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Hydrodynamic efficiency of illumination by ion beams
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The hydrodynamic efficiency of conversion of the energy of fast charged particles into
the kinetic energy of the bulk motion of plane-parallel shells is investigated in the frame-
work of two simple models—one based on the stepwise density profile and the other em-
ploying a self-similar solution. The analytical estimates obtained are substantiated with
1D hydrodynamic calculations. In case of spherical shells, the three key dimensionless
parameters determining the values of the hydrodynamic efficiency are pointed out; the
dependence of the hydrodynamic efficiency on these parameters has been explored nu-
merically. The effects of a nonuniform energy deposition (increasing by the end of the
fast particle ranges) and of a nonuniform absorber composition are also discussed,

1. Introduction

The target energy gains in the inertial confinement fusion (ICF) to a large extent are de-
termined by the initial stage of the implosion, at which the driver energy is being trans-
formed into the kinetic energy of imploding shells (Duderstadt & Moses 1982). The
hydredynamic efficiency (HE) serves as a quantitative measure of the effectiveness of such
an energy conversion. A number of publications exist that deal with the theory of HE for
laser-driven targets (Afanas’ev ef al. 1975, 1982; Max er al. 1983). This paper discusses the
HE of plane-parallel and spherical shells illuminated by fast charged particles, with a special
emphasis on the heavy ion beams.

This paper differs from earlier publications on laser targets and from the paper by
Afanas’ev et al. (1981), in which irradiation by charged particles has also been considered,
in that the steady-state approximation is discarded as nonrelevant. As shown below, non-
steady estimates of the HE may differ from the steady-state ones by as much as 100%. At
the same time, nonsteady hydrodynamics is difficult to approximate with analytical models
and one is forced to resort mostly to computer simulations.

2. Basic assumptions

From the point of view of the HE theory, a single-shell target can be treated as consisting
of two layers—an absorber heated by fast ions and a pusher (payload), which is accelerated
by the pressure in the absorber and pushes the rarefied gas ahead of itself (see figure 1).
However, because the mass ranges of fast ions vary (and, in general, nonmonotonously;
see Basko 1984) with the varying temperature and density in the absorber, the boundary
between the pusher and the absorber even in the plane-parallel geometry cannot be clearly
defined. But in practice, variations in the mass range of heavy ions are not large (+ 10-15%)
and, to get rid of this sort of an uncertainty, it is assumed that the mass coordinate of the
pusher-absarber interface does not change with time (even in spherical geometry).

The other simplifying assumption that is employed in sections 3 and 4 infers that the ab-
sorber has uniform initial composition and density distributions and that the beam energy
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Figure 1. Structure of a shell illuminated by fast ion beams.

is being released uniformly over the absorber mass at a constant rate within the time in-
terval 0 < ¢ < ¢, (a box pulse). The effects of a nonuniform energy deposition {increasing
to the end of the range; Ahlen 1980) and of a nonuniform absorber composition are dis-
cussed in section 5. Here, it should be noted only that the increase in the stopping powers
of dense partially ionized plasmas by the end of the range of heavy ions is not particulasly
high (typically by a factor of ~ 1.5-2; see Basko & Sokolovskii 1982); in addition, its ef-
fect on the values of the HE is diminished by the range variations shifting the location of
the heating-rate peak with time. After one accounts for the fact that the errors introduced
into the HE values by the above two assumptions partially cancel one another, it turns out
that the values of the HE as calculated in sections 3 and 4 quite adequately reproduce those
achieved in code simulations of ICF targets driven by heavy ion beams —at least to the ac-
curacy with which under such circumstances the quantity of the HE can be defined at all.

3. Planar shells
In the plane-parallel limit (see figure 1}
I, =R-r,«R, LeEr—rnp<R (D)

it would be only natural to define the HE as

. E
fp = lim =2% 2
—= Ly
where K, is the pusher kinetic energy and £, is the total energy released in the absorber;
the entire pusher mass is assumed to move with negative velocities. The HE —a dimension-
less quantity —must be a function of dimensionless target parameters. The “external”
dimensional parameters of a two-layer shell can be combined into the following indepen-
dent dimensionless combinations

M, _ P _ in [En 3)

b= —", W = == u, Tq = .
M, Pog lp ! LNM,

Here, M,, M., po.. pop are the masses and initial densities of the absorber and the pusher.
In addition to these “external” ones, a number of “internal” dimensionless shell parameters
can be pointed out, which characterize the pusher and absorber equations of state, the role
of the electron conductivity, the radiative losses, etc. Here it is argued that under the typical
conditions of the ion-beam driven ICF of all the above-mentioned dimensionless param-
eters, the key role for the values of the plane-parallel HE belongs to the ratio g = M,/M;
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in other words, for all practical purposes one can consider the plane-parailel HE to be a
function of the pusher/absorber mass ratio only,

Mot = Api {4} “

It should be noted here that the initial pusher/absorber density ratio wy is always as-
sumed to be = 1. In the opposite limit p,, €« p,,. the parameter wy would also become im-
poriant. This latter limit, however, appears Lo be of much less practical interest; on the
other hand, the very notion of HE in this limit becomes irrelevent because with wy < 1,
i ~ 1 a substantial fraction of the pusher mass acquires positive velocities at 3 £;,.

3.1. A stepwise-density-profile approximation

A relatively simple estimate of the plane-parallel HE can be derived if on¢ assumes the
velocity and density profiles

r—.
ul(t,r) = U —22, )
R _rﬂ
Pas ra'< r<Rs
alt,r) =
WPas Tp < F<Trg {6)

and applies the laws of mass, momentum and energy conservation to the shell as a whole.
The quantities U, g,. R, r,, and r, are time-dependent, and w is a constant. The distribu-
tions {5) and (6} are mutually consistent in the sense that a linear velocity profile (5) pre-
serves the density distribution (6). The mass and momentum conservation equations

Fa R R
f pdr = ,uf pdr, f pudr =0 (7

result in
wlr, —r,) = p(R—1,), (8)
RAr,—2rg+pulr,+rp,—2r) =0, (%)
which imply that
ro—rs 1 —p¥w (10)

R—ry 1 +2u+p¥e
tnder the condition
< N (n

the pusher-absorber interface r = r, and the entire pusher move in the negative direction.
It is assumed below that the allowed values of u satisfy condition (11).
In the limit

t»mulrmvfa"Mﬁ/Efﬂ]$ (12)
conforming to definition (2} the internal energies of both the pusher and absorber can be
ignored, and

Emt -
1= {1+ ) ; (13)
7 ( Epk
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where

(e 1 [
Bu= f putdr,  Ex=1 f pidr (14)

”

From (5), (6), (8). (10, (13), and {14) we get

1+2p+p2[4+3ﬁ(2+ E)]
1 w w
N P . (15)

K 3+E[6+E(4+2#+u1)] J
@

w

-1

As shown below, of most practical interest is the limit w — oo when equation (15) takes a
simple form

5 1 4\
Hp;=(§+§;+§#) . (16)

First, note that the limit 7, 1 (see equation (3)) of an infinitely slow energy release just
corresponds to w = o, because all the pusher elements in this limit move with one and the
same speed. In the opposite limit of an instantaneous energy input, when r, = @, the value
of w can be estimated from the solution for a strong discontinuity decay used in the the-
ory of shock tubes (Zel'dovich & Raizer 1966). Assuming that the pusher and absorber con-
sist of an ideal gas with the same adiabatic index 4 and the same initial density (wy = 1),
from the formulae in (Zel’dovich & Raizer 1966) we obtain the following values for w(v):

w(%) =10.43, w@) =6.50, w(2) = 4.57. (17
\

If we > 1, actual values of w(+y) will be even higher. Summing up, we conclude that the
values w = 6 are of practical interest and the dependence of 5, on w can be ignored (espe-
cially when g < 0.3, see figure 2), and a simple expression (16) can be adopted. These same

T
0.3
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f.1 1.0 Mp /Mo

Ficure 2. Hydrodynamic efficiency y,; of planar shells as a function of the pusher/absorber mass
ratio. Solid line, the plot of equation (16); broken lines, the plots of equation (15) for «w = 6 and
« = 10; dotted line, the plot of equation (29). Straight crosses, oblique crosses, and open circles, the
values of # from the lst, 3rd, and 5th columns in table 2.
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TaBLE 1.
@ 1 4 6 10 oo
Hmex 1.0 0.4l 0.57 0.54 0.5
Tpd, tax 0.500 0.377 0.362 0.350 0.333

considerations prove also that the plane-parallel HE only weakly depends on the other two
“external” dimensionless parameters from equation (3)— 7, and wg (for wg = 1). The max-
imum values of the function ,,{p,w) for some w are given in table 1.

2. Self-similar solution

Earlier, to evaluate the HE of planar shelis, Afanas’ev er ai. (1981) employed a self-
similar solution from Nemchinov (1961) describing the steady-state uniform heating of an
absorber that accelerates an infinitely thin (r, = r,} pusher with a finite surface mass den-
sity. For a box pulse of duration £, this solution is valid within the time interval 0 < { <
t;,. However, as justly mentioned by Nemchinov (1961), the problem remains self-similar
for later times ¢ > &, as well, after the energy input is switched off. In this latter case it be-
longs to the class of adiabatic flows with linear velocity profiles described by Sedov (1981).
As a result, the complete nonsteady self-similar solution for an absorber with adiabatic in-
dex v is as follows:

qmtvz E-%f p 9, 0<t<ty,

u(t,r) = ] 2 s
2 @By-t-2py| 2oy

y[d-(‘y —n 7 g )] e © "

in

m,q V" t¥ID, 0<t<ty,,
plt,r) = (19)
maq~V?%yD, <1
2
m,ql 212 ('Y 1) D, 0<t<t,,
3y -1
P(t,r)y= (20)
L) 1
maqus‘m’ 2 —?("Y 1} ,VTD, tin < L.
Here r = r, is the motionless center of mass, ¢ [erg-g~'-s '] is the heating rate in the ab-

sorberat <t < ¢, and m, = f R pdr is the absorber surface mass density. The functions
¥ =y(r) and D = D(§) satisfy the differential equations

d}' y 3 » ]1/2
—_— (34 = 1— 2y =0, 21
dr+y[4(7_n(‘r y' ) 21)

db | 3Gy-1)

D=0, 22
TSI 22
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where

T= £ =1,

t:‘n
(23)
; g "2t 732%r — 1y, 0<t<ti,
- q—1/2r[;3/2(r - rl'l)y! ’in < 1.

The boundary condition for y(7) is

¥y =1; (24)

the normalization of D(£) and the self-similar coordinate of the pusher £, are determined
by the conditions of the absorber mass normalization,

D(gydEg =1, (23)
Ep

and of the shell momentum conservation

pEp + [ §D(£E)dE = 0. (26)

ufp

The steady-state HE calculated for ¢ < ¢, is

! 2 3

- #ma(QIKZIU- - Ep)z
2 —

2 6y—1) en

m,qt 3y —1 HE"

Notst —

where the function g = g(u) is implicitly defined by

vapgexp(gh) [1 + erf(g)} = 1; (28)

here erf(x) = Z/Jijge“zdt. The complete (nonsteady) HE, attained in the limit ¢ > ¢,
is

1 33y — 1)
2‘“"'"[ ay—1)

One immediately sees that the nonsteady HE (29) significantly (by factor of 2 for v =
5/3) exceeds the steady-state estimate (27) used by Afanas’ev ef al, (1981). The reason for
that is simple: the internal energy accumulated by the absorber during the ion-beam illu-
mination phase keeps pushing the payload after the pulse had been stopped. Note alse that
the full HE (29) is independent of . The latter may be considered a confirmation of the
weak dependence of the nonsteady HE on details of the pusher and absorber equations of
state—as declared above.

Tpt = Qi E,%] (Magtn) ™' = 2pg’. (29)

3.3. Numerical results

To test the above analytical estimates of the plane-parallel HE, three series of 1D hydro-
dynamic calculations have been performed. In each series a set of four values of 4 = 0.1,
0.2, 0.5, 1.0 has been probed. The initial conditions and the energy-input parameters have
been chosen as follows.
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Ist series: absorber and pusher made of gold; the rarefied gas at 0 < r < r, —deuterium;
7p = 9.9 mm, 5.98 mm, 9.95 mm, 9.9 mm;
7. =10mm; R = 10.1 mm; po. = pgp = 19.5 g/¢¢;
E,/M,=10M)/g; 1,, =01 ns; oy =1; 7, =0.1.
2nd series: absorber and pusher made of gold; the rarefied gas —deuterinm;
7, = 99.99 mm, 99.98 mm, 99.95 mm, 99.9 mm;
re = 100 mm; R = 100.1 mm; po, = pop = 19.5 g/cc;
E /M, =10M)/g; t;,=101s; wy =1, 7, = 10,
3rd series: pusher made of gold, absorber made of beryllivm; the rarefied gas — deuterium;
rp, = 9999 mm, 99.98 mm, 99.95 mm, 99.9 mm;
r, =100 mm; R = 101 mm; pgp, = 19.5 g/cc;
poe = 1.95 p/ce; E, /M, = 10 MJ/g;
fir = 0.1 n§; wy = 105 7, = 0.01.
The total mass of deuterium in all runs was fixed at 1% of the pusher mass. Realistic equa-
tions of state from Basko (1985) have been used for all elements. The electron and radia-

tive heat conductions were also accounted for.
For the hydrodynamic efficiency the expression

_E,+E

E (30)

L]
was used, where E, and E, are the total energy values of the pusher and deuterium by the
time when the coordinate of the inner pusher edge arrives at 1/10 of its initial value (by this
time the absorber expands at least by a factor of 100). Table 2, in which thus obtained val-
ues of 4 are given, convincingly illustrates the weak dependence of the plane-paratlel HE
on parameters wg and 7, (for wg = 1) as well as on parameters of the equation of state.

When comparing the values of 4 from table 2 with analytical estimates (16) and {29), one
must keep in mind that the limit ¢ = e —in which equations (16) and (29) have been
obtained —cannot be reached in numerical simulations. A good idea of the limiting HE in
numerical runs can be obtained by means of the correction factor

npf = ‘?(1 - Ea'i/EJ'n)_lv (31)
TARLE 2,
wy=1.r,=01 wo= L 7r,=10 wg =10, 1, = 0.01
i 7 Eu/Em n Egi/Ein n Eyi/Eq
0.1 0.18% 0.178 0.190 0.176 0.194 0.089
0.2 0.249 0.172 0.236 0.163 0.257 0.085
0.5 0.286 0.163 0.260 0.145 0.295 0.077

1.0 0.275 0.164 0.234 0.136 0.265 0.069
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where E,, is the absorber internal ¢nergy by the time equation (30) is used (see table 2).
With this correction in mind, we conclude that {i) the numerical simulations confirm equa-
tions (16) and (29) (but not equation {27)), and (ii) the errors of each of the two expressions
(16) and (29) are about the same magnitude as the scatter in numerically obtained values
of ny(u). In summary, the hydrodynamic efficiency of sheils illuminated by ion beams—
when a significant fraction of the shell mass is being heated simultaneously — must be cal-
culated within the framework of nonsteady hydrodynamics.

4. Spherical shells

In the spherical case the path length of the pusher is limited by its initial radius r,, con-
dition (12) in general cannot be satisfied, and we must revise the definition (2) of the HE,
Since the stage of pusher acceleration in spherical geometry is followed by the cumulation
stage at which the pusher kinetic energy is converted into the compression energy of the
pusher itself and that of the central gas, the spherical HE can be defined as

E,+E,
= £ = , 32
Nsp Ei v =0 ( )
where £, and E. are the total energies of the pusher and the central gas by the time of
maximum compression when the velocity u, of the pusher-absorber interface drops to
zero.

With addition of a new dimensional parameter R, the spherical HE becomes a function

of three “external” dimensionless parameters:

Nsp = ﬂsp(#,é’ Ti'n)! (33)

Mp R— Fa tin E,'
= — a = ] m = YV 34
=M R Tn = RAM, 34

In the plane-parallel limit, § = 7,, = 0 and
ﬂp{{ﬂ) = ﬂ.fp(f-‘-|0|0}- (35)

In spherical geometry — as contrasted to the plane-parallel one —it is much more diffi-
cult to construct a simple analytical model that would reveal (quantitatively as well as qual-
itatively) the functional form of equation (33). In table 3 the values of 3,,{(u,8, 7} as
obtained from 1D hydrodynamic code calculations are presented. In all the runs included
in table 3 the pusher and absorber were of gold (initial density pqg, = p,, = 19.5 g/cc), the
central gas (deuterium) comprised 0.5% of the pusher mass, and the initial shell radius and
specific energy input were R = 1 mm, £, /M, = 10 MJ/g. A salient feature of the func-
tional dependence of 5,, on parameters § and 7, clearly illustrated by table 3, is that for
any fixed p the values of 5y, (.9, r,) monotonously decrease with increasing 8 and r;,—
the fact that can actually be inferred from the most general properties of spherical flows.
The latter means that from the point of view of the HE theory the lesser the values of
dimensionless parameters § and 1, the more efficient is an JCF target. It should be noted
also that with increasing 4, 7;, > 0 the maximum of 5,, over u shifts to smaller values of
the latter, namely to p = 0.2 — 0.4,

To check the weak dependence of 5., on parameters other than g, 8, and 7;,, a series of
runs have been performed in which for § = r;, = 0.1, » = 0.1, 0.2, 0.5, 1.0 different com-
binations of the values E,,/M, =1, 10 MJ/g, R = 1, 10 mm were probed, and a beryllium
absorber instead of the gold was tried. The values of the HE obtained in these runs differ
from those given in table 3 by no more than 8%,
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TaBLE 3. Hydrodynamic efficiency 4y, (n,8,7,,) of spherical shells

H
Tin ] 0.05 0.1 0.2 0.333 0.5 1.0
0.0316 0.0316 0.144 0.196 0.241 0.256 (.257 0.231
0.1 g.112 0,157 0.195 0.207 0.204 0.i81

0.316 (0.058 0.083 0.100 0.098 - —
0.1 0.0316 0.135 0.179 0.217 0.230 0.226 0.201
0.1 0.111 0.152 0.186 0.196 0.193 0.171

0.316 0.058 0.081 0.098 0.095 - -
0.315 0.0316 0.106 0.141 0.170 0.181 0.178 0.155
.1 0.095 0.128 0.155 0.163 0.158 0.138

0.316 0.054 0.075 0.088 0.086 — —
1.0 0.0316 0.059 0.082 0.104 0.114 0.116 0.105
0.1 0.056 0.078 0.098 0.105 0.103 0.089

0.316 0.035 0.052 0.062 0.059 - -

5. Nonhomogeneous absorbers

The above results were obtained under the assumption that abserber is homogeneous in
the initial composition and has a uniform distribution of the energy deposition rate. Ob-
viously, higher values of the HE can he achieved with nonhomogeneous absorbers, when
a hot low-density plasma layer is created near the pusher-absorber interface. On the one
hand, such a nonhomogeneity is & natural consequence of the increase in the stopping
power by the end of the range of charged particles. On the other hand, it may be enhanced
with a two-layer absorber composed of a low-Z (Li, Be, . . .) internal and a high-Z (Au,
Pb, . . .) external layer; in this case the internal layer will have a lower initial density and
a higher energy deposition rate per unit mass.

In planar geometry the effect of a nonhomogeneous absorber structure ¢an be investi-
gated in the framework of the stepwise-density-profile approximation. Let M, = (1 — »)
M, p,(¢Yand M_, = » M, and p,5(1) = wp,, (1) be the masses and densities of, respec-
tively, the internal and external absorber layers (more dense external layer is often called
tamper), where 0 < » < 1 and @ > | are constants. Assuming that the pusher of mass
M, = pM, is infinitely thin and having performed the calculations analogous to thase pre-
sented in section 3, we arrive at the following expression for the plane-parallel HE:

-
13‘,,=[1+(1—A)(2+L) (4—A)E] , (36)
\ 3 3 M 3

where

A:d{w-—l)(w+]—ip)(wl+p+ z )4. (37)

v 1—v

As a first example of how to make use of equations {36) and (37), consider a nonuniform
heating of initially homogencous absorber. If one takes the stopping power to be inversely
proportional to the ion energy (Ahlen 1980; the extreme case of a nonuniform energy de-
position by stopping of fast charged particles), then half of the beam energy will be released
over the last quarter of the range. The Jatter means that in our model we must take w =
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3, » = 0.75 —which infers A = 0.48. For a fixed A the function 5, (A, 1) achieves maximum

at
1-A
= 1=4 38

which, in our case, amounts to 9., = 0.445 and exceeds the maximum of 4,,(u) from
equation (16) by 33%. A corresponding code run with the energy release rate ¢ ~ (m1, —
m)~ "2, where m is the mass coordinate, showed an excellent agreement with this estimate.
In practice, however, the gain in HE due to the stopping power growth by the end of the
range is always below 30% for the reasons pointed out in section 1.

Equations (36) and (37) also provide a ready solution to the following problem: to find
the optimum tamper mass ¥ = ¥y, fOr a given density ratio « between the two absorber
layers. According to equation (36), for any fixed x the maximum of 4,, coincides with the
maximum of A(», ) attained at v = p,,,, where

e w24 e = D)+ [ Ve - D]V 39
— Vmax

Table 4 shows the values of vpay, pmax. and 5,,., representing the maxima of n,, over two
parameters » and u for different values of w.

In spherical geometry, unfortunately, the increase in the HE values illustrated in table 4
cannot be fully realized. The fact is that, when we replace part of the high-density absorber
with a low-density layer (retaining either the total mass or the optical depth for beam ions),
we are usually forced to degrade its dynamic quality characterized by parameters & and r,,
(34). As an example, consider a modification of the gold shell from table 3 withé =7, =
0.1 in which the internal half of the absorber has been replaced by a beryllium layer of five
times lower mass but with a fivefold increase in the mass heating rate. The relative tam-
per mass » = 0.833 turns out to be close to the optimum one for w = 10 = p,,/pg. (see ta-
ble 4). After such a modification the dimensionless parameters 6, 7, become § = 0.173,
7in = 0.129. The HE values obtained for a shell thus modified are given in table 5. Having
compared them with those given in table 3, one sees that a substantial (= 60%) increment
in 7, values can be achieved for small p < 0.1 only, while the maximum value of HE has
increased by a mere 35%.

TaBLE 4.

w 2 3 6 10 40
Ymax 0.747 0.815 0.848 (.883 0.946
Hmax 0.425 0.354 0.317 0.273 0.179
Nemax 0.404 0.477 0.519 0.571 0.697

TABLE 5.
i 0.1 0.2 0.5 1.0
0.247 0.260 0.219 0,172

Mp
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6. Conclusions

The analysis performed in this paper clearly demonstrates that the hydrodynamic effi-
ciency of shells illuminated by charged particle beams must be evaluated under nonsteady
approximations, In contrast to steady-state models, the nonsteady HE turns out to be in-
sengitive to the details of the equation of state.

The HE 3, of homogeneous planar shells essentially depends on one dimensionless pa-
rameter x—the pusher/absorber mass ratio; this dependence is satisfactorily reproduced by
a simple formula (16}.

The HE 7, of homogeneous spherical shells essentially depends on three dimensionless
parameters: i, the pusher/absorber mass ratio; 8, the inverse of the absorber aspect ratio;
and 7y, the dimensionless time of illumination (see equation (34)). Function #,,(y, 8. 7,,}
has 2 maximum along p-axis at g = pma, = 0.2-0.5 and monotonously decreases with in-
creasing & > 0, 7;,, > 0.

A nonhomogeneous absorber with a hot low-density inner edge has an advantage over
the homogeneous one, but in practice a substantial (= 50%) gain in the HE efficiency
through this effect can be achieved only for low enough pusher masses, u < 0.1.
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