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Conversion of the energy of a heavy-ion beam incident on a spherical target into radiation from 
the produced plasma is considered in the radiant heat-conduction approximation. It is shown that 
the problem has a single parameter y having the meaning of the ratio of the depth of bulk heating 
by heat conduction to the range of the ions in the bulk. The conversion coefficient increases with 
increase of y and amounts to - 1 for y=: lo2. The beam and target parameters typical of present 
inertial thermonuclear fusion projects correspond to y =: 10 and to conversion coefficients 
exceeding 50%. Thus, during the quasistationary stage of the "corona" dispersal the target 
acceleration and contraction conditions are basically radiative. 

1. INTRODUCTION 

We consider here theoretically the conversion of the 
energy of heavy ions incident on a spherical target into radi- 
ation emitted by the resultant plasma. This process has a 
direct bearing both on the problem of inertial thermonuclear 
fusion ( ITF)  and on the need for sources of incoherent x 
radiation. 

The use of heavy-ion beams in ITF is the subject of most 
studies (see, e.g., the review' ) in which, as a rule, use is made 
exclusively of numerical solution of the equations that de- 
scribe the nonstationary processes of hydrodynamic spread- 
ing and deceleration of the ions in the target material and of 
the radiation transport. One of the analytic papers in this 
field' considers the stationary spherical "corona" produced 
by a beam of heavy ions under conditions when the dominant 
energy-transport mechanism is electronic heat conduction. 
However, for the parameters of the ion beam and target pro- 
posed for use in planned ionic ITF designs (see Ref. 3) the 
decisive energy-transport process is radiative exchange. 
Note that the idea of converting the beam energy into radi- 
ation was first set forth in Ref. 4 as applied to electron beams. 

We consider in the present paper the stationary prob- 
lem in the radiant heat-conduction approximation. This 
makes it possible, on the one hand, to estimate the coefficient 
of conversion of the incident energy into radiation from the 
plasma, and on the other to obtain the dependence of the 
hydrodynamic characteristics of the "corona" (ablation 
pressure, density, and temperature) on the beam and target 
parameters. 

2. PHYSICAL FORMULATION OF PROBLEM 

The equations and the boundary conditions describing 
stationary spherical flow of a plasma irradiated by heavy 
ions from a source at R = + cu take the form 

where p,  u, p, E ,  and T are the density, velocity, pressure, 
specific internal energy, and electron temperature of the 
plasma; p, , v, , and T,  are the corresponding values at the 
Jouguet point (R = R , ) ;  R, is the target radius; 
K ,  = xoT "pm is the coefficient of radiant heat conduction 
( x O  = const; n and m are numbers that depend on the sub- 
stance and on the conditions); Q,, R , ,  and go are the energy 
flux, the absorption boundary, and the penetration depth of 
the ions into the bulk. The right-hand side of the third equa- 
tion of ( l ) is written in a form corresponding to an energy 
release uniform over the mass. The relations between the 
hydrodynamic quantities are 

where a is equal to 1 or 5/3 respectively for the isothermal 
and adiabatic Jouguet points; z is the average ionization mul- 
tiplicity of the plasma ions and is assumed to be independent 
of the coordinate. 

The problem of determining the maximum coefficient 
of conversion of the ion-beam energy Q, into radiation from 
the plasma consists, in the considered formulation, of find- 
ing solutions p ( R ) ,  u(R) ,  and T ( R )  such that the radiant 
heat-conduction flux Q, tends as R - cu to a nonzero con- 
stant, i.e., 

The ratio Q, ( cu )/Q, is regarded here as the sought limiting 
conversion coefficient. 

The equations and boundary conditions ( 1 ) and ( 3  ), 
jointly with the conditions (2 ) ,  contain five specified dimen- 
sional parameters: xo, Qo, Ro, go, M, /z .  

3. DIMENSIONLESS PROBLEM 

In dimemsionless form, the problem (1)-(3) has for 
n = 6 and m = - 2 (Ref. 5 )  the form 
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where 

and the dimensionless problem parameters p(O), @, and f l  
are connected with the dimensional parameters and scales of 
the hydrodynamic quantities by the relations 

(P (0) =2Qo/p.v,3R,Z, P = ~ X ~ T . ~ / ~ . ~ V * ~ R . ,  

@=go/p.R., v,=azT.IMt. (5 

It follows from (5)  that p ( 0 )  and P are indicative of the 
ratios of the ion flux at infinity and the radiant flux at the 
Jouguet point to the hydrodynamic flux at the Jouguet point, 
while the parameter @, accurate to x,, is the ratio of the 
density scales g,/R and p, . 

The dimensionless problem (4)  reduces to finding the 
functions B(x), 7 (x) ,  p (x) ,  c ( x )  and the dimensionless pa- 
rameters x,, x,, p(O), fl, @ and Q, ( co )/Qo. Introducing in 
analogy with Ref. 2 the parameter y: 

whereg, has the meaning of the characteristic bulk depth of 
the "corona" heating by radiant heat conduction. 

It will be shown below that the problem (4)  is closed 
and single-parameter, i.e., it has a unique solution for each 
parameter, and that analysis of the problem requires consi- 
deration of the three cases y = 0, y> 17.6 and 0 < y < 17.6, 
respectively. 

4. RESULTS OF NUMERICAL SOLUTION 

We obtain first a numerical solution of the problem (4)  
for y = 0 i.e., with allowance for only the energy release due 
to deceleration of the ion beam; we refine by the same token 
the approximate analytic solution (2) .  The condition y = 0 
means /?= 0 and leads to the onset of a singularity at the 
point in which the outflow velocity reaches the adiabatic 
velocity of sound ( a  = 5/3). Differentiating the third equa- 
tion of the system (4)  we get 

xqr(  5/3-01q) +2x0'+40=0, 

From the condition 6(  1) = T( 1 ) = 1 we determine the only 
parameter of Eqs. ( 7 )  : 

after which the system (7)  becomes universal. 
Numerical integration (after resolving the indetermin- 

acy at the point 
x =  1, B'(1) = - + ( 5 -  10'12), ~ ' ( 1 )  = - 1 - 10'12) 
yieldsp(0) = 7.43; x, = xo = 1.29; and the isothermal Jou- 
guet-point coordinate xis = 1.15. Figure 1 shows universal 
profiles of 8 (x )  and ~ ( x ) .  The relations used convert to di- 
mensional quantities are 

If y+O, the problem (4)  is easiest to solve in the case 
y> 17.6, which corresponds to the conditionx, < 1, i.e., when 
the region of the ion energy release is supersonic. From an 
analysis of (4)  forx = 1, i.e., at the isothermal Jouguet point 
(a= l ) ,weget  

FIG. 1 .  Dimensionless plasma temperature 6 ( a )  and the square of the 
plasma velocity 71 ( b )  vs the dimensionless reciprocal radius x for various 
values of the parameter y: y = 0 (curve I ) ,  y = 62.7 (curve 2) ,  and 
y = 7.9 (curve 3 ) .  
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The equations in the regions 0 <x(xb and xb <x(x, take 
respectively the forms 

The system ( 10) is universal, and numerical integration, in 
particular, yields x, = 1.045. 

Equations (9)  contain a single unknown parameter 
p(O)/@. The boundary conditions for them are 

where B,, ( x )  and q u n  (x)  are the solutions of the universal 
system ( 10). By specifying x, < 1 and 8,, ( x )  and q,, (x ) ,  
we can integrate (9)  numerically for each value of p(O)/@. 
A numerical analysis shows that for each x, ,< 1 the problem 
(9)-(11) is closed, i.e., one obtains 8 ( x ) ,  q ( x ) ,  and p ( x )  
profiles that depend parametrically on x, and have a univer- 
salpart, as wellas theconstantsp(O), a, ~ ( 0 ) ,  and Q, ( ori ) /  
Q,. The connection between y and these parameters ob- 
tained from ( 2 )  and from the relation R, = x d ,  ( 5 ) :  

The results of the numerical solution of (9)-( 11) are gath- 
ered in Table I. The minimal y corresponding to the formu- 
lation (9)-(11) is 17.6, which corresponds in turn to 
xb = 1. Figure 1 shows the B(x) and ~ ( x )  profiles for 
y = 17.6 (x, = 1) and y = 62.7 (x, = 0.8). Conversion to 
numerial scales is possible by successively calculating 

R,=xoRo, p.=gol@R*, 

In the range O <  y <  17.6, which corresponds to 
1 <x, (x,, the equations at the isothermal Jouguet point 
yield 

FIG. 2. a )  Variation of the dimensionless values of the ion flux q, the 
plasma temperature 8, and the squared plasma velocity 7 near the target 
at y = 12.6; b) Ratios of the current radiant flux to the total and current 
ion fluxes, Q,/Q, (curves 1' and 2')  and Q,./Q (curves 1 and 2 )  vs the 
dimensionless reciprocal radius x for different values of the parameter y, 
viz., y = 62.7 (curves 1 and 1 ' )  and y = 2.7) (curves 2 and 2 ' ) .  

and the connection between y and the parameters of the di- 
mensionless problem take the form 

pa/m Zo'hq (0) "/m 

7=2"10 0 . (15) 

Numerical analysis shows that x, does not coincide with x,, 
for 10.2 < y < 17.6. On the other hand, x, = x,, in the range 
O<y< 10.2. Relations (13), naturally, remain in force. The 
results of the numerical calculation for y = 7.9 and y = 12.6 
are shown in Figs. 1 and 2. 
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TABLE 11. 
- -- 

Parameters First example Second example 

Note: The parameter z was chosen to be consistent with the values of p, 
and T, . 

5. PHYSICAL RESULTS 

We have thus solved numerically the one-parameter 
problem (4) ,  (5 )  for arbitrary values of the dimensionless 
parameter y that relates this problem with the dimensional 
problem (1)-(3).  We have found the dependences of 
Q,( cc )/Q,, R,/R,, Rb/R,, u2( m )/v:,p,/g,R c', d o ) ,  
and on y and obtained the spatial profiles of the hydrody- 
namic quantities for arbitrary y. The principal results are 
gathered in Table I (with renormalization to the isothermal 
speed of sound for y = 0)  and are shown in the figures. It 
follows from the table that within the scope of the considered 
model the coefficient of conversion of the ion energy into 
radiation increases monotonically with increase of y and 
turns out to be close to unity at y- 100. This result has phys- 
ical meaning if the radiant flux Q, (x )  becomes comparable 
with Qr ( cc ) in a coordinate region in which there is still no 
violation of the radiant heat conduction approximation. The 
latter is valid if 

where I ,  is the Rosseland length. Putting I ,  = UT'/P~, we 
rewrite ( 16) in the form 

I,, is the Rosseland range at the Jouguet point. The final 
form of the criterion of validity of the radiant heat conduc- 
tion approximation is in this case 

If now x, ( y )  is the coordinate at which the radiant heat- 
conduction flux is saturated (e.g., Q, ( x , )  = 0.78, (O)), 
the inequality ( 17) must be satisfied at the point x, for the 
conclusions of the considered model to be valid. Analysis 
shows that in the range 100 > y > 0 the values for x, ( y) fluc- 
tuate about x = 0.3, i.e., radiant heat conduction takes place 
all the way to the coordinate R = (3-4)R,. It can be seen 
from ( 17) and from Table I that at a fixed parameter x the 
criterion is met better, and in a larger coordinate range, the 
larger y. Besides the criterion (17), it is necessary also to 
meet the stationarity condition v, rp,, > RO, where T,,, is the 
duration of the ion pulse, as well as the condition that the 
electron heat-conduction flux be small compared with the 
radiant flux. The last condition will be illustrated in the esti- 
mates that follow. We note one more circumstance connect- 
ed with the ideal equation of state used here. It is physically 
clear that a dense plasma can be nonideal. Allowance for this 
effect, however, for example by introducing into the problem 
a phenomenological equation of the typep/p - T 312 (for Pb, 
A u ) , ~  obtained from a numerical experiment, encounters in 
principle no difficulty. The use of such an equation, obvious- 
ly, changes neither the structure of the considered problem 
nor the qualitative deductions. 

Attention is called also to the result that the departure 
of the ion-beam absorption boundary from the target takes 
place at the minimum distance between the Jouguet point 
and the target, i.e., on the steepest temperature front (see 
Table I )  and at a finite value of y. The physical meaning of 
the equality x, = x, at finite heat conduction is due to the 
large thermal resistance of the zone near xo which is heated 
by the ion beam. In other words, when stationary flow sets in 
the nonlinear thermal perturbations in the region of the ion- 
energy release attenuate in this same region. 

We conclude with two numerical examples with differ- 
ent ion fluxes, based on the parameters of a numerical exper- 
iment3: g, = 0.3 g/cm2, R, = 0.2 cm, Q,, = 5 . lo2' erg/s, 
Q,,, = 5 . lo2" erg/s, r,,, = 100 ns, lead target ( A  = 207). 
The coefficient a is set equal to 0.24 . 102"GS.5 The results 
are given in Table 11. It follows from these data, in particu- 
lar, that decreasing the ion flux by an order of magnitude 
does not change noticeably the temperature scale, since the 
decrease of the parameter y reverses the roles of the energy 
channels, viz., in the first case the "corona" radiates more 
and is less heated than in the second. 
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