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The dynamics of gas-filled shell targets irradiated by nanosecond laser pulses (the “compressing” shell
regime), the heating and compression of deuterium when the shell collapse to the center, and the
generation of thermonuclear neutrons are investigated. The shell velocity and time of collapse to the
center in the “Kal’'mar” facility are measured by various methods. The volume compression of the shells
and the neutron yield are measured. The results of the experiments agree with the numerical calculations
and with the theoretical model that establishes the laws of similarity of the physical processes.

PACS numbers: 52.50.Jm, 52.55.Pi

INTRODUCTION

The process of heating and compression of shell tar-
gets irradiated by nanosecond laser pulses in experi-
ments with the “Kal’mar” facility at moderate laser ra-
diation flux densities up to 10'* W/cm? (the “compress-
ing shell” regime!) can be divided into two stages. The
first is the formation of the laser-target corona (ab-
porption and refraction of the heating radiation, heating
and ionization of the corona material, formation of the
corona density profile) was described in detail in a pre-
ceding paper.! The present paper deals with the second
stage of the process, the shell motion induced by the
reaction momentum of the corona, the energy transfer
from the corona to the compressed thermonuclear mat-
ter, and the heating and compression of the latter,

1. SHELL MOTION DYNAMICS

The possibility of a quasi-stationary approach to the
description of corona formation and shell dynamics?3
permits similarity laws to be established for the physi-
cal processes and to be used to derive the analytic de-
pendences of the principal integral characteristics of
the target compression and heating, such as the shell
collapse time #*, the average gas temperature T, (i*)
and density p,(¢*), both averaged over the gas mass, at
the instant of collapse, the neutron yield N, and of
other characteristics on the initial parameters of the
target and of the laser pulse. The equation of motion of
the unevaporated part of the shell, assuming the latter
to be infinitely thin, is of the form

du
at
Here u is the shell velocity, R is the coordinate of the

evaporation boundary, P, p, and v are respectively the
pressure, density, and velocity of the corona particies
on the evaporation boundary, and P, is the pressure of
the compressed gas. The mass M is determined by the
evaporation regime in accord with the formula

dM/dt=—4aRtp D, M (t=0)=M,, 2)

M —=4aR*[P+p(v+u):—Pg], u(t=0)=0. (1)
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where pl, is the density of the unevaporated shell and
the D is the velocity of the evaporation-wave front rela-
tive to the shell.

At neodymium-laser radiation flux densities <10
W/cm? the state of the corona is close to one of the
limiting cases of the previously considered model.?
Namely, under these conditions the shell moves in such
a way that during the greater part of the time the crit-
ical-density surface (p..), where the bulk of the laser
energy is absorbed, and the Jouguet surface both lie
near the evaporation boundary. Then, writing the con-
servation laws in the form

vtu+D=c, (3)
purD=per (vHu+D), @)

Eo P (vtu)? - p
r ] R ) L O 1T (5)

(Eg =dE,,/dt is the average absorbed laser power and ¢
is the speed of sound in the corona on the evaporation
boundary), and recognizing that D «<u +v, we obtain
from these equations

ps’D=pcc, (6)
P+p(vtu):=2p,c?, (7
where
- " Y Ro\ ® 0\ ®
[ ) (@) =(3)" ®)

Thus, equations (1) and (2), with relations (6)-(8) taken
into account, define completely the self-consistent prob-
lem of the callapse of a shell to the center under the in-
fluence of the evaporated-mass momentum. The solu-
tion of Egs. (1) and (2) with account taken of (6)-(8) dur-
ing the shell-acceleration stage [Py <P +pv+u) takes
in the approximation where E,,,z const the form

vt () - (52)“T" 1= (£) am) & @
M =M ()= CM, [1 - (EIMT)I] - 1258— ( S"p‘:}? ) M, (10)

Here R, and A, are the initial radius and initial thick-
ness of the shell.
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Since the time of deceleration of the shell by the com-
pressed gas is much shorter than the acceleration time,
the collapse time ¢¥* is determined with sufficient ac-
curacy by integrating Eq. (9) and is equal to

e 5\%"x {M\'"Ry {Reper \~™"
wet:(3z) 5 (57) ?(A,psh») : (11)
The hydrodynamic-coupling coefficient n = Ey;,/E(t*)
takes according to (11) the form

oor YL [(A2)% 443 1° ( Roper \ ' ( Mo\
o5 1 (G ) (12)
The obtained solutions contain only one dimensional pa-
rameter ¢, the scale of the speed of sound on the dis-
continuity, and the dimensionless parameter Rypo/ Aopgh,

which has a clear physical meaning—the ratio of the ac-
celerating and accelerated surface masses.

Thus, the similarity laws (9)-(12) determine the de-
pendences of the principal characteristics of the shell
dynamics on the initial parameters of the target and of
the laser pulse. Comparison with numerical calcula-
tions by the “Luch” program,' which simulate the ex-
periments with the Kal’mar facility, shows that Egs.
(9)-(12) yield results close to the calculated ones if the
constants C;, C,, and C; equal respectively 0.8, 1.4,
and 1.6.

It is of interest to note the interrelation between the
shell dynamics and the hydrodynamic processes in the
corona. This interrelation can be used to investigate
the dynamics of the unevaporated part of the shell, by
studying the processes that occur in the plasma coro-
na— that part of the laser plasma which is presently
easiest to diagnose experimentally for the compressed-
shell regime. Thus, we have previously pointed! to the
possibility of determining the shell collapse time by
measuring the velocity of the shock wave that emerges
from the corona after reflection from the center of the
target and passing through the unevaporated part of the
shell. In the present study we investigate the dynamics
of target compression by using also the plasma emis-
sion at double the frequency of the heating light, as well
as x-ray emission.

It is known that second-harmonic generation takes
place in the laser-target corona near the critical-den-
sity surface (ne =10* cm™ for neodymium-laser emis-
sion).! As already indicated, at a weak time dependence
of the laser radiation flux the motions of the critical-
density surface and of the unevaporated part of the shell

are correlated. Thus, using the R —¢ diagram of the
motion of the critical-density surface, a diagram de-
termined from the time scan of the image oi the second
harmonic of the plasma luminosity region,”® it is pos-
sible to investigate the dynamics of the motion of the
unevaporated part of the shell itself, and in particular,
to determine the time of its collapse. For an experi-
mental determination of the R — ¢ diagram of motion of
the critical-density surface, the image of the plasma in
the light of the 2w, harmonic, which was separated by a
set of light filters, was projected on the slit of a photo-
electronic recorder. Figure 1 shows typical R - ¢ dia-
grams of the motion of the critical-density surface, ob-
tained by reducing the streak photographs of the plasma
taken in 2w, light. During the stage of corona forma-
tion, when the shell velocity is low, the critical-density
surface moves outward relative to the initial position of
the outer target boundary, and then starts moving to-
wards the center. During the stage of expansion of the
unevaporated part of the shell, the critical-density sur-
face again moves away from the center. The instant of
time t(R™") corresponding to the minimum value of the
critical-surface radius on the R — { diagram is uniquely
connected with the instant of shell collapse #* =¢#(R%")
+ 6t, where &t is the time at which the perturbation
reaches the critical surface after the stopping of the in-
ner boundary of the shell. In order of magnitude, 6t is
equal to the ratio of the shell thickness A to the speed
of sound in the compressed shell. Numerical calcula~-
tion yields for 6f, under the conditions of the experi-
ments discussed here, values (0.1-0.15)x10~° sec.

The table lists the shell-collapse times ¥y, deter-
mined by the procedure described above in six experi-
ments,? as well as the values #¥,. obtained in numeri-
cal calculations using the “Luch” program and #¥ ob-
tained from formula (11). It is seen from these data
that Eq. (11), obtained within the framework of a simple
hydrodynamic model, accounts correctly for the depen-
dence of * on the shell parameters and on the absorbed
energy. The good agreement with the theoretical re-
sults indicates that the pressure of the corona and the
unevaporated mass of the shell were close to the calcu-
lated values in the experiments. In the calculations the
pressure near the surface with p,, was 10°-10° atm,

T (R)=0.5—-0.7 keV, the average degree of ionization
~10, M*=(60-"70)%M,, and the coefficient of the hydro-
dynamic transfer was n=5-10%. The corona tempera-
ture determined in the experiment was also 0.5-0.7 keV.
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FIG. 1. Dynamics of the motion of the critical region during the shell contraction stage: a—2R=125pum, A=2,1um, Pp=15 atm;
b—2R=75um, A=0.9 pm, Pp=15 atm. In the upper right corner is shown the waveform of the heating pulse, Iy, is the intensity
of the laser radiation.
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To investigate the time evolution of the pressure dis-
tribution in the target, it is important to study the stage
of expansion of the unevaporated part of the shell. Fig-
ure 2 shows R -t diagrams of the motion of the inner
boundary of the shell and the time dependences of the
ratio of the pressures of the compressed gas and of the
corona during the expansion stage, obtained in calcula-
tions by the “Luch” program under conditions of experi-
ments whose R - ¢t diagrams are shown in Fig. 1. An in-
teresting singularity is possessed by the expansion of
the second, lighter, shell (Fig. 2b), the collapse-time
of which t*~1 nsec is much less than the duration of the
laser pulse. By the end of termination of the action of
the pulse it manages to be compressed again. The
agreement between the experimental and calculated R
-t diagrams suggests that the distribution of the pres-
sures in the target is close to the calculated one.

The shell dynamics was investigated also using time-
resolution measurements of the emission spectrum of
the 2w, harmonic generated in the plasma in the region
of the critical density.” The shift AX,,, (relative to the
nominal value )\0/ 2) of the fundamental component of the
spectrum of the harmonic produced by the linear trans-
formation of the heating radiation into longitudinal plas-
ma waves, is due to the Doppler effect produced when
the generation region moves.? Therefore measurement
of the dependence of the shift AXgy, ON the time makes it
possible to reconstruct the time evolution of the rate of
motion of the region of the critical density of the plas-
ma.,

Figure 3 shows the v - ¢ diagram obtained from mea-
surements of the temporal evolution of the second-har-
monic spectrum in one of the experiments. The time
evolution of the described methods of the measurement
of the R -1 and v — ¢ diagrams of the motion of the crit-
ical-density surface is less than 0.1 nsec. The maxi-
mum shell velocity towards the target center measured
in this manner in the various experiments varied in the
range (3%10°-~107) cm/sec, while the quantity t*~R,/
Umax Varied with the target parameters in accordance
with Eq. (11).

Important information on the shell motion is obtained
by investigating the x radiation of the plasma. Figure 4
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FIG. 2. Calculated R —¢ diagrams of motion of inner boundary
of shells: a—2R =125 um, A=2,1pum, Pp=15 atm; b—2R
=75pum, A=0.9 um, Pp=15 atm. In the upper corner is shown
the temporal evolution of the ratio of the pressures in the cor-
ona and in the compressed matter of the target.
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TABLE I.
S-hell parameters
Number of - N t*, nsec:
. Egp, J a’

experiment | 2R, um | A, um | Pp,atm “ fexpr T¢I Egie % | Eq. (1)
1 125 2.25 0 153 1.5+£0.45 1.5 1.02
2 125 24 15 9+1.5 1.8+0.45 1.7 14
3 100 1.2 4] 13+25 | 1.25+0.12 14 0.75
4 98 14 0 12+2 1.4+0.45 13 .0.868
S5 90 14 22 11+2 1.4+04 0.95 - 0.66
6 5 09 15 10+2 0.9+0.1 08 0.53

Note, In the table, Pp is the deuterium pressure, E,, is the
absorbed energy, f} is the experimentally determined shell-
collapse time, £%,. and ¢} are the values determined by numer-
ical calculation and from Eq. (11).

shows a soft-x-ray pinpoint photograph of the plasma
emission in an experiment in which the targets were il-
luminated with a specially shaped laser pulse having
two intensity maxima separated 0.7-0.8 nsec in time
and with a dip Ima/ 3 between them. The time waveform
of the pulse was registered with a moving image cam-
era with a time resolution ~0.1 nsec. The two concen-
tric external rings on the pinpoint photograph corre-
spond to the arrival of the laser-radiation intensity
maxima at the plasma. The central region of the pin-
point photograph corresponds to the emission of the
compressed nucleus. Since the main contribution to the
plasma x-ray luminosity is made by a region with den-
sity close to critical, the use of a laser pulse of special
waveform to irradiate the target yields two points of the
R -t diagram. However, the practical use of these two
R -t diagram points, for example to determine the av-
erage shell velocity, should be approached with some
caution, since the second and later point of the R - ¢
diagram can belong to the stage of expansion of the shell
after the instant of the collapse.

For the described experiment, which demonstrates
the method, estimates based on Eq. (11) yield for the
collapse time a value exceeding the time of arrival of
the second maximum of the heating point at the plasma.
The average rate of collapse of the shell

u=[R(ty)-R(t)] [(t;-1;)

(where the times ¢, and ¢, correspond to the first and
second maxima of the pulse) turns out to be 3 X10°cm/
sec.

Figure 5 shows the dependence of the radius of the

4, 0°cm /sec

5

FIG. 3. v-t diagrams of the velocity of motion of the region of
the critical density for a target of diameter 2R =163 um with
wall thickness AR=4.6 pm.
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FIG. 4. x-ray pinpoint photograph and photographic density
profile of its diametral section for a target of diameter 2R
=80 pm with wall thickness AR=1,5 pm, irradiated with a
double laser pulse.

outer luminous annular region on the thickness of the
shell in the time-integrating pinpoint photographs ob-
tained in experiments with a single laser pulse. This
dependence is the result of the change of the dynamics
of the motion of the shell and of the critical surface with
changing shell thickness. According to the results ob-
tained in the present paper and according to the conclu-
sions of Ref. 2, the distance to which the region of the
critical density moves away from the surface of the tar-
get the time interval required for the reversal of its di-
rection of motion, and also the total time of collapse,
all increase with increasing thickness of the shell wall.
By the instant of arrival of the maximum laser-pulse
intensity at the target [t(Im,,) ~0.5 nsec] the region with
the critical density is located at different distances
from- the initial radius of the shell in the case of shells
with different wall thicknesses. In accord with the in-
dicated singularities of the R — ¢ diagrams, the motions
of this region lead to the dependence plotted in Fig. 5.
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FIG. 5. Dependence of the rauo of the diameter of the outer
luminous region of the x-ray pinpoint photographs to the initial
diameter of the targets on the wall thickness.
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2. HEATING AND COMPRESSION OF DEUTERIUM.
NEUTRON YIELD

The simple geometric model of shell motion, consid-
ered in the preceding section, does not take into ac-
count the stage of shell deceleration, when the pressure
in the corona becomes less than the pressure of the
compressed gas. During this stage, by the instant of
shell collapse, the enitre kinetic energy of the shell
goes over into the internal energy of the compressed
gas £,(t*) and of the shell g4, (t*):

NEa (t') =eg(t") teg(t).

At the instant of shell collapse it can be assumed that
the gas pressure P,(t*) and the shell pressure P,,(t*)
are approximately equal: P,(t*)=P,,(t*). Assuming
furthermore that the target material is an ideal gas, we
obtain for the average gas temperature the equation
&5 o M

3 bun(t) pg’ m I’
in which m is the gas mass, A, is its specific heat, and
p2 and pgh are the initial densities of the gas and of the
shell. The degrees of compression of the gas and of the
shell, 8,(t*) and 8,,(t*), are determined by schematical-
ly representing the compression of the shell as consist-
ing of two stages: the passage of the shock wave through
the shell and the gas, and their subsequent adiabatic
additional compression. As a result we get

o Pe(t) ~C.. . 4 8(r) o M (1=
éx(t )=' pgﬂ C4 20 [M /m (1 + 3 —ash(t') Psho m )] '(14)

Te(t) =nE.,(r)/ Agm [i + (13)

8g(t) /8 (*) ~Cs (1+V5) =1 (pyi/p ) V1.

y=5/3 is the adiabatic exponent. Equations (13) and
(14), with (12) taken into account, determine the sim-
ilarity laws for the temperature and density of the tar-
get at the instant of collapse when the initial conditions
of the compressing-shell regime are changed. They
yeild values close to the results of the numerical calcu-
lations by the “Luch” program, with the coefficients C,
and C; equal to 1.50 and 1.45, respectively.

The number of thermonuclear neutrons produced in a
spherically symmetrical deuterium plasma is

® R(t)

Moo= [ [

Here n(7,t) is the plasma density, (0v)pp is the cross
section of the D + D reaction, averaged over the Max-
wellian distribution, and can be expressed approximate-
ly in the power-law form (ov)pp, =AT*,

n*(r,t)

{oudpphnridrdt. (15)

The temperature of the compressed deuterium ranged

‘in the experiments in question from 0.1 to 1.0 keV, with

a very strong temperature dependence of the cross sec-
tion of the D+ D reaction. Therefore practically all the
neutrons are produced during a short time interval near
the instant of maximum compression. Inasmuch as in
this case the pressure of the compressed deuterium
greatly exceeds the pressure of the corona, the equa-
tion of motion of the shell during the stageés of the adia-~
batic compression and expansion of the gas takes the
form (y =5/3)

R(®) 7

du 2
M =34nR'Py  Py(t)=Py(r) [’IT(T)'
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Solution of this equation yields the following time depen-
dences of the mean values of the temperature and the
density of the gas during the neutron-production stage:

T, =Te(e) [ 1+ (iiti-)] -,

e =pete) | 1+ (- )l] - (16)

in which the characteristic time of inertial containment
is

R(t) | M \*

- RO ()"

T Teg(0)

and c, =[%3A,T,(t*)]'/? is the speed of sound at the in-
stant of collapse t*. The spatial distribution of the tem-
perature and of the density of the deuterium can be ap-
proximately determined from the condition that the flux
of the electron thermal conductivity be constant

Tg
nT"/'—Ti—rE 2 const

and that the gas pressure become equalized 6P,/ or=0:
Tg(r, t) =T, (0, t) (1—r/R)", Pg(r, t) =pg(0, t) (1—1/R) =,
T(0,8)=18T5(t),  pg(0, ) =Pg(t)/18.
Substituting the expressions of (17), with allowance for
(16), in Eq. (15) and integrating, we obtain
. n 257

Wow~3:10% [y ey ey

In the experiments with the “Kal’mar” facility, the
neutron radiation was registered both with scintillation
detectors and multipliers, located at various distances
from the target, and with an integral indium activation
detector. Time-of-flight measurements performed with
three scintillation detectors have shown that the energy
of the neutrons produced upon compression of the glass
shell targets filled by deuterium gas corresponds to the
energy of the neutrons produced as a result of the D +D
reaction. This confirms the thermonuclear origin of the
registered neutron radiation. Most experiments with
the gas-filled targets were performed for shells with
small diameters, 2R, <100 pum, and in these experi-
ments the neutron yeild, which was not stable, reached
10%-10* particles per shot. The maximum neutron yield
N~3x10°% neutrons was registered for a glass shell tar-
get of diameter 2R(=140 pm with wall thickness A= 2.2
pm at an initial deuterium pressure P{’,z 35 atm.t

17

m] pg(t)<av> lrx—l.ﬂ“(l')' (18)

The cause of the instability of the neutron yeild in the
experiments with the “Kal’mar” facility is the very high
sensitivity of its value to the initial parameters of the
target and to the experimental conditions. An analysis
of the analytic model and of the numerical calculations
by the “Luch” program shows that as a result of the
strong temperature dependence of the rate of the ther-
monuclear reaction at T <1 keV, for example, an in-
crease of the absorbed energy from 20 to 30 J or a de-
crease of the initial pressure of the deuterium from 35
to 15 atm leads to an increase of the neutron yield by an
order of magnitude. In addition, according to (18), the
main contribution to the formation of the thermonuclear
neutrons is made by a small central mass of deuterium
(~20-30% m) with temperatures close to the maximum
of the spatial distribution (17). Therefore, if as a re-
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sult of the compression asymmetry (due to the inhomo-
geneity or to variation in the shell thickness, or else
due to the insufficient inhomogeneity of the irradiation
by the laser) the maximum of the spatial distribution of
the temperature is not realized, the neutron yield can
be substantially lower than expected. The problem of
the neutron yield under conditions of a compressing
shell, at an absorbed-energy level <50 J, will be con-
sidered in a separate article.

The volume compression of the deuterium was deter-
mined in the “Kal’mar” experiments by recording the
continuous x radiation of the plasma with pinpoint cam-
eras having a spatial resolution 10 um. Figure 6 shows
a pinpoint photograph of the plasma taken in its own x
rays (iv~2 keV), for a glass shell target with diameter
2R,=140 pm and wall thickness 4= 2,2 um, filled with
deuterium with initial pressure P{~35 atm. In addition
to the outer luminous region, which corresponds to the
expanding plasma corona, one can see an inner annular
structure—a luminous layer of glass adjacent to the
compressed gas. This makes it possible to determine
the volume compression of the gas §,. The pressure of
the deuterium compressed as a result of the collapse of
the shell can be estimated from measurements of the
instant of time of the secondary collapse in the case
when the time of the first collapse of the shell is much
less than the duration of the laser pulse.

Indeed, the dynamics of the expansion of the shell af-
ter the first collapse is determined by the ratio of the
pressures in the corona and in the compressed matter
of the target. The average pressure in the corona is
determined from the experimental investigation of the
corona parameters. In addition, it can be estimated
from the similarity relations of the present paper, us-
ing Egs. (7) and (8). The temporal evolution of the
pressure of the compressed target material is deter-
mined by the adiabatic expansion and is expressed in
terms of the pressure at the instant of the first col-
lapse. The described procedure for the experiment

FIG. 6. X-ray pinpoint photographs for a target of diameter
2R =140 pm with wall thickness AR =2,2 pum and initial deuter-
ium pressure Pp=35 atm.
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whose R - ¢ diagram is shown in Fig. 1b, yields at the
secondary-collapse time #*~ 1.8 nsec a deuterium pres-
sure P(#*)~10° atm. The deuterium pressure deter-
mined in this manner, together with the x-ray proce-
dure for determining the volume compression, permits
an indirect conclusion to be drawn concerning the deu-
terium temperature, which under the indicated experi-
mental conditions amounted to ~0.2—0.4 keV. In a run
of experiments with shell parameters 2R~ 120-140 pm
and A,~2-3 pm, and at a pressure of the contained
deuterium 30-35 atm, the volume compression amount-
ed to ~10°, corresponding to a compressed-deuterium
density p,(t*)~6-8 g/cm® and to a parameter pR=5
x10™% g/cm? These results agree well with calcula-
tions by the “Luch” program and with estimates based
on (14), which predict under the indicated experimental
conditions p(t*)=~4-17 g/cm®. This agreement allows
us to state that in the “Kal’mar” experiments the heat-
ing and compression of the shells actually do take place
in the compressing-shell regime, a distinguishing fea-
ture of which is the introduction of the initial entropy
into the compressed target material only by the shock
wave without preliminary heating by fast electrons and
by thermal conductivity.

CONCLUSION

The results of the investigations reported in the pre-
sent article and in Ref. 1 allow us to present a self-
contained picture of the process of heating and compres-
sion of laser targets in the compressing-shell regime.
At a laser energy ~100 J and at radiation flux densities
~10" W/cm?, in shell of 100-200 pm, approximately
20-30% of the energy is absorbed.! The main contribu-
tion is made then by the inverse bremsstrahlung pro-
cess. The use of a classical Spitzer thermal conductiv-
ity in the hydrodynamic model at the indicated value of
the absorbed energy makes it possible to present, in the
numerical calculations and in the theoretical analysis, a
discription of the state and of the dynamics of the laser-
target corona which is close to the experimental situa-
tion. This manifests itself particularly clearly in the
identification, with the aid of numerical calculations, of
the experimentally registered perturbations of the laser-
target density profile by the shock wave reflected from
the center.! In this model it is also possible todescribe
well the dynamics of the compression of the unevapor-
ated part of the shell, which leads to satisfactory agree-
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ment between the experimental and theoretical R - ¢ dia-
grams of the critical surface, and aiso of the times of
compression at various parameters of the target and of
the laser pulse. Thus, according to our interpretation,
the hydrodynamics with classical absorption of the laser
radiation and electron thermal conductivity is an ade-
quate method of describing the compression and heating
of the target at moderate fluxes.

It must be noted that the state of the compressed and
heated core of the target (the distribution of the density
and of the temperature, the degree of penetration of the
shell matter into the gas) depends strongly on the initial
asymmetry of the shell and of the irradiation, which are
presently not known with sufficient accuracy and are the
subject of further experimental and theoretical investi-
gations.
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