Laser and Particle B e a m (1 990), vol. 8, no. 3, pp. 40941 9
Printed in the United States of America

Hydrodynamic efficiency of illumination by ion beams
B y M. M. B A S K 0

Institute of Theoretical and Experimental

Physics, B. Cheremushkinskaya, 25, Moscow I 17259

(Received 2 August 1989)

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 framework of two sirnpIe models-one based on the stepwise density profde and the other employing 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 numerically. The effects of a nonuniform energy deposition (increasing by the end of the
fast particle ranges) and of a nonuniform absorber composjtion are also discussed.

1. Introduction
The target energy gains in the inertial confinement fusion (ICF) to a large extent are determined by the initial stage of the jrnplosion. at which the driver energy is being transformed into the kinetic energy of imploding shells (Duderstadt & Moses 1982). The
hydrodynamic 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 et al. 1975, 1982; Max er at. 1983). This paper discusses the
HE of plane-paralIel and sphericd 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. (198 l), in which irradiation by charged particles has also been considered,
in that the steady-state approximation is discarded as nomelevant. As shown below, nonsteady estimates of the HE may differ from the steady-state ones by as much as 100%. At
the sahle time, nonsteady hydrodynamics is difficuIt 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 clearIy
defined. But in practice, variations in the mass range of heavy ions are not large (i10-1 5%)
and, to get rid of this sort of an uncertainty, it is assumed that the mass coordinate of the
pusher-absorber 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 absorber 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 const ant rate within the time in0 < r < ti, (a box pulse). The effects of a nonuniform energy deposition (increasing
to the end of the range; AhIen 1980) and of a nonuniform absorber composition are discussed 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 particularly
high (typically by a factor of - 1.5-2; see Basko & Sokolovskii 1982); in addition, its effect 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 vaIues by the above two assumptions partialIy 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 accuracy with which under such circumstances the quantity of the HE can be defined at all.
terval

3, Planar shells
In the plane-parallel limit (see figure 1)
it would be only natural to define the HE as

where
is the pusher kinetic energy and Ei, is the total energy released in the absorber;
the entire pusher mass is assumed to move with negative velocities. The HE - a dimensionless quantity-must be a function of dimensionless target parameters. The "external"
dimensional parameters of a two-layer shell can be combined into the following independent dimensionless combinations

Here. M,, Mp, pa,, pop are the masses and initial densities of the absorber and the pusher.

In addition to these "external" ones, a number of "internal" dimensionless she11 parameters
out, which characterize the pusher and absorber equations of state, the role
o f 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 pararneters, the key role for the values of the plane-parallel HE belongs to the ratio p = M,/M,;
can be pointed
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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,

It should be noted here that the initial pusher/absorber density ratio wo is always assumed to be z 1. In the opposite limit p, < p,, the parameter wo would also become important. This latter limit, however, appears to be o f much less practical interest; on the
other hand, the very notion of HE in this limit becomes irrelevent because with wo K 1,
p
1 a substantial fraction of the pusher mass acquires positive velocities at t > tin.

-

.

3.1 A s t ~ wise-density-pro
p
file approximation
A relatively simple estimate of the pIane-parallel HE can be derived if one assumes the
velocity and density profiles

and applies the laws o f mass, momentum and energy conservation to the shell as a whole.
The quantities U,p,, R, r,, and r, are time-dependent, and w is a constant. The distributions (5) and (6) are mutually consistent in the sense that a linear velocity profile (5) preserves the density distribution (6). The mass and momentum conservation equations
~ ~ p d r = p ~ o R p d rl ,P R p u d f = O

result in

which imply that

Under the condition
the pusher-absorber interface r = r, and the entire pusher move in the negative direction.
It is assumed below that the aIlowed values of p satisfy condition (I 1).
In the limit

conforming to definition (2) the internal energies of both the pusher and absorber can be
ignored, and

where

From

(9,
(61, (81, (101, (13), and (14) we get

As shown below, of most practical interest is the limit w

when equation (15) takes a

simple form

First, note that the limit 7 , w 1 (see equation (3)) of an infinitely slow energy release just
corresponds to w = m, 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, = 0, the value
of w can be estimated from the soIutjon for a strong discontinuity decay used in the theory of shock tubes (Zel'dovich & Raizer 1966). Assuming that the pusher and absorber consist of an idea1 gas with the same adiabatic index y and the same initial density (w,= 1),
from the formulae in (Zel'dovich & Raizer 1966) we obtain the following values for w ( y ) :

I f wo > 1 , actual values of w(y) will be even higher. Summing up, we conclude that the
values w 2 6 are nf practical interest and the dependence of rl,, on w cam be ignored (especially when p 5 0.3, see figure 2), and a simple expression (16) can be adopted. These same

FIGURE
2. Hydrodynamic efficiency G,of planar shells as a function of the pusher/absorber mass
ratio. Solid line, the plot of equation (16): broken Iines, the plots of equation (1 5 ) for w = 6 and
w = 10; dotted line, the plot of equation (29). Straight crosses, oblique crosses, and open circles, the
values of from rhe Ist, 3rd, and 5th columns in table 2.
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considerations prove also that the plane-parallel HE only weakly depends on the other two
"external" dimensionless parameters from equation (3) - 7, and wo (for wo 2 1 1. The maximum values of the function qp,(p, w ) for some w are given in table 1 .
3 -3. Self-sirnil solution

EarIier, to evaluate the HE of planar shells, Afanas'ev et al. (1981) employed a selfsimilar 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 density. For a bos pulse of duration th this solutian is valid within the time interval 0 < t <
t,, . Howevet, as justly mentioned by Nemchinov (1961), the probIem remains self-similar
for later times t > t, as wtU, after the energy input is switched off. In this latter case ir belongs to the class of adiabatic flowswith Linear velocity profiles described by Sedov (1981).
As a result, the complete nonsteady self-similar solution for an absorber with adiabatic index y is as follows:

i

m,ql~'21-1/2

2(-f - 1) D,
3y - 1

-

0 < t < t,,,

Here r = ro is the motionless center of mass, g [erg .g-l- s-"1 is the heating rate in the absorber at 0 < t < i,,,and m, = [ c p d r is the absorber surface mass density. The functions
y = y ( 7 ) and D = D (4) satisfy the differential equations
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where

The boundary condition for y ( 7 ) is

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

E, are determined

and of the shell momentum conservation
pt,

+

f W t ~ ( l ) d=l 0.
'f r

The steady-state HE calculated for t < G is

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

fipsexp(g2I 11 + erf(e)l = 1;

(28)

here erf (x) = 2/J?TJ,*e -" dt. The complete (nonsteady) HE, attained in the limit t B ti,,

is

One immediately sees that the nonsteady HE (29) significantly &y factor of 2 for y =
5/3) exceeds the steady-state estimate (27) used by Afanas'ev et al. (198 I). The reason for
that is simple: the internaI energy accumuIated b y the absorber during the ion-beam illumination phase keeps pushing the payIoad after the pulse had been stopped. Note also that
the full HE (29) is independent of y. 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.
3 . 3 . Numerical results

To test the above analyhcal estimates of the plane-paralleI HE, three series of 1D hydrodynamic calculations have been performed. In each series a set of four values of p = 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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Is? series: absorber and pusher made of gold; the rarefied gas at 0 < r < r, -deuterium;

r, = 9.99 mm, 9.98 mm, 9.95 mm, 9.9 mm;
r, = 10 mm; R = 10.1 mm;

po,

= pop = 19.5 g/cc;

Ein/Mu= 10MJ/g; 1,,=0.1 ns; o o = 1; ~ , = 0 . 1 .

2nd series: absorber and pusher made of gold; the rarefied gas-deuterium;

mm, 99.95 mm, 99.9 mm;

r, = 99.99 mm, 99.98

r, = 100 mm; R = 100.1 mm;po,

== p ,

= 19.5 g/cc;

3rd series: pusher made of gold, absorber made of beryllium; the rarefied gas - deuterium;
r,

= 99.99 mm, 99.98

mm, 99.95 mrn, 99.9 mm;

r, = 100 mm; R = 101 mm; pop = 19.5 g/cc;
ti, = 0.1 ns; wo = 10;

T,

= 0.01.

The total mass of deuterium in all runs was fixed at 1% of the pusher mass. Realistic equations of st ate from Basko (1985) have been used for all elements. The electron and radjative heat conductions were also accounted for.
For the hydrodynamic efficiency the expression

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 vaiues of g are given, convincjngly ~llustratesthe weak dependence of the plane-parallel HE
on parameters wo and 7 , (for w0 2 1) as well as on parameters of the equation of state.
When comparing the values of r] from table 2 with analytical estimates (16) and (29), one
must keep in mind that the limit r = m-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

where E,, is the absorber internal energy b y the time equation (30) is used (see table 2).
With this correction in mind, we conclude that {i) the numerical simulations confirm equa-

tions (1 6) and (29) (but not equation (27)), and (ii) the errors o f each of the two e~pressions
(16) and (29) are about the same magnitude as the scatter in numerically obtained values
of vpi( p ) . In summary, the hydrodynamic efficiency of shells illuminated by ion beurns when a significani fraction of [he shell mass is being heated simultaneously - mltst be calculated within the framework af nonsready hydrodynamics.

4. Spherical shells
In the spherical case the path length of the pusher is limited by its initial radius r,, condition (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

where E, 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:

In the plane-parallel limit, 6 = 7;" = 0 and
In spherical geometry -as contrasted to the plane-parallel one-it is much more difficult to construct a simple analytica1 model that would reveal (quantitatively as well as qualitatively) the functional form of equation (33). In table 3 the values of ~ , ( ~ , 6 T, ~ , ) as
obtained from 1D hydrodynamic code caIculations are presented. In all the runs included
in table 3 the pusher and absorber were of gold (initial density p,, = p , = 19.5 g/cc), the
central gas (deuterium) comprised 0.5% of the pusher mass, and the initial she11 radius and
specific energy input were R = 1 mm, Ei,,/Ma = 10 MJ/g. A salient feature of the functional dependence of 7, on parameters 6 and T ~ clearly
~ ,
illustrated by table 3, is that for
any fixed p the values of q,( p , 6 , ~ monotonously
~ ~ )
decrease with increasing 6 and Ti,, the fact that can actually be inferred from the most general properties of spherjcaI flows.
The latter means that from the point of view of the HE theory /he lesser (he values of
dimensionless parameters S and T~,, the more efficient is an ICF target. It should be noted
also that with increasing 6, ri, > 0 the maximum of q , over p shifts to smaIler values of
the latter, nameIy to p = 0.2 - 0.4.
To check the weak dependence of qsp on parameters other than p, 6, and T,,,, a series of
runs have been performed in which for 6 = ri, = 0.1, p = 0.1, 0.2, 0.5, 1.0 different combinations of the values Ein/M,= 1, 10 MJ/g, R = 1, 10 m m 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 q , ( p ,6,7;,,) of spherical shells

5. Nonhomogeneous absorbers
The above results were obtained under the assumption that absorber is homogeneous in
the initial composition and has a uniform distribution of the energy deposition rate. Obviously, higher values of the HE can be achieved with nonhomogeneous absorbers, when
a hot low-density plasma layer is created near the pusher-absorber interface. On the one
hand, such a nonhomogenejty i s a 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 can be investigated in the framework of the stepwise-density-profile approximation. Let Ma,= (1 - v )
M,, p,, ( t) and Ma2 = v Ma, and pal ( t) = up, ( t ) be the masses and densities of, respectively, the internal and external absorber layers (more dense external layer is often called
tamper), where 0 c u < 1 and w > 1 are constants. Assuming that the pusher of mass
M, = LrM, is infinitely thin and having performed the calculations analogous to those presented in section 3, we arrive at the following expression for the plane-parallel HE:

where

As a first example of how to make use of equations (36) and (37), consider a nonuniform
heating of initially homogeneous absorber. If one takes the stopping power to be inversely
proportional to the ion energy (Ahlen 1980; the extreme case of a nonuniform energy deposition by stopping of fast charged particles), then hdf of the beam energy will be released
over the last quarter of the range. The latter means that in our model we must take w =

3, v

= 0.75 -which

infers A

= 0.48.

For a fixed ~1rhe function qd( A, p ) achieves maximum

at

which, in our case, amounts to q,, = 0.445 and exceeds the maximum of V ~ , ( P )from
equation (16) by 33 %. A corresponding code run with the energy release rate q (m,m)-"2, where rn 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 v = r , for a given density ratio w between the two absorber
layers. According to equation (361, for any fixed p the maximum of q,, coincides with the
maximum of A ( v , w ) attained at Y = Y,,, where

-

Table 4 shows the values of v,, , p,
and q,,, representing the maxima of q,, over two
parameters r and p for different values of w .
In spherical geometry, unfortunately, the increase in the HE values illustrated in table 4
cannot be fuUy 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 usualIy forced to degrade its dynamic quality characterized by parameters 6 and .ri,
(34). As an example, consider a modification of the gold shell from table 3 with b = T, =
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 tarnper mass v = 0.833 turns out to be close to the optimum one for w = 10 = p,,/p, (see tabIe 4). After such a modification the dimensionless parameters &,ri,become 6 = 0.173,
r,, = 0.129. The HE values obtained for a shell thus modified are given in table 5 . Having
compared them with those given in tabIe 3, one sees that a substantial (r60%) increment
in q , values can be achieved for small p 5 0.1 only, while the maximum vaIue of HE has
increased by a mere 35%.

,
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6- Conclusions

The analysis performed in this paper clearly demonstrates that rhe hydrodynamic efficiency of shells illuminated by charged particle beams must be evaluated under nonsteady
approximations. In contrast to steady-state models, the nonsteady HE turns out lo be insensitive to the details of the equation of state.
The HE of homogeneous planar shells essentially depends on one dimensionless parameter p - the pusher/absorber mass ratio; this dependence is satisfactorily reproduced by
a simple formula (16).
T l e HE 7, of homogeneous spherical shells essentially depends on three dimensionless
parameters: p , the pushet/absorber mass ratio; 6, the inverse of the absorber aspect ratio;
and ri,, the dimensionless time of illumination (see equation (341). Function qJo(fi. 6, 7 , " )
has a maximum along p-axis at p = p,,, = 0.2-0.5 and monotonously decreases with increasing 6 > 0, T ~ >
, 0.
A nonhomogeneous absorber with a hot low-density inner edge has an advantage over
the homogeneous one, but in practice a substanrid ( 250%) gain in the HE efficiency
through this effect can be achieved only for Iow enough pusher masses, p 5 0.1.
REFERENCES

AFANAS'EV,
Yu.V., GAMALII,
E. G., h o r n , 0.N . & ROUNOV, V. B.

1975 Prikl. Mat. Mekh. (Soviet Appl. Moth. Mechan.), 39, 45 l .
AFANM'EV,Yu,V., TSAKOV, V. A . & KROKHIN, 0.N. 1981. Zh. Eksp. Teor. Fiz (Sovkt Phys. JETP),
81, 1714.
AFAHAS'EV,
Yu.V., GAMALII,
E. G . , GUS'KOV,
S. Yu. & ROZANOV,V. B. 1982 In: Theory of Heat-

ing and Compression of Low-Entropy Thermonuclear Targets (in Russian), Trudy FIAN (Proc.
Lebedev Phys. Inst., Academy of Sci. USSR), 134, 52.
&.EN,
S. P. I980 Rev. Mod. Phys., 52, 121.
B m o , M. M. 1984 Fiz. Plazmy (Soviet J. Plasma Phys.), 10, 1195.
BASKO,M. M. 1985 Teplofi. Vys. Temp. (Soviet High Temper.), 23, 483.
BMKO,M. M. & SOKOLOVSKIT.
M. V. 1982 Fiz. Plazmy (Soviet J . Ptosmo Phys.), 8, 519.
DUDERSTMT.
J. J. & MOSES,
G. A . 1982 Inertial Confinement Fusion. (John Wiley & Sons, New
York).

MAX, C. E., LINDL, J. D.&MEAD, W. C . 1983 Nucl. Fusion, 23, 131.
N f i ~ m o v I., V. 1961 Prikl. Mekh. Tekhn. Fiz. (Soviet Appl. Mech. Techn. Physics), 1, 17.
SEDOV,L. I . 1981 Similarity and Dimensionality Methods in Mechanics (in Russian) (Nauka,
Moscow), Chap. IV, #15.
ZEL'DOVICH,
YA.B. & RAIZER,Yu.P. 1966 Physics of Shock Waves and High-Temperature Hydrodynamic Phenomena. (Academic Press, New York and Nauka, Moscow), Vol. I, Chap. IV.

