heated
and accelerated.
and is cooled.

Outside of the sonic point, the plasma expands
In the region between the front (r^) and the

sonic point (r s =l), the main part of the beam energy is deposited.
We call
part

this

of

supersonic

the

region
beam

region

the
energy

of

the

deflagration
is

wave.

deposited

background

in

plasma.

The
the

small
expanding

Figure 3

shows the ratio of the beam velocity at the sonic point to that
at the infinite point.

This ratio is not so small and depends
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on the details of the interaction between the beam and the
plasma.

The length of the deflagration wave is about X

as can

2")

be seen from Fig.4 and is comparable with that in slab target. '
The strength of the deflagration wave (nr/n^ and t /tr) is
shown in Fig.5.

The abscissa is the ratio between the energy

flux of the background plasma and that of the beam.

For com-

parison, corresponding values in the slab target are also plotted in the figures by dotted lines.

§5.

Conclusion
In this paper, the structures are analysed for the defla-

gration waves formed by ion beams in the spherical targets.
It is very peculiar in the spherical configuration that the
deflagration wave can connect the subsonic plasma flow with the
expanding supersonic flow.. In the slab target the sonic point
is singular.

No steady supersonic flow is connected with the

deflagration wave in the slab target.

The singularity at the

sonic point disappears in the spherical target when the beam
pressure is in the balance with the pressure of the plasma in
the spherical configuration.
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Figure Captions

Fig.l.

A schematic diagram of a target and ion beams.

Fig.2.

A structure of a deflagration wave,
the plasma temperature,
velocity,

b) A profile of the plasma

c) A profile^of the beam velocity.

curves are drawn for
Fig.3.

a) A profile of

These

a & =0.025, a 3 = 2.5.

The ratio of the beam velocity at the sonic point
to that at the infinite point.

Two curves are plotted

against a 3 for a=10 and 100.
Fig.4.

The ratio of the length A

of the deflagration wave
_i

in the spherical target to the length X in the slab
s
. target.

Two curves are plotted, versus a £5 for a=10

and 100.
Fig.5. The strength of the deflagration wave versus a 3.
a) The ratio Tf/T

of the temperature,

u

density.

s^ u f °* t*ie

numDer

b) The ratio

The corresponding ratios

in the slab target are shown by dotted lines.

-11-

PLASMA

FIG.

1

FIG. 2A

3-

U/U c

21-

10r l

Cr

F I G . 2B

10

FIG. 2C

-2 -

1.0-,

a =10

0.5a = 100

0
3

FIG.

3

2.0H

1.5-1

=100

l.oH

0.5-1

0
a3B
FIG.

ff/fs
102 "
10 -

0

1

2

FIG, 5A

3

4

