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ABSTRACT 

The steady flow model is applied to ablatively accelerated spheri­

cal targets for inertial confinement fusion. A parameter study is con­

ducted which identifies regions of good hydrodynamic efficiency. In the 

limit of very large acceleration the model is seen to become planar and 

can be used to treat some large aspect ratio shells. A model of charged 

particle beam driven ablation is presented. The ablation resulting from 

this form of energy deposition can resemble laser driven ablation in 

some cases, but qualitatively different behavior occurs in certain 

regimes of the beam power and range. Laser energy deposition by inverse 

bremsstrahlung is also included. A procedure for descaling the dimension­

less results of the steady flow model is presented. This allows for 

comparison of the model with experiments and numerical simulations. 

ix 



CHAPTER 1 

INTRODUCTION 

Most studies of the implosion process of inertial confinement 

fusion targets by ablation are done with full time-dependent numerical 

simulation codes. These simulation studies (Nuckolls et al., 1972; 

Clarke, Fisher, and Mason, 1973) typically involve the modeling of a 

large number of different physical phenomena. Due to the number of 

parameters which this introduces, possible difficulties in numerical 

modeling, and limitations on computer resources, it is often difficult 

to do thorough parameter studies in order to identify regions of optimum 

performance. Steady flow models (Fauquignon and Floux, 1970; Bobin, 1971; 

Brueckner and Jorna, 1974; Gitomer, Morse, and Newberger, 1977; Max, 

McKee, and Mead, 1976; Felber, 1977) of the ablation process can provide 

a simple means of doing more thorough parameter studies and of obtaining 

scaling laws. This information can then be used to direct detailed 

numerical simulations. 

In steady flow models the ablation front is envisioned to be held 

stationary with material flowing through it. This is depicted in Fig. 1, 

which presents a brief description of an inertial confinement fusion 

target. This figure shows a quarter section of a shell-like target. The 

inner surface of the shell is at r=r . the inner region of the target is s2' 

void of material. Since steady flow is assumed there must be a 

1 
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Figure 1. A shell-like inertial confinement fusion target. 

This shows the directions of mass flow and heat flo\<i 
as well as the inward motion of the target. 
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fictitious flow of material from within this void. Since this is clearly 

unphysical the steady flow model is not applicable within this region. 

The material which composes the shell is located between r 2 and r , the 
s p 

location of the outer pellet surface. The laser energy is assumed to be 

absorbed at the critical surface, at r=r , where the plasma frequency is c 

equal to the laser frequency. Energy from the incident laser is trans-

ported via thermal conduction to the pellet surface where it drives the 

ablation. This ablating material generates an inertial reaction pressure 

which is responsible for the inward acceleration of the target. The flow 

velocity of the ablated material, or blow-off, is initially subsonic and 

becomes supersonic due to spherical nozzelling effects. The flow velocity 

is just sonic at r=r . 
s 

The steady flow model of Gitomer et al. (1977) is used as a 

starting point for this work. In their model the blow-off is supersonic 

which correctly models the effects of spherical nozzelling. The energy 

driving the ablation is from the interaction of laser light with matter 

and is assumed to be deposited entirely at the critical surface. This 

energy is then transported to the ablation surface by electron thermal 

conductivity. They show that due to the boundary condition placed on the 

temperature in the blow-off region, the critical density, p (the density 
c 

at which the laser light is absorbed), must always be less than the sonic 

density, Ps' of the flow. Their model is spherically symmetric and is 

based on the steady state continuity, momentum and energy equations, 

where the thermodynamic and flO\~ variables are scaled according to values 

at the isothermal sonic point. Their results describe the case of no 
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inward acceleration even though the equations of their model include 

acceleration terms. That is, their results model solid targets since 

the finite pressure of the material in the center counters the forces 

due to the ablation pressure, thus preventing significant inward acceler-

ation. Several scaling laws are also given. 

-The work presented here extends this model to include ablative 

accelerating targets, deposition of driver energy by charged particle 

beams, the absorption of laser energy by inverse bremsstrahlung to in-

vestigate cases where Pc > Ps' and a procedure for descaling the results. 

Accelerating targets are shell-like, with an inner void, and are 

currently of interest for inertial confinement fusion schemes because 

they achieve large compressions. Acceleration effects for these targets 

become significant when they are at least as large as or larger than 

effects due to spherical convergence. Solutions for this case are 

thoroughly investigated and regions of good hydrodynamic efficiency are 

identified. 

There are some results shown where thermal conduction plays a 

very diminished role in inward energy transport. These results occur in 

the cases of energy deposition by charged particle beams and by inverse 

bremsstrahlung when p > p. However in the case of total laser energy c s 

deposition at the critical surface the role of thermal conduction is 

always significant. 

The descaled results are presented in such a manner that values 

of the flow variables at the sonic and critical densities can be found 

from parameters which the experimenter should readily know. 



CHAPTER 2 

THE ABLATION MODEL 

The steady flow model presented here parallels the model pre-

sented in Gitomer et al. (1977) except that some modifications are intro-

duced in order to allow for a more generalized deposition of driver 

energy. 

The Mathematical Model 

It is assumed that the flow of material is radially outward, 

spherically symmetric and stationary. The assumption of stationary flow 

is valid since in most cases of interest the time necessary to establish 

flow between the pellet surface and the region where the energy is 

deposited is much less than the characteristic implosion time. Station-

ary flow can also be assumed since the forces associated with the 

pressure gradient in the ablation region are larger than forces associ-

ated with the average inward acceleration. For simplicity a single 

temperature is assumed rather than separate electron and ion temperatures. 

The steady state hydrodynamic and energy equations are mass conti-

nuity 

(1 ) 

momentum balance 

dv dP d1jJ 
pv dr = - dr - P dr (2) 

5 
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and energy balance 

(3) 

where p is the fluid mass density, v is the radial fluid velocity, r is 

the radius, P is the pressure, W is the gravitational potential used to 

model the inward acceleration of shell type targets, y = 5/3 is the ratio 

of specific heats and vb 2 is the Bernoulli energy flow constant. This 

constant represents the energy contribution of incoming fluid from inside 

the ablation region. The term (aK/S)(dT/dr) is the contribution from 

thermal conduction in the energy equation. Here S=4nr2pv is the mass 

flow rate, which by Eq. (1) is constant throughout the flow region, 

a=4nr2 is the surface area at r, T is the temperature and K is the 

thermal conductivity coefficient given by 

K = 

The constants a = 5/2, e = 0, and G(Z) = KO/Z are given by Spitzer (1962), 

where K is a constant and Z is the atomic number of the fluid. This 
o 

simple expression for G(Z) is valid for Z»l. 

The inward energy flow rate is given by W(>O) which represents 

the flux of incident laser radiation or charged particles. The exact 

form of W is determined by the choice of driver energy. 

The pressure is given by the fully ionized, ideal gas equation 

of state, P=RpT, where R=(l+Z)k/m. and k is the Boltzman constant and m. 
1 1 

is the ion mass, respectively. After manipulating and substitution Eqs. 

(1), (2) and (3) become 
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pva S (4) 

V(l _ -"-vRT ) dv - RT (~ _ .!. dT) _ d1jJ 
",,- dr - r T dr dr (5) 

k2V2 + ~ RT ,I, a dT W k v 2 
Y-l + 'f' - S K dr - S = 2 b (6) 

Since transonic solutions are of interest, the above equations 

are scaled in the following manner. Define p=p/p , v=v/v , r=r/r , s s s 

~=1jJ/v 2, W=2W/Sv 2 and T=T/T and p ,v and T are the flow variables s s s s s s 
k 

at the isothermal sonic point, rs; thus at r s ' vs=(RTs) 2. With this 

scaling Eqs. (3), (4) and (5) become 

dv 

dT 

r dr dr 

v (1 - T / v2 ) 

(v2-Vb 2)/2+nT+~-W/2 
M ------------------

where n = y/(y-l). The quantity M is defined as 

M = 
r p v 3 

s s S 

K T s s 

(7) 

(8) 

(9) 

where as before the subscript s refers to quantities at the sonic point, 

r . 
s 

The inward acceleration potential, 1jJ, corresponds to an outward 

directed gravity by g = -d1jJ/dr. While having g increase with r in order 

to account for decreasing convergence effects might better model the 
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high density region of the shell, this would prove unsatisfactory in the 

lower density region as r increases further. As a compromise, a constant 

value of g is chosen and W is of the form, w=g(r -r). This is scaled 
s 

The critical surface is defined as being where the plasma fre-

quency is equal to the frequency of the incident laser light. This 

occurs at r=rc and P=Pc. For the case of total laser energy deposition 

at the critical radius, r c ' W increases discontinuously from zero to Woo' 

the power of the incident laser, i.e. 

W = a 

W = W 
00 

r < a 

r ~ r 
c (10) 

This case is subsequently referred to as the laser deposition case. A 

simplified energy range relationship for a monoenergetic beam of particles 

is used for the case of the charged particle beam 

dW 
dr-

where 0 00 is the range in units of mass per unit area of the incident 

(11) 

beam and W is the power of the beam as r _>00. In this case the beam 
00 

emerges with power Woo and is attenuated until W ->0 at r=rR. A more 

sophisticated relationship including temperature dependence or multi-

energy particles could replace Eq. (11), but the essential phenomena 

can be modeled by this relationship. When scaled, Eqs. (10) and (11) 
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w = 0 -r < r c 

= w r~r 
co c (12) 

- W 2 
dW p co 

r~r -= 
dr W R 0 

(13) 

co 

for laser deposition and for charged particle beams, respectively, where 

a =0 /p r. While inverse bremsstrahlung is a mechanism by which laser 
co co s s 

energy is deposited, its deposition model is more like that of the 

charged particle beam. This model is presented in Appendix A. 

Solution Considerations and Parameter Limits 

Numerical solutions of Eqs. (7), (8) and (12) or (13) are ob­

tained most easily by integrating outwards (r> 1) and inwards (r < 1) 

from the isothermal sonic point (i.e., r=l). Since v=T=l at this point 

Eq. (7) is singular, and in order that dv/dr be finite, (to insure 

continuous sol~tions) the numerator must also vanish. This requires 

that 

dT 

dr 
= 2 _ dtjJ I 

dr r=l 

which is equivalent to Eq. (8) at r=l. An expression for M is then 

derived 

M = 

(14 ) 

(15) 

where W is the value of W at r=r =1. This value is in general nonzero s s 

except for the case of total energy deposition at .the critical radius. 
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Equation (15) relates M and vb 2 for a given choice of the other parame­

ters. The value of the velocity derivative at the singularity must be 

found by applying l'Hospital's rule, in which case 

dv 1 1 2 ~ -- = - [-B + (B -8e) ] 
d- - 1 4 r r= . 

(16 ) 

where 

Also, this value must be greater than zero since supersonic solutions 

are desired for r> 1 and subsonic solutions for r < 1. This requires 

that C < 0 in Eq. (16). This places an upper limit on vb2 A lower limit 

is found by reference to Eq. (3). If at the pellet surface (i.e., at 

r=r ), the net energy of the flow approaches zero, i.e., v ->0, p _>00 
p 

and K ->0 since T ->0; then the lower limit of vb2 is 

1
- -r=r 

p 

(17) 

which corresponds to the potential difference between the pellet surface 

and the sonic point. - - 2 - 2 For g=O the lower limit of Vb ' vbt ' is zero and 

for g> 0 it is given by Eq. (17). Since r is not known a priori to 
p 

-2 solving Eqs. (7), (8) and (12) or (13), an estimate of vbt is found by 

choosing a value of vb2 for a given g which gives a solution and then 

solving Eq. (17). Thus the limits of vb 2 are 
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iF 00 

C2+g) [2n+g'Cn-l) - ia W 
n-W /2 -s 

00 s 
(18) 

For g=O, Ws=O, a=s/2 and n=s/2 the limits are 0<Vb
2<19/4. For g=l or 

g=oo and the same choices as before, vb 2 < 24/5. These larger values of 

- 2 vb represent cases in which the convective energy flow from within the 

pellet constitutes a large percentage of the total energy flow through 

the sonic point. These cases are not of physical interest and best 

correspond to burn through which results in very poor compression. 

The upper limit values of vb 2 are of interest in charged particle 

beam cases when W > O. For increasing values of W the upper limit value s s 

of vb2 approaches zero (refer to Eq. 18). This corresponds to M _>00, 

i.e., the denominator of Eq. (15) approaches zero. Since M is a 

dimensionless ratio of physical parameters it must be greater than zero, 

thus from Eq. (15) 

- 2 Ws ' 2n + 1 - vb (19) 

and the largest value for Ws is found by replacing vb 2 with vb~' For 

g=O and n=s/2 this value is W=6. Inspection of Eq. (9) shows that M _>00 

corresponds to K ->0, and thus thermal conduction plays a very s 

diminished role. All inward energy flow is transported by the beam. 

The energy of the incoming particle beam is converted directly to con-

vective energy. 



Solution Characteristics 

As outlined in Gitomer et al. (1977) for the case of laser 

deposition, W , the power of the incident laser is adjusted such that 00 

T ->0 as r _>00. Thus for r > r c ' dT/dr<O, but at r=l, dT/dr>O. This 

restricts rc to values as large as or larger than r s ' i.e., rc ~ 1. 

Likewise the critical density, p , must be smaller than p • 
c s 

Solution Intervals 

For the laser deposition case there are four distinguishable 

12 

regions in r. These regions can also be seen by referring back to Fig. 

1. The regions are: 

(1 ) rs2 < r < r . 
p' rs2 is the location of a second sonic point at 

which the stationary flow model is no longer applicable. r is p 

chosen at the point dv/dr=O and coincides with the pellet surface. 

In this region heat flow plays an unimportant role since the 

conductivity is so small. 

(2) r < r < 1; this is the subsonic portion of the ablation front. 
p 

(3) 1 < r < r . this is the supersonic portion of the ablation front c' 

(4 ) r < r < 00· 
c ' 

the flow is supersonic and dT/dr < O. As r _>00, 

T ->0 and v ->v , where v is the ablation exhaust velocity, 00 00 

which is finite for g=O. For g=a constant#O, v approaches 00 

infinity and v is not specified. 00 

Asymptotic solutions are given in Gitomer et al. (1977) for region (3) 

for r _>00 and for region (4) which indicate that T ->0 is the proper 
c 

boundary condition as r _>00. 
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For the case of charged particle beam deposition, there are also 

four distinct regions. When W =0 these regions correspond to those of s 

the laser case except that TC is replaced by TR, the point at which 

W ->0. Also, the boundary condition of region (4) is satisfied by ad­

justing the quantity i2/~ in Eq. (13). Integration of this equation 00 00 

gives W ->Woo as r ->00' which determines a since W2/a is known. 00 00 00 

Asymptotic Solutions and Determination of 
Boundary Conditions 

Asymptotic solutions for region (4) similar to those of Gitomer 

et al. (1977) are given 

'V2 = 'V 2 + 'V2 rm 'V 2 < 0 00 m m (20) 

- -m T T = T r > 0 m m 
(21) 

W W W 
--1 

W < 0 = + r 00 m m (22 ) 

where 

1 m = - l+CL 
1 

[ M(v~ - 2 
- W.J r+o 

T 
- vb 

'" 2m m 

'V 2 = 2(2-m) T 
m m m 

w-oo 
W = -m - 2 v a 00 00 

and Wand v are determined from the integration. 00 00 
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For W > 0 only region (1) remains unchanged, region (2) now s 

spans rp < r < rR, region (3) is rR < r < 1 and finally region (4) is 

r> 1. The boundary conditions of region (4) still apply, but the solu­

tion method is modified. It becomes necessary to choose a value of W 
s 

consistent with Eq. (19) for the given value of vb 2 Again, the ratio 

w2/0 is adjusted to give T ->0 as r _>00. W is found from the integra-00 00 00 

tion. For cases in which thermal conduction is negligible (i.e., 

M _>00), r R ->rp and region (2) becomes increasingly small. Thus the 

beam is seen to penetrate right up to the ablation front providing the 

driver energy. 

The Acceleration 

The inward acceleration of the pellet corresponds to an outwardly 

directed gravity which is represented by g in the model. In the im-

plosion of solid pellets, g is zero since the internal pressure of the 

fuel does not allow for inward acceleration. This case is presented in 

Gitomer et al. (1977). Values of g between zero and infinity correspond 

to differing thicknesses of spherical shells. For very small g the 

spherical divergence term, 2T/r, in the momentum equation (Eq. 7) domi­

nates the acceleration term (recall that g=d~/dr). As g is increased 

further and further acceleration effects become more important than 

divergence effects. 

In the 'limit of g _>00 the spherical divergence corrections in 

Eqs. (7) and (8) are no longer present and the system becomes planar 
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dT dlji 

dv dx dx 
- = -
dx vel - T/v2 ) 

(23) 

(v2 -V
b 

2)/2+·nT+\ji-W/2 
M ------------------- (24 ) 

dx 

M = (25) 

where the scaling length x =v 2/ g and the isothermal sonic point occurs 
g s 

at x=O. To give constant acceleration the gravitational potential is 

chosen to be I/J = -gx, and upon scaling I/J = -x and diji/dx = -1. In order 

that dv/dx be finite at x=O, where v=T=l, the numerator of Eq. (23) must 

be identically zero. This is satisfied by dT/dx=l and the resulting 

relationship between M and vb 2 is 

M = 
2 

1 - v 2 + 2n-W 
b s 



CHAPTER 3 ..... _ 

DIAGNOSTICS AND PARAMETER DEPENDENCE 

Means of evaluating the performance of implosions as well as 

other diagnostics are introduced. These are useful in relating the re-

suIts of the steady flow model to experiment and simulation. 

Implosion Performance 

Further information which relates the results from the steady 

flow model to physical parameters and gives a measure of performance of 

the implosion process is developed. One useful quantity is the mass of 

the pellet, m , which is found by integration of the following p 

r 

mp = J P4nr2pdr (26) 

rs2 

which is solved simultaneously with Eqs. (7), (8) and (12) or (l3). The 

choice of the lower limit of this integral at rs2' near where the model 

breaks down, is reasonable as long as the pressure at this point is 

sufficiently less than the ablation pressure, P. Further discussion of 
p 

the model's validity is deferred to the next chapter. In general the 

upper limit of the integral is replaced with a value of r and when 

scaled, Eq. (26) becomes 

r 
mer) = J r2pdr 

r ? s_ 
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(27) 



where m=m/4np r 3. The following convention is used 
s s 

m = mer ); 
p p 

m = mer ) s s 

where m is the sum of the mass of the pellet and of the subsonic, s 

ablated material. 

Now if the pellet is treated as a sheet mass, its thickness ~r 

is found from the following 

17 

~r = 
m 

p 
4nr 2p 

P P 
(28) 

where ~r is the dimensionless shell thickness. For spherical shells, 

i. e., 0 < g < "", an aspect ratio, A, is defined in the normal fashion 

- 3-r r rp Pp 
A = .-E. = .-E. = 

~r m 
p 

It is remembered that this is the inflight aspect ratio and not the 

pellet's initial aspect ratio. 

As a means of evaluating the implosion performance, a mass 

removal coefficient, B, is defined 

~m 
B - - = 

(29) 

(30) 

where 6m is the mass removed by ablation as the shell implodes and ~tI 

is the characteristic implosion time. It is recalled that S=4nr2pv is 

the mass flow rate. The characteristic implosion time is found by 

solving the equation of motion to give 
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(31 ) 

where it is assumed that the shell is accelerated with an acceleration, 

g, through a distant r. This is an approximate time since it neglects p 

the decreasing shell mass as material is ablated and neglects the de-

crease in acceleration as material converges at the origin. Substituting 

Eq. (31) into Eq. (30) and scaling gives 

B = ;p c;E y (32) 

Efficient transfer of energy requires that as. much mass as possible be 

removed and yet have sufficient material remaining to be compressed. 

As in analogy with a rocket-model (the pellet is like a spherical rocket 

which burns over its entire surface and "travels" im.;ard) the maximum 

energy transfer from the absorbed laser energy to the final kinetic 

energy of the pellet occurs when the final mass of the pellet is roughly 

lie times its initial mass (Brueckner, 1974). In terms of B this 

corresponds to B=1-1/e=0.63. Due to the various approximations taken 

in the definition of 6t I the optimal range of values for B will be taken 

to be 0.5< B < 1. For larger values of Bit is taken that the ablation 

rate is too large and either too little fuel for efficient transfer of 

energy or no fuel remains and the pellet burns through. 
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Parameter Dependence 

The family of solutions for both the laser deposition and 

charged partical beam cases is formed of three parameters. For the 

former they are vb2 , g, and Pc and for the latter vb2 , g, r R. While the 

dimensionless parameter M is determined by the values of various physical 

quantiti,es at the sonic point, its allowable range of values changes with 

each different choice of g. Reference to Eq. (18) shows that this is 

- 2 also true for vb' Thus using either of these quantities would be diffi-

cult when comparing cases for different values of g. For this reason vb 2 

is replaced by the scaled density at the pellet surface, p , which is 
p 

found by the solution procedure. This is a particularly good choice, 

since this parameter is more readily related to results from experiments 

or numerical simulations. 



CHAPTER 4 

RESULTS 

The results from the steady flow model are found by numerically 

solving Eqs. (7), (8) and (12) or (13). Energy deposition is taken to 

occur at r=r unless otherwise indicated. Results are presented for c 

solid pellets: g=O; spherical shells, 0 < g < 00; and planar targets, 

g _>00. For each value of g, solutions are found by varying vb 2 over its 

range as given by Eq. (18). For the planar case Eqs. (23) and (24) are 

substituted for Eqs. (7) and (8). 

Figures 2 and 3 present the case p =10 2 for several values of P 
p c 

plotted linearly and logarithmically, respectively. Logarithmic plots 

are helpful since scaling laws relating the flow variables to the spatial 

coordinate can be readily identified. The location of the second sonic 

point, r s2 ' is at r=.30S. 

approximation is not valid. 

It is in this region that the steady flow 

A similar case but with p =10 is given in 
p 

Fig. 4 for comparison. While the supersonic profiles Ci. e., r> 1) for 

these two cases are very similar, the subsonic solutions (r < 1) bear 

little resemblance. The latter case corresponds to a larger value of vb2 

and approaching the burn through limit. The next plot, Fig. 5, contains 

values of the flow variables at the pellet surface as well as M and vb 2 

plotted as a function of Pp' It is noted that for Pp"> 10 r p ' P p and M 

20 
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g=O 

a Pc = 0.0 
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c P (02
) 

0~~~~~=T==~=r~=-~~~~--~ 
.3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 

Figure 2. Profiles of the pellet and ablation region for p =10 2 and g=O 
for several values of p . P 

c 

The second sonic point, rs2' is at r=.30S. The number in 
parenthesis following the symbol of the plotted variable is 
the quantity per unit value of the graph's scale. 



Figure 3. 
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102 

9=0 
a Pc = 0.0 
b = 0.001 

10 1 
c = 0.3 

Logarithmic profiles for the case P =10 2 , g=O for a range of 
values of p . P 

c 

Logarithmic plots are useful since scaling laws are readily 
seen. 



Figure 4. 
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10 1 

P a 
b 

-P 

10° 

v 

T 
10-1 

9=0 
10-2 a Pc = 0.0 

b = 0.001 
c = 0.6 

Logarithmic profiles for the comparison case of p =10 and g=O. 
p 

The subsonic solutions bear little resemblance to the previous 
case, and it is representative of cases which are approaching 
the burn through limit. 



24 

101~------~--------~---------

9=0 

--~ 

M 

Figure S. Flow variables at the pellet surface, vb 2 and M as a function 
of p for g=O. 

p 

Note that r , P and M are nearly constant for p > 10. 
p P P 



are nearly constant; that the amount of mass in the subsonic ablation 

region, i. e. , 

mass, m , and 
p 

between rand r , is a small 
p s 

is nearly proportional to p . 
P 

fraction of the pellet's 

Figure 6 gives values at 

-the critical surface, i. e., r=r c' and the deposited power, Wex>' as 

functions of Pc' This plot is very similar to Fig. 2(b) of Gitomer et 

al. (1977) except that it includes the exhaust velocity, v . 
ex:> 

These 

quantities are seen to be very weak functions of p except near p =1. 
P c 

2S 

- - -!z It is seen that W is proportional to p (or to the laser wavelength, ex> c 

A) which has also been verified by numerical simulation (McCrory and 

Morse, 1977). If the only means of energy transport away from the 

pellet is by convection then energy conservation requires that 

w = 'V 2 
ex:> ex:> 

Vb 2 . Since for most cases of interest vb 2 « 'V; then W~~'V;. 
1 

This is clearly not the case for p ->0 since W ap -~ while 'V 2 increases c ex:> C ex> 

much more slowly with decreasing p. Inspection of the asymptotic 
c 

solutions for r _>ex> of Gitomer et al. (1977) shows there is a finite 

outward energy flow due to thermal conduction which must be included in 

the energy conservation requirements. For larger p it is seen that the 
c 

condition W ~ v 2 - vb 2 is satisfied and the deposited laser energy is 
ex:> ex:> 

directly converted to convective energy with outward heat flow being 

less important. 

Examination of Eq. (7) gives a quick comparison of the effects 

of spherical divergence and acceleration in the ablation region. The 

terms 2T/r and g (recall that d~/dr=-g) are the contributions due to 
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Figure 6. Scaled laser power and flow variables at the critical surface 
as a function of p for g=O. 

c 

The exhaust velocity, v , is also included. 
00 



spherical divergence and acceleration, respectively. In the subsonic 

ablation region the first term assumes the range of 0< 2T/r ~ 2. This 

is comparable to a value of acceleration of order 1, i.e., g ~ 1. For 

values of g of order 1 and less than 1, the spherical effect of diver-

27 

gence is at least as important as or dominates the acceleration effect. 

Thus for any of these values of g the effect of spherical divergence is 

important in determining values of the various flow quantities at the 

ablation surface. 

Figures 7 and S are linear and logarithmic plots of the case 

p =10 2 and g=l for various values of p. The shell like structure of the 
p c 

pellet is noted; the second sonic point occurs at rs2=0.ss. This point 

is taken to be the inner surface of the shell. Figure 9 shows quantities 

at the pellet surface as a function of p. This plot is similar to Fig. 
p 

5 except that the ratio of the. distance between the pellet surface and 

the sonic point to the shell's thickness, (r - r )/~r, is included. s p 

This ratio allows comparison with the planar case since an aspect ratio 

is not defined for this case. The effect of varying g on parameters at 

the pellet surface is seen in the next two plots. Figures 10 and 11 are 
1 +k 

for g=lO-~ and 10 2, respectively. Comparison of these plots show that 

for increasing g the ratio (r - r )/~r increases, the amount of mass s p 

which composes the pellet, m , 
p 

decreases, while the amount of mass in 

the subsonic ablation region increases. 

increases with increasing g, it is seen 

While the ratio (r - r )/~r s p 

that the distance (r - r ) de­
s p 

creases, implying that ~r decreases with increasing g. For larger values 

of g and thus thinner shells, an equation of motion can be written by 
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Figure 7. 
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9 = 1.0 
a Pc = 0.0 
b = 0.3 
c = 0.6 

a 
b 

P (102
) 

C 

.9 1.0 1.1 1.2 1.3 1.4 
7 

Linear plots of pellet and ablation region for p =10 2 and 
g=l. p 

Note the shell-like structure of the pellet. The second sonic 
point occurs at Ts2=.8S, which is also taken to be the inside 
surface of the shell. 
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10 2 

9 = 1.0 

a Pc: =0 
p b = 0.001 

101 c = 0.3 

-r 

Figure 8. Logarithmic profiles of the laser case with p =10 2 and g=l 
for several values of p . P 

c 
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101r-------~--------~------~ 

9 = 1.0 

M 

Figure 9. Various quantities associated with the pellet as a function of 
p for g=l. 
p 



Figure 10. 
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Various scaled quantities evaluated at the pellet surface and 
sonic point for g=lO-~. 



Figure 11. 
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IOlr------.----r-------. 

Scalee quantities at the pellet surface and sonic point for 
g=lO+'2. 
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assuming the shell to be a sheet mass 

m g = 4'ITr 2p 
p P P 

(33) 

where the right hand side of the equation represents the force responsible 

for the inward acceleration, g. 

p 
p 

Scaling and'solving for P gives 
p 

(34) 

which is verified by substitution from any of Figs. 9, 10 or 11. Figure 

12 gives values at the critical surface as well as the power necessary 

to drive the ablation for two widely differing values of p. The exhaust 
p 

velocity, v , is not included since it diverges for finite g. Choices 
co 

for g which approach zero for increasing r could be used, hO\vever 

comparison of Figs. 6 and 12 show very similar behavior for values at 

the critical surface for g=O and for g=l. Thus values given for the 

exhaust velocity in Fig. 6 can be used to approximate those for g#O. 

Similar results are not included for other values of g since they are 

very similar to those in Fig. 12. 

The aspect ratio, A, is plotted as a function of p for various 
p 

values of g in Fig. 13. It is seen that for a given value of p there 
p 

is an approximately linear relationship between g and A. This can be 

seen by the combination of Eqs. (29) and (34) to give 

A (35 ) 
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Figure 12_ The dimensionless laser power and scaled flow variables at 
the critical surface for &=1_ 
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102 

A 

101 
Q. g=IO I 

b. 9 = 10"2 

C. g= 10° 
d. g = 10-112 

e. g= 10- 1 

10° 
10° 101 ..., 102 10~ 

Pp 

Figure 13. The aspect ratio, A, for a range of values of g. 

Note that for a given value of Pp' there is an approximately 
linear relationship between g ana A. 



This is approximately linear in g for a given value of p since rand 
p p 

P are weak functions of g. Figure 13 shows that reasonably large 
p 

36 

aspect ratios can result from values Qf g<l. In these cases the shells 

are thin enough to neglect the effects of spherical divergence in cal-

culating the acceleration (see Eq. 34), but at the same time spherical 

effects must be included in determining the ablation pressure which 

drives the acceleration (as previously discussed). Thus large aspect 

ratios do not imply that spherical effects can be neglected. This is 

further illustrated in the section on g _>00. 

Range of Validity of the Solutions for Shells 

The second sonic point, Ts2' which is located within the pellet 

is taken to be the inner radius of the shell. While the pressure at 

this point should be zero, it is seen from Figs. 7 and 8 that this is 

not the case. In order that this finite pre.ssure not have a significant 

effect on the inward acceleration or structure of the shell it should be 

as small as possible. A measure of this pressure expressed as the ratio 

of the 

shell , 

values 

ablation pressure, P , to the pressure at the inner radius of the 
p 

P 2' (i.e., the ratio is P /P 2) is given in Fig. 14 for various s p s 

of g. For the assumption of steady flow to be valid, i.e., the 

effect of the outward flow from within the pellet be negligible, the 

ratio P /P 2 for any particular solution should be as large as possible. 
p s 

It is felt that reasonable results are obtained for Pp/Ps2 >" 4. Of course 

if greater accuracy is desired a value greater than 4 could be chosen. 

For example reference to Fig. 14 shows that valid results are obtained 
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102 

a 9 = 10' 
b 9 = 10"2 

C 9 = 10° 
Pp d - 10-112 9 = 

PS2 
e 9 = 10-' 

10' 

Figure 14. Ratio of the ablation pressure to that at the inner sonic 
point. 

This ratio serves as a measure of the validity of the steady 
flow model for various values of Pp and g. Solutions whose 
value of this ratio is greater than about 4 are considered 
reasonable. 
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for p > 10 when g=lO and for p > 50 when g=O.l. When dealing with solid p p 

pellets, i. e., g=O, the restriction on P /P 2 does not apply since there 
p s 

exists an appreciable density and pressure throughout the pellet. 

Implosion Performance 

The burn through parameter, B, is shown in Fig. IS as a function 

of p for various values of g. For a given value of g it is seen that B 
p 

approaches a constant value for larger values of Pp' This asymptotic 

value can be found from Eq. (32), the expression for B, and by assuming 

the shell can be treated as a sheet mass and using the equation of 

motion, Eq. (33), to give 

(36 ) 

For a fixed value of g, as Pp increases to larger values both rand P 
p p 

become approximately constant (see Figs. 9, 10 and 11) and B becomes 

constant. This asymptotic value of B can be related to the aspect ratio, 

A, by combining Eqs. (35) and (36) 

(37) 

where it is remembered that this approximation applies only for large p . 
p 

A composite of Figs. 13 and 15 is presented in Fig. 16 in which 

B is plotted as a function of A for constant Pp and for constant g. As 

discussed in Chapter,3 if limits are placed on B, say 0.5 ~ B ~ 1, then 



o. g=IOI 

b. g= 10"2 

C. g= 10° 
d. g = 10-112 

e. g= 10-1 

10 1 

Figure 15. The burn through parameter, B, for various values of g. 
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This parameter is a measure of the amount of mass removed 
from the pellet by ablation. The most efficient transfer of 
energy from the incident laser to the imploded shell occurs 
for B just less than 1. 



A 

Figure 16. A composite plot of the burn through parameter and aspect 
ratio for constant p and for constant g. 

p 
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the region of interest for p and g is immediately identified. If 
p 

further restraints are placed on-the aspect ratio, say for reasons of 

hydrodynamic stability, then the region of interest becomes further 

restricted. 

A plot of a spatial profile for the planar system is given in 

Fig. 17 for the case p =10 2 . As a comparison the case p =10 2 , g=l is P p 
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shown in dashed lines in units of x. While the thickness of these two 
g 

shells is comparable, the distance between the shell surface and the 

sonic point is greater and there is more mass in the ablation region 

for the planar case. As expected the ablation pressures are different; 

the effect of spherical divergence is seen for g=l while the case g _>00 

represents the limit of no spherical effects. Values at the pellet 

surface are given in Fig. 18; this plot should be compared to Figs. 9, 

10 and 11. Likewise, Fig. 19 which presents quantities at the critical 

density should be compared to Fig. 12. 

Charged Particle Beam Driven Ablation 

Solutions for charged particle beam driven ablation are found by 

solving Eqs. (7), (8) and (13). The results that follow are for solid 

pellets, i.e., g=O. While solutions exist for g~O, any qualitative 

differences from laser driven ablation can be illustrated by the g=O 

case. Three different cases are shown each with p =10 2 . Figure 20 
p 

illustrates a case where the beam does not penetrate to the sonic point. 

For this case the beam terminates at about TR=1.3 and the charged particle 



Figure 17. 
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10·3'------J'------I----'-----'---~ 
-0.5 -0.3 -0.1 0.0 

Profiles for P =10 2 and g _>00. 
P 

A comparison case of Pp=102, g=l in units of x is also in­
cluded. While the thickness of these two sheds is compa­
rable, the overall structure and ablation pressures are quite 
different. 



Planar, g:CIO 

Figure 18. Various values at the pellet surface and sonic points for 
the planar case. 
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10 1 Planar 
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Figure 19. Critical surface values and laser power for the planar case. 



Figure 20. 
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102~~==~==~--'---'---'-1 
P 

Charged Particle 
Beam 
g=O 

Oc:o = 0.48 

,.., 
P 

0.4 0.6 0.8 1.0 1.2 1.4 
l' 

Logarithmic profiles of charged particle beam deposition case 
for pp=102, g=O and rR>rs ' 

Note that the particle beam does not penetrate into the sub­
sonic region. 



range is 0'0)=.48. The solution of r < rR is identical to that of laser 

deposition with r =1.3 since the inward energy flow for both cases is c 
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by thermal conduction. Figures 21 and 22 present profiles in which the 

termination point of the particle trajectories is within the sonic 

radius at about rR=.97 and .93 and have values of 0'0)=.81 and .93, 

respectively. In Fig. 21 thermal conduction is still important for the 

inward flow of energy, but in Fig. 22 this is not the case. The beam 

penetrates right up to the pellet's surface at about rR=.93 and the in­

ward energy flow is transported by the beam. This latter case is an 

example of the behavior described by Eq. (19) in which heat flow plays a 

very limited role. 

Various quantities of interest for charged particle beam driven 

ablation are shown as functions of the range, 0'0)' in Fig. 23. This plot 

contains WO)' VO) and Wand is analogous to Fig. 6. Similar to the case s 

of laser driven ablation, where WO) is seen to increase with increasing 

rc ' WO) increases with increasing rR since the deposited energy must. be 

transferred further through outward flowing material to reach the 

ablation surface. Also, WO) increases faster than v~ with increasing r R 

due to the finite out'vard heat flow as r->O) (this can be seen from the 

asymptotic solutions, Eqs. (20), (21) and (22)). 

Values of 0'0) greater than about .7 correspond to cases in which 

the particle trajectories penetrate within the sonic radius. This occurs 

For the two very different values of p used in 
p 

in Fig. 23 it is seen that the largest possible value of range is O'O)~l. 

This occurs at rR=rp ' and corresponds to the most efficient case since 
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0.4 0.6 0.8 1.0 1.2 1.4 -r 

Fi gure 21. Particle beam penetrates wi thin the sonic point and thermal 
conduction is important. 

Ablation driven by charged particle beam where the beam pene­
trates within the sonic point. Thermal conduction is still 
important for this case. 
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0.4 0.6 O.S... 1.0 
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9=0 
ac:o = 0.92 

1.2 1.4 

Figure 22. Ablation profiles where thermal conduction plays a very 
limited role. 

The energy of the particle beam is converted directly to 
kinetic energy. 
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Figure 23. Scaled particle beam power and other computed quantities as 
a function of the range, a . 

<Xl 

This plot is analogous to Fig. 6. 



so 

the least power is needed to drive the ablation. If a is still in-
~ 

creased further for a given value of p , then the flow no longer corre­
p 

sponds to ablation and the pellet has burnt through. 



CHAPTER 5 

DESCALING AND CONCLUSIONS 

In order to compare the results of the steady flow model to 

either experiment or numerical simulation, it is helpful to transform 

the dimensionless quantities to dimensional results. A procedure for 

descaling the results for a solid pellet driven by laser energy deposi-

tion is presented.' This same procedure is also applicable to shell 

solutions. Examples of descaled results for both of these cases are 

presented. 

The Desca1ing Procedure 

First the pellet material, inflight radius, r , and peak density, 
p 

P , are chosen. The choice of pellet material determines the gas con­
p 

stant, R, as well as the coefficient, G(Z), which is proportional to the 

thermal conductivity. The critical density, P , is determined by the 
c 

laser light frequency. At this point GeZ), P , P , rp and Rare deter-
p c 

mined and can now be used to descale the results of the steady flow 

model. 

chosen. 

A value for P in the range of interest, say 10 ~ P ~ 103 , is 
P , P 

It is recalled that for each value of p there is a corre­
p 

sponding value of M, r,P p p and other scaled values at the pellet surface 

(see Fig. 5). Since P and 
p 

r are known, p and r are determined for 
p s s 

this particular choice of p. T is found from M using the last 
p s 
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relationship of Eq. (9). 

point are now given. 

1..: 
Since v =(RT ) 2 all quantities at the sonic s s 
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The next step is to determine the quantities of interest at the 

critical radius, r. Since p and p are known this determines p . esc c 

This together with M can be used to find the scaled ablation power, Woo' 

and scaled flow quantities at r from results similar to Fig. 6 or by c 

direct solution of Eqs. (7), (8) and (12). The ablation power, Woo' is 

now determined from W=Sv 2 W/2. 
s 

This now completes the procedure giving the flow quantities at 

the ablation surface, sonic point and critical radius as well as the 

ablation power. These same steps are repeated for other choices of P 
p 

to obtain a wide range of values of descaled results. 

Descaled Results 

The results of this descaling process are seen in the next three 

figures. The target material is carbon and the pellet radius is 100 ~m 

with a pellet density of 4 g/cm3 which could result from an initial solid 

density of 1 g/cm3 multiplied by a shock jump ratio of 4. The mass 

ablation rate, temperatures at the sonic radius and pellet surface, 

ablation pressure and electron number density at the sonic point, n , es 

are plotted as a function of the ablation power given in watts. The 

laser irradiance, F , which is a measure of incident laser power per unit 
c 

area is included and is defined as F =W/(4nr 2). Figures 24 and 25 c c 

correspond to solid pellets, i.e., g=O, with the ablation driven by 1.06 

~m laser light (this corresponds to an electron number density, n , of ec 
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Figure 24. Descaled results from the steady flow model for ablation driven by 1.06 ~m laser light. 

The minimum power on this plot corresponds to where the sonic and critical surfaces 
coalesce. 
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Figure 25. Descaled results for ablation driven by frequency quadrupled 1.06 ~m light. 

This plot and the next plot are drawn to the'same scale as the previous plot to empha­
size how the power necessary to drive ablation changes. It is seen that the power at 
which the sonic and critical surfaces coalesce is larger than for the 1.06 ~m case. (J1 

-"" 



1021 cm- 3 ) and frequency quadrupled 1.06 ~m light (n =1.6xl0 22 cm- 3), 
ec 

respectively. The e~laust velocity is also included on these plots. 

SS 

The largest power on each plot (2.3xl0 14 and 6.4xl0 13 watts for Figs. 24 

and" 2S, respectively) roughly corresponds to burn through, i.e., P =10. 
P 

By comparing these plots it is seen that the power is proportional to 

-~ Pc as described in McCrory and Morse (1977) for a constant set of 

implosion parameters (e.g., constant P). On each plot the minimum 
p 

power occurs where the sonic and critical surfaces coalesce. This 

occurs at a much lower power for the case of 1.06 ~m light. Results for 

other values of Z, the atmoic number, have been obtained which show that 

for increasing Z Ci.e., decreasing GCZ)) that both p and the mass flow s 

rate, S, decrease for a given set of pellet parameters and constant laser 

power. Since less material is removed for a given laser power, that 

which is removed must convect away a larger energy per unit mass, thus 

T and v increase. For a given set of constant implosion parameters s 00" 

but with targets composed of different Z materials, Voo is roughly pro­

portional to ZO.l while S is roughly proportional to Z-O.l. Results for 

a shell (g=l) driven by frequency quadrupled 1.06 ~m light are presented 

in Fig. 26. The aspect ratio is also included which is seen to decrease 

with increasing power. 

Generalized Scaling of Descaled Results 

A convenient method of representing the descaled results for a 

large range of pellet parameters, laser wavelengths and deposited powers 

is by introduction of the following scaling factors. The power is scaled 

according to W , where 
o 
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Figure 26. Descaled results for shell solution, g=l, driven by 1.06 ~m laser light. 
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3 

W = 27fr 2 p R3/ 2 Pp rp R
3

/
2 

( )

2a'"=l 

o p P G(Z) 

which is determined by the choice of pellet material, density and radius. 

Likewise a scaling temperature, T , is defined 
o 

(p r R3/2) a\ 
T = c P 2 

o G(Z) 

1< 
whose corresponding velocity, v , is v =(RT ) 2. These quantities are 

o 0 0 

determined by the target material, pellet radius and laser wavelength. 

These scaling quantities are obtained as a result of scaling Eqs. (1), 

(2) and (3) in terms of p ,r and p . p p c 

Results for solid carbon pellets are shown in Fig. 27 for a wide 

range of values of the ratio p /P. The sonic density scaled to the 
p c 

critical density, p /p , the temperature at the sonic point, T /T , and s c s 0 

the scaled sonic velocity, v /v , are shown. Similar results for the s 0 

same values of the ratio p /p , but for carbon shells with g=l are found 
p c 

in Fig. 28. The aspect ratio is included on this plot in order to 

uniquely identify solutions for shells, since when comparing these re-

suIts to either experimental results or numerical simulations the aspect 

ratio and deposited power must match. Both of these figures cover a 

range of values of W/W from W/W =10, where p =p , increasing until burn 
o 0 c s 

through occurs. 
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Figure 27. A set of descaled results for a wide range of values of the 
ratio p /'P for g=O. . 
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Figure 28. A range of descaled results for g=l. 

The aspect ratio is also included. 



Resul ts for Inverse B'remsstrahlung 

The model of energy deposition by inverse bremsstrahlung (see 

Appendix A) can be used to investigate the behavior of solutions for 

which p > p. In this case the descaling process is more complicated c s 

60 

since an additional parameter, M2, is involved. This additional parame-

ter restricts the number of parameters which can be assumed (these are 

Pp' rp' Z and A in the cases just considered) by one. In this procedure 

these same parameters are specified except for the pellet density. It 

is determined by taking the ratio of M'to M2, thus eliminating r s ' and 

solving for p ; since p is also known this determines p. Various s p p 

solutions are investigated until the desired value of p is found. This 
p 

procedure is repeated for various values of P. An example of descaled 
p 

results are seen in Fig. 29 for the same parameters as in Fig. 25. This 

represents a range of values of p from 0.5 to 10. Whi.ch gives a con­
c 

tinuation of descaled results for values of p > p. Reference to these 
c s 

two plots shows that as the laser power decreases p decreases until 
. s 

Ps=Pc' Ps further decreases for decreasing laser power. For the given 

parameters p =p at a power of about 1.lxl012 watts. s c 

Conclusion 

Solutions for spherical shell-like targets are presented for 

several values of the acceleration parameter g. In the limit that the 

acceleration effects due to g become much larger than spherical divergence 

effects the system becomes planar. While these planar solutions appear 

to be a simplifying approximation to large aspect ratio shells, it is 
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Figure 29. Descaled results from the inverse bremsstrahlung model for 
p > p • 
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seen that the ablation pressures for these two cases can be quite differ-

ent. Thus this simplification neglects spherical divergence effects 

which can be important for large aspect ratio shells. 

A measure of the hydrodynamic efficiency of imploding shells can 

be presented by the burn through parameter, B, a function of the scaled 

peak density, P , aspect ratio, A, and acceleration, g. A wide range of 
p 

solutions with acceptable values of B are presented such that they can 

be easily identified and should provide a useful reference to workers in 

the field. Once the desired scaled solutions are found the procedure in 

the last section may be used to descale them. 

Models are presented for ablation driven by charged particle beam 

deposition and for laser energy deposition by inverse bremsstrahlung. 

Solutions for these two models are presented. These include an inter-

esting case in which thermal conduction plays an unimportant role in 

inward energy transport. The inverse bremsstrahlung deposition model is 

particularly useful for investigation cases where Pc i's greater than Ps' 

The descaling procedure can be used to obtain scaling laws as 

well as readily compare the results of the steady flow model to either 

experiment or numerical simulation. 



APPENDIX A 

ENERGY DEPOSITION BY INVERSE BREMSSTRAHLUNG 

The deposition of laser energy by inverse bremsstrahlung is a 

useful addition to the steady flow model since it allows solutions for 

P > p. In this model the power loss per unit length due to inverse c s 

bremsstrahlung is given by 

dW = IV K (c/v ) 
dr v g' 

(AI) 

where c is the speed of light, v , the group velocity is given by v = g g 
k 

c(l-p/p ) 2 and the absorption coefficient K is given by Spitzer to be 
c v 

(1 _ -hVlkT) e gff 

where n. is the ion number density; e, the electron charge, m , the 
1 e 

electron mass, v, the laser frequency and h is the Planck constant. The 

Gaunt factor, gff' is taken to be one in what follows. After rearranging 

terms, scaling to the sonic point and since hv»kT, Eq. (AI) becomes 

where 

_d\_~ = --=-..,..,M~z_W--,-P_Z_.­
:r3/ 2 (I-p/p )~ 

c 

Mz 
W 4 ) 21T 2 

(3k 2T s 3 
= -= "3 -Pc 

ZZ 
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(A2) 

e4 p 2 N gff r s 0 s 
!z c m A p 

e c 
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and 

where LAs = absorption length at the sonic point. The boundary condition 

- -for Eq. (A2) is that W=W at P=P. Details of the solution procedure c c . 

require that W is found by requiring T->O as r->oo. The equations which 
c 

are solved are Eqs. (7), (A2) and the following energy equation 

-= (A3) 

where W I and WR are the power of the incident and reflected beams, 

respectively. Integration of Eq. (A2) gives WI whereas WR is found by 

replacing M2 by (-M2) in Eq. (A2), and as previously mentioned WI=WR=Wc - -at P=Pc' The value of the incident beam, Woo' is found since WI-7Woo as 

For g=O solutions to these equations form a three parameter 

family dependent upon M, M2 and P. As in the case of ablation driven c 

by charged particle beams, there are t\~O distinct types of solutions. 

These are p < p in which case the subsonic solutions are identical to 
c s 

those presented in Chapter 4 for the case of laser driven ablation 

(function of M only), and p > p where the subsonic solutions are 
c s 

functions of M, M2 and p. In this latter case the light beam penetrates 
c 

within the sonic point and heat flow can playa diminished role. Equa-

tion (15) is replaced by 
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(A4) 

where Wrs and WRS are values of the power at the sonic point for the 

incident and reflected beams, respectively. When finding solutions of 

this type it becomes necessary to iterate M2, Wrs and WRS while keeping 

the quantity (Wrs-WRs ) constant so that Wr=WR at P=Pc when finding the 

subsonic solutions, and also matching the temperature boundary condition 

as r->~ for the supersonic solutions. 

Examples of solutions for the case of energy deposition by in-

verse bremsstrahlung are seen in Figs. 30, 31 and 32. These plots are 

- - 2 -for g=O and constant vb' The first of these, Fig.· 30, is for Pc < Ps 

and energy flow between the critical and the ablation surfaces is by 

thermal conduction. Figure 31 illustrates a case for Pc> Ps but thermal 

conduction is still important for energy transport. rn Fig. 32, Pc > Ps 

and the beam penetrates right up to the ablation surface. The energy of 

the incident laser is converted directly to convective energy and thermal 

conduction plays a very diminished role. This represents a case in which 

K ->0. 
S 
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Figure 30. Profiles for inverse bremsstrahlung. 

Energy flow between the critical and ablation surfaces 
is by thermal conduction. 
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Figure 31. Laser deposition with p > p and thermal conduction is 
. t c s l.mportan . 



103 

102 

10 1 

10° 

10-1 

10-2 -T 
10-3 

10- 1 2 

Figure 32. 

-
,.., 
P 

W 
,._----:- I 

V 

, -'- W ---- R 

5 2 5 

Thermal conduction is unimportant, p > p • c s 

This represents a case in which K ->0. s 
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