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A SOVIET PAPER™ON LASEK TAKGET HEATING, SYMMETRY OF IRRADIATION, AND
' . TWO-DIMENSIONAL EFFECTS ON COMPRESSION '

On Friday, November 19, 1976, Dr. Yu. V. Afanasiev (Lebedev Phyéical
Institute, Moscow) presented a paper entitled "Theoretical Study of Laser
Target Heating, Symmetry of Irradiation, and Two-Dimensional Effects on
Compression' to a poorly attended post-deadline session of the Annual
Meeting of the Plasma Physics Division of the American Physical Society in
San Francisco. Because this report contains new and important information
related to two-dimensional calculations for laser target compression, it

deserves wider distribution.

Afanasiev et al. develop and use a one-dimensional self-consistent
analytical model of the steady-state corona of a laser-irradiated slab target
to obtain the efficiences of absofption of laser eherg& by the target and
the percent rcflected for various Nd-laser-pulse shapes in the range between
lO12 and 1016 W/cmz. These theoretical deductions are compared with the
experiment., The model employs a S-function-like energy absorption of the
laser light at ﬁhe critical surface. The symmetry of target irradiation
from a multiple—beam system is considered and related to the specific case
of the 216-channel 10-kJ Nd-glass installation named "Delfin" presently
under construction in the Basov Laboratory at the Lebedev Institute. Two-
dimensional calculations of laser-driven compression for a 70-y radius, 4-u-
thick-walled glass microballon (R/AR = 17.5) with a 100-J, 2-ns pulse for
both the case of flux asymmetry and inhomogeneity are given. Both the case of
large and small initial asymmetry are presented. Shell inhomogeneties less
than 3% are found to be compatible with achievement of 1000-fold compression,
while those greater than 10% lead to significant deviation of the final target
shape from spherical symmetry.

This paper is related to the important and controversial earlier work
by Afanasiev et gl. on high-gain laser-driven pelle£s first published in JETP
Letters 21, 68 (1975).

As a result of lasnex calculations by T. Buckholtz, J. Brandenberg, and
myself at LLL, and by R. Freeman and J. Brownell at LASL, on laser-driven and
plasma—focus—&riven modified Russian targets, supplemented by some additional
information gained in discussion with Dr. Afanasiev, it has been possible to
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target given in the reference above (122 MJ). Work is in progress on calcu-
lations of the other targets and will be reported subsequently.

Appendix A gives the paper presented at the APS meeting. I have
prepared it from the text and slides provided by Dr. Afanasiev. Although I
have occasionally madé minor additions and changed certain articles of
speech for increased clarity, I have tried to stick to the original text as
closely as.possible.

A few passages and figures were deleted in the original text, perhaps by

Soviet censors, and these are so indicated.



APPENDIX A: THEORETICAL STUDY OF LASER TARGET HEATING, SYMMETRY OF
IRRADIATION, AND TWO-DIMENSIONAL EFFECTS ON COMPRESSION

Yu. V. Afanasiev, N. G. Basov, E. G. Gamaly, N. N. Demchenko,
0. N. Krokhin, V. B. Rozanov, A. A. Samarsky, and A. P. Favorsky

Lebedev Physical Institute, Moscow

In this report we shall consider some theoretical problems of laser
target irradiation and compression investigated at the laboratory of quantum
radiophysics of Lebedev Physical Institute.

1. Of significant interest is the problem of absorption and reflection
of laser radiation in the corona plasma of a laser target. Up to now there
has been no satisfactory theoretical interpretation of numerous experiments
on reflection and absorption. There is also no theoretical evidence for the
formation of energy balance in the corona. These problems will be treated
within the framework of a hydrodynamic description of the plasma corona.

Consider a plane self-consistent problem of the absorption and reflection
of laser radiation in the expanding high-temperature plasma. Laser radiation
transfer will be described by maxwellian equations. Let a monochfomatic
‘electromagnetic wave, p = Ooimz, be incident on a plane plasma layer from
Z = — o, The process of plasma heating and .expansion is described by the
group of equations in Fig. 1.

Figures 2 andfé show the prbperties of plasma permittivity for a purely
Coulomb ion—électron scattering and for the case of‘anomalous light absorption
by plasma from the data obtained by the group of Dr. V. P. Silin at the
Lebedev Institute.

As for the method of'solution, note that it is convenient to introduce
P and R functions, V = R/P, and then to get an equation for V by making use
of the fact that in the region above critical density, where the field is
absent, V = 0. |

The model we discuss makes it possible to produce a physically correct
self-consistent descfiption of the absorption and reflection proéesses of

monochromatic radiation by the plane-expanding plasma layer. Moreover, it
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enables us to interpret such important problems as the efficiency of
light-energy contribution to plasma, spafial structure of the radiation
field, and consequently, the structure of energy input, formation of the
reflected wave, and time evolution of the reflection coefficient depending
on the pulse and target parameters, particularly on the prepulse shape.

The results are reported for the Nd-glass laser (w = 1.8 X 10153_1)

2 to lOl6 w/cm2 for the plane DT-ice and

the range of flux densities from lOl
(CHz)n—polyethylene targets, which are homogeneous at the beginning of the
pulse.

Figure 5 shows the dependence of the integral coefficient of reflection
R = Oftq"dt/oftq:dt on the incident flux q+ for the DT-layer with initial
density 0.2 g/cm”. Curve 1 corresponds to a classical absorption; curve 2,
to anomalous absorption.

As seen from the diagram, the anomalous absorption plays an important
role at flux densities above lO13 W/cmz; the basic processes are the decay
of light wave to the Langmuir oscillation and the ion sound.

Note that Fig. 5 illustrates the comparison of anomalous and classic
absorptions. An increase in reflection with q+ is associated with the
dependence of the upper limit integration, t = t(qt), equal to the time
of layer bleaching, énd decreases with an increase in the flux.

. Figure 6 demonstrates the trajeétories of the motion of DT-plasma
critical density at various fluxes. We assume an anomalous mechanism of
absorption.

Curves q+(t) illustrate the efficiency of energy contribution to DT
plasma, which depends on the radiation flux and pulse duration with allowance
for anomalous absorption. From the curves, it is seen that at any value of
flux density the fraction of reflected energy decreases with increasing
pulse duration, T. This is due to the increase in time of the plasma layer
optical thickness, kdz, and to the decrease in the reflection coefficient,
V(t)z. By changing the value of flux, the reflection can increase or |
decrease, depending on the pulse duration.

Figure 8 shows the profiles of density, temperature, and energy
input per unit mass for the moment of time t = 1 ns after the action of laser

radiation of lO14 W/cmz. Note a sharp maximum of energy input near the
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critical point connected with the anomalous absorption mechanism. The same
figure illustrates the field structure |E|2 and value |E'|2 near the critical
point.. '

Figure 9 shows the calculated results for conditions close to experimental
for the reflection of a 4.75-ns-long laser pulse at flux demnsities 6.1013
W/cm2 from the plane polyethylene (CHZ)n layer. The incident and reflected
pulses are represented as well as the time dependence of value |V| 2, which
corresponds to the instantaneous value for the reflection ccefficient. The
calculated fraction of reflected energy (v 3.37%) agrees well with the ex-
perimental value of ~ 3%Z. It should be noted that the interpretation of
experiments with the plane targets in terms of the one-dimensional model has
a qualitative character because the size of a focal spot is normally less
than the dimension of the laser plasma. In the given case, the size of the
laser plasma is about 100 u, whereas fhat of the focal spot is 50 u.

Finally, Fig. 10 illustrates the influence of the laser pulse contrast
ratio on the value of reflected energy. A study is made of the rectangular

2 and of the same pulse with a 3-ns~

2

1.7-ns pulse with intensity of lO14 W/cm
long prepulse, whose intensity increases linearly from zero to 10ll W/cm
(energy contrast %10_3). The reflected energy is 4.9% and 1.1%, respectively.
A negligible prepulse energy changes the reflected energy by several times.
From the reported calculations, it follows that the fraction of reflected
energy may be significantly different, depending on the amount of flux, shape,
and duration of the laser pulse. Because of anomalous absorption processes,
the reflection ceefficient in the range aof fluxes up to 1015 w_/nm2 and pulse
duration more than 1 ns is small and amounts to several percent. When compar-
ing and interpreting the experimental data connected with measurement of the
light-energy contribution to plasma, we should take into account a number of
effects, such as the refraction of light and nonnormal incidence, which is
not considered in our calculations. _

2. The reported results make it possible to consider the problem of
steady-state motion -of the substance at spherically symmetric irradiation
of a target with Ro‘radius with the laser radiation flux QO. Stationary
flow is established at the expense of spherical expansion of the expanding

substance. The problem is based upon the assumption that laser energy is

-13~
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absorbed near the critical density in a narrow zone. Hence, the energy input
has a character of §-function, as shown in Fig. 8. In addition, it is

assumed that the absorbed laser energy is processed in the fluxes of electron-
heat conductivity described in the Spitzer approximation. '

b Heat fluxes are directed from the critical zone to and from the target
center. Equations of the problem and the corresponding boundary conditions
are shown in Fig. 11. ‘

Solution of the problem depends on the dimensionless parameter

3/4
oot S (M) MR
0" I/& L I174 \z+

cr 0 :

which includes the coefficient of electron heat conductivity KO, laser flux

QO’ critical density pcr’ target radius R and mass and charge of the ion,

0’
Mi and Z. 1In the case of large value Yo > 102 (this case. corresponds to
large Q0 and small RO), the integral curves are represented in Fig. 12.

To find a solution, it is necessary to use the conditions for the curves
transmitting a particular sonic point, where the sound velocity is equal to
the velocity of flow. At the critical point R = Rcr' where p = Per? the
temperature is maximal, the gasdynamic values are constant, and their
derivatives discontinuous. The dependencés of basic gasdynamic values of
velocity, critical radius, and maximum temperature are Yepresented in the
figure by the formulas. With increase in the value of flux Q0 (or decrease

1/2.°

in the target radius R,, or radiation frequency wcr ~ Por ), the radius

O’
of the critical point shifts toward the incident radiation, while the sonic

point coordinate remains constant (R_ = 1.2 RO)' In the case of small values

of ¥ £ 5 (small values of QO, large iO and pcr)’ the radii of the critical
and sonic points coincide; at further decrease of Yo < 5, they are driven
toward the target surface. Integral curves for this case are shown in

Fig. 12. A physically reasonable solution at Yo < 5 in the case of 6-shaped
energy input can be built only under the condition that at the Jouhuet

%% = o, The figure shows the
dependences of various gasdynamic values for the studied case of small

point the rate derivative turns to infinity,

fluxes.
The investigated stationary gasdynamic model of the laser target
corona makes it possible to predict a number of physical values and compare

them with the experiment. To make such a comparison valid, it is necessary

~16-
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for the substance-flow around the target to have time to stabilize, i.e.
that the iaser pulse be sufficiently prolonged.

The quasistationary condition is T pulse > —%E . Throughout the ‘
development of this model of the corona, we should include the generation of
fast ions; but in a purely gasdynamic description the fluxes must be »

‘moderate, and fast ions do not play a significant role in the energy

balance. Figure 13 illustrates a number of calculated physical values, such

as the outflow rate, maximum temperature, position of the critical point
radius, and maximum pressure in.the corona. Besides, some experimental

values are shown, namely, temperature, pressure, and velocity of corona.

There is satisfactory agreement between them. However, the present experiments
do not contain sufficient data for the interpretation.

Of significant interest is a coﬁclusion from the model under considera-
tion that the target corona and hence the process of compression depend on
the complex action of such values as flux, radiation frequency, material and
radius of the target, and heat conductivity of plasma. If, for instance,
the laser plasma heat conductivity is less or mofe than the predicted
value, one can change experimental conditions to obtain the desirable
characteristics of the corona.

3. Consider the problem of symmetry and homogeneity of spherical
target irradiation by means of multi-channel arrangements with a great number
of laser beams. If we separate all the beams of the arrangement into groups,
which correspond to the number of edges in regular polyhedrons (N = 4,6,8,12,20),
and then distribute them onto edges so as to preserve the symmetry of edge
rotation, then it is sufficient to calculate the illuminance of a small
ABC triangle. Illuminance of the whole target may be constructed for the
reasons of symmetry. Our calculations are made on the assumption of an
ideal optic and with allowance for small spherical aberrations.

| Figure 14 [missing] shows a mean-statistic light distribution in the beam
used in the calculations, geometry of sphere illumination by a single beam in
the case of ideal optics, and expression for sphere illuminance by a single ideal
beam. To allow for the spherical aberration, it should be noted that the
focal distance depends on the distance of the beam to its optical axis. All
installation beams are separated as N x M x L, where L is the number of beams

in each group, M is the mumber of illuminating groups, and N is the number

-19-
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of edges. Nonuniformity of illumination 'is characterized by [text missing].
During target illumination it may be necessary to fulfill the condition that
the light emitted by the target should not go to the laser system. For the
tetrahedron with N = 4, such variations are possible without broken

symmetry. For other polyhedrons with unbroken symmetry, this condition is
not fulfilled.

Figures 15 and 16 [missing] illustrate the illumination dependence on
the point coordinate along the triangle perimeter and the isometric projection
of lines, which is equal to illuminance 4 X 6 X 9 and 20 X 1 X 10 variants.

The calculations for N = 4 tetrahedron correspond to a 216-channel
Nd-glass installation named "Delfin'" of 10-kJ energy, which is under construc-
tion at Lebedev Physical Institute. It is seen that under the condition of
converging beams not reaching each other's aperture, the inhomogeneity of
illumination may be less than 3%. Without regard for this condition, the
inhomogeneity may be less than 1%. ’

Figure 17 [missing] illustrates the dependences of the illuminance
nonuniformity on the defocusing. The reported results indicate that by
means of multi-beam installations, one can reduce illumination nonuniformity
to 1-3%.

4., 1In conclusion, we shall report the results of two-dimensional
calculations of target compression in the form of thin-walled glass shells.
These calculations are performed at the Institute of Applied Mathematics on
the basis of a two-dimensional hydrodynamic code and heat conductivity.

The calculations are made for the targets and the conditions close to those
in the experiments carried out at Lebedev Physical Institute. A study was
made of two-dimensional compression of targets with a radius of 70 U and
wall thickness of 4 u. The energy introduced into the target is of 100 J,
and pulse duration is equal to 2 ns. The shape of a spherical shell was
assumed to be distorted (see Fig. 18).

Figures 19-23 illustrate the picture of two-dimensional compression
for various moments of time for a small initial asymmetry and for large
asymmetry. The influence of 2,6,10 harmonics was studied.

From the results obtained, it follows that at the level of initial

symmetry of [text missing], the perturbations develop slowly, so the target

~21-
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"compression is close to a one-dimensional process. In another calculation,
it is found that the inhomogeneity of irradiation is less than the deviétions
from a spherical shape. Of more influence is the inhomogeneity of the shell
thickness. Note that the perturbation develops most powerfully at the final
stage of bremsstrahlung.* The linear phase becomes nonlinear at the formation
of jets. Under experimental conditions, however, the available deviations
from the homogeneity do not prevent us from reaching bulk compression of
about 103. At such values of compression, the difference of volume-averaged
plasma parameters from one-dimensional calculations is negligible. It seems
impossible to observe the influence of perturbations with the amplitude £ 3%
from integral measurements (for instance, from obscurograms). Perturbafibns

greater than 10% can lead to significant deviation of the final target shape

from spherical.

Perhaps the word 'deceleration" is intended. (H.L.S.)
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