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A pulsed plasma (flare) formed by focusing a Q-switched laser on a solid surface is investigated. 
Methods of optical diagnostics of nonstationary plasma using a 3-nsec ruby laser emission as the light 
source are described. The results of an investigation of the dynamics of flare expansion into vacuum 
and into residual gas atmosphere are presented. When the flare expands in gas, a spherically expand­
ing shock wave is seen to form in the gas. The results of measuring electron density distribution in the 
flare and in the shock wave are given. The results of the experimental investigation are used to deter­
mine the basic gas parameters in the shock wave; the velocity of the wave front reaches 2 x 107 em/sec. 

Q UR preceding paper r1 J cited the results of investi­
gating a pulsed plasma generated by focusing a high­
power laser pulse on the surface of a solid target. This 
paper deals with a further and more detailed study of the 
gas dynamic and high-temperature phenomena that ac­
company the formation of a pulsed plasma ("flare"). 
The results of such a research can be of significance to 
various scientific inquiries related to high-temperature 
physics inasmuch as the rate of energy injection into 
matter obtainable by focusing a Q-switched laser beam 
far exceeds the level typical of fast electrical discharge 
devices. At the present time the flare temperature that 
has been reached is of the order of tens of electron 
volts [1 ' 2 J. Investigation of particle em~ssion from the 
flare shows that strong currents of emitted particles 
can be used for injection in accelerators [3 J. The flare 
is a good source of multicharged ion spectra. The pre­
ceding papers [4 J reported the discovery of a series of 
new ion lines with a large effective charge accomplished 
in the course of investigating the vacuum ultraviolet 
spectra of multicharged ions produced in the flare. 
Since the plasma composition is determined by the ma­
terial of the heated target, the flare can serve as a 
source of plasma bunches [SJ whose chemical composi­
tion is determined by the target material. 

1. GAS DYNAMICS OF FLARE HEATING AND EXPAN­
SION 

We briefly consider the basic gas dynamic effects 
that occur when intense laser emission heats the mater­
ial. A rigorous analysis of this problem is given in [6 • 71 • 

Simple physical considerations [BJ make it clear that 
the characteristic dimensions of plasma formed by 
vaporizing the material from the surface of a condensed 
body are determined by the coefficient of absorption of 
the incident emission k( p, E). This coefficient is a func­
tion of density and temperature (or specific energy) of 
the plasma. 

In a plane one-dimensional case we can assume that 
l(t') ~ k-1(p', E'), where lis the thickness of the plasma 
layer and p' and E' are the density and internal energy 
at time t'. This condition enables us to bind the density 
and specific energy by a functional relationship since 

the plasma velocity v equals the velocity of sound in the 
order of magnitude, v ~ c = [(K -1) x KE] 112 R: -fE, and 
l(t') ~ Rt': 

(1) 

If the absorption coefficient can be expressed by an 
exponential function of the form 

k = k0 p"eP, (2) 

we can relate density to the internal energy 

(3) 

Considering that the mass M of the vaporized material 
is related to density by M ~ p(t)l(t) ~ p/Et and using the 
energy conservation equation 

(4) 

where q is the incident radiation flux density, we obtain 
after eliminating p from (3) 

B :::; (kotq"')2/(:la-2il-1l, p :::; ( (kot)3q2H1]-1/(3a-2P-1), 
M:::; (k0-2q<>··2P-It3<>-2P-3) I!(3<>-2P-Il. (5) 

In the special case of a completely ionized gas 0! = 2, 
{3 =- 3/2, ko = 2.18 x 10~ 9z 3 (z + 1)312A-712 [cm5g-712erg312], 

where z is the ionic charge and A is the gram-atomic 
weight. We thus have 

(6) 

We can readily see that the result obtained in this 
manner coincides with the result of a more rigorous 
analysis of the gas dynamic equations describing the 
vaporization of material in a self-consistent regime [6 ' 9 J. 

If the gas dynamic parameters in (6) are represented by 
their values at the interface between the condensed state 
and plasma, the coefficients 0.97, 0.31, and 0.37 respec­
tively must be introduced in (6). 

The above analysis applies to the plane one-dimen­
sional gas dynamic motion. When a strongly focused 
beam is used a self-consistent regime is not possible 
because of the strong and practically spherical expan­
sion of plasma and the correspondingly rapid drop of 
density in the periphery so that the plasma becomes 
transparent. 

575 
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The previous paper [lJ dealt with the qualitative analy- 12 

sis of the problem of heating and expansion of plasma in ~~~~~~~~~ 
the spherical case. In a more correct approach to the 19 

problem Nemchinov[lol showed that the spherical expan-
sion and the attendant transparency of peripheral regions 
of the plasma result in an asymptotically stationary mo­
tion determined by the condition l(p, E)~ d where dis 
the radius of the focal spot. We then have 

-R+-- -INJI-~~·E3-
·!f!t kV 

~~~~(] 

dkop"e~ ~ 1. (7) 

On the other hand the energy flow passing across a 
surface situated at a distance d from the target surface 
is equal to 

(8) 

where Q = 1Td2q is the total radiation flux and dM/dt is 
the mass flow determined by 

dM/dt = nd2vp. (9) 

Setting v equal to the velocity of sound, v = [(K- 1)Kt:]112 

~ t:112 , (K ~ %) , we obtain 

p ~ Q /2nd2e'l•, 

Finally, using (9) we have 

8 ~ [ (2n)"ko-ld2a-IQ-a)21<2P-3a>, 

p ~ 2~d2 [(2n)" ko-'d2"-'Q-<>]-31(2P-&<>, 

M ~ nd2[ (2n)"k0-ld2"-1Q-<>)-21<2P-3a)t. (10) 

In particular when Ql = 2 and {3 = -% (completely ionized 
gas) 

8 ~ 0.45k~·d-'I•Q'I• p ~ 0.53k;'l•d-IQ'h, M ~ f,f~l·tfi•Q''•t, (11) 

where the numerical coefficients have approximate 
values. 

In conclusion we evaluate the time t 2 beyond which the 
self-consistent regime describing motion in the plane 
one-dimensional case is transformed into a regime de­
termined by the spherical character of the motion. Ac­
cording to (5) and (11) we have in the first case 

' (12) 

and in the second case 

(13) 

Equating the quantities E in (12) and (13) we obtain 

t2 ~ k;'l•q-'lorflo, 

Setting Q~ 109 w, q ~ 1012 W/cm2 , and d ~ 2 x 10-2 em 
we arrive at t 2 ~ 10-9 sec. This time is approximately 
by an order of magnitude shorter than the effective time 
of the laser pulse which is about 10-8 sec. These time 
intervals however become comparable when the focal 
spot is large. Furthermore since the internal energy is 
weakly dependent on time, the use of (12) for T/t2 ~ 10 
results in a deviation of only 10 114 from the value ob­
tained with (13), which is a factor of about 1.8. 

2. THE EXPERIMENTAL SETUP 

The target was heated by a focused beam of a neo­
dymium laser (Fig. 1). The laser oscillator contained a 
single rod 15 x 240 rom. The oscillator pulse was am-

IJ 
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FIG. 1. Diagram of experimental setup for the generation and investi­
gation of pulse plasma. The plasma is formed by focusing a neodymium 
laser beam in a giant pulse mode on a solid surface: !-gas laser; 2-ruby 
laser with Kerr cell control; 3-light pulse sharpening shutter; 4, 7 -Glan 
prism polarizers with air gap; 5-neodymium laser oscillator with Kerr 
cell control; 6-decoupling cell; 8-neodymium laser amplifiers; 9-square­
wave generator; 1 0-pulse sharpening air gap; !!-matching transmission 
line; 12-calorimeters; 13-coaxial photocells; 14-total-intemal-reflec­
tion prisms; 15-f= 140 mm lens; 16-vacuum chamber; 17-solid target; 
IS-photographic plate; 19-light delay line mirror system; 20-optical 
splitter wedges; 12-oscilloscopic trace of emission pulse after pulse 
sharpener 3. 

plified by two amplifiers; the first employed a 
15 x 240 rom rod and the second a 20 x 240 rom rod. 
Each rod was pumped by four IPF- 5000 lamps. The rods 
were water cooled. The oscillator was isolated from the 
amplifier by a Kerr cell synchronized with the oscillator 
cell. The same Kerr cell was also used to sharpen the 
leading edge of the pulse. The ends of the amplifier rods 
were cut at an angle of 1.5-2° to the axis. The maxi­
mum pulse energy of the laser emission was 15 J for a 
pulse length less than 15 nsec. A system of neutral fil­
ters controlled the pulse energy while retaining its 
shape. The energy of the driving oscillator was 1 J; 
after the first amplifier the energy reached 5 J. The 
pumping time controlled by an electronic delay circuit 
was adjusted with respect to the energy maximum and 
amounted to 350 fJ.Sec. Without the pulse-sharpening 
cell, the continuous generation background preceding the 
giant pulse reached 2 J at the output of the last ampli­
fier, amounting to about 20% of the total energy. The 
emission of the neodymium laser was focused by a lens 
into a vacuum chamber whose pressure could be adjus­
ted from 2 x 10-6 to 50 rom Hg. The focal spot area was 
~ 10-3 cm2 • 

A ruby laser employing a crystal of 12 rom diameter 
and 120 rom length was used to photograph the flare. An 
IFK-15000 helical lamp was used for pumping and a 
Kerr cell served as the Q-switch; the laser was water 
cooled. The pulse length of the ruby laser was 20 nsec. 
When such a pulse is used to illuminate plasma the pulse 
length determines the photographic exposure. Given an 
expansion rate of the plasma edge of ~ 107 em/sec and 
a characteristic dimension of several millimeters, the 
spatial resolution turned out to be low amounting to 
~ 2 rom. Consequently the ruby laser beam was sharp­
ened by a polarizer and a special Kerr cell designed so 
as to provide a sufficient electrical pulse voltage ampli­
tude to rotate the polarization plane at least by 11. Such 
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a shutter thus opens and closes in the time it takes for 
the leading edge of the driving pulse to pass. 

The preparation of a highly transmitting cell is very 
difficult. In our case the transmission of the cell did not 
exceed 30% not counting absorption in nitrobenzene. A 
shortening of the pulse length causes a sharp drop of 
transmission caused apparently by a nonuniform distri­
bution of the electric potential at the electrodes due to 
the skin effect. Since the pulse sharpening reduced the 
pulse length by more than an order of magnitude and the 
amplitude was reduced by a factor of three, the total 
pulse energy of the ruby laser decreased more than 
30 times after sharpening. 

The radiation energy that is able to pass through a 
closed sharpening shutter should not exceed several 
percent and should be less than 1% if photometry is re­
quired. Consequently the polarizers are subject to a 
rigid requirement: when closed they should attenuate 
incident radiation by a factor of at least 104 • To achieve 
this we placed two polarizers made of Glan prisms with 
an air gap on each side of the Kerr cell in the sharpen­
ing shutter. 

All four Kerr cells were controlled by a single coax­
ial cable square-wave generator[uJ. The rectangular 
pulse was formed by five sections of an RK-103 coaxial 
cable 20 m long. The lengths of the sections forming the 
transmission line could be adjusted according to experi­
mental requirements and the relative distribution of the 
synchronizing pulses sent to the Kerr cells was com­
pletely determined by the length of the transmitting 
cable sections. The commutator was a specially de­
signed three-electrode six-channel discharge gap con­
taining two gaps in nitrogen under the pressure of sev­
eral atmospheres. The leading edge of the electrical 
pulse was 5 nsec long. The edge of the driving pulse was 
then shortened by ~1 nsec yet another discharge gap and 
allowed to enter the optical sharpening shutter. A match­
ing cable section 1 m long was placed at the end of the 
transmission line beyond the sharpening shutter. The 
shape of the pulse fronts was observed with an oscillo­
scope and a capacitive divider. The optical sharpening 
shutter in the ruby laser beam designed in the above 
manner was capable of shortening the light pulse from 
20 to 3 nsec measured at the half- intensity level. 

The electrical pulse amplitude was 19 kV; this was 
doubled to 38 kV at the neodymium laser cell through 
reflection. Both lasers employed identical Kerr cells 
(plate area was 10 cm2 and plate separation was 
1. 25 em). Since the Q- switches of the ruby and neo­
dymium lasers required driving pulses of different am­
plitude, the electrical pulse at the Kerr cell of the ruby 
laser was shaped by the noninductive coaxial divider 
situated directly at the cell (not shown in the diagram). 

The emission of the ruby laser was split into five 
beams by a system of mirrors and optic wedges. The 
beams intersected within the flare region at small an­
gles. The photographic plate behind the flare was placed 
far enough to allow the beams to diverge again and thus 
to avoid overlaps between the photographic images. The 
optical path length was different for each beam from the 
laser to the flare. Consequently we secured a time de­
lay of the photographic frames with respect to the be­
ginning of the neodymium laser pulse. The film recor­
ded five frames with shadow flare images at different 
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FIG. 2. Three variants of an optical system based on the Mach­
Zener interferometer for measuring particle density in plasma: a­
flare 4 is projected on film 6 with lens 7; b-superposition of shadow 
and interferometric photography; c-interferometric photography at 
two wavelengths: A1 = 6943 A and A2 = 0.5 A1 . !-ruby laser beam 
after pulse sharpener 3 (sec Fig. I); 2-reflecting mirrors; 3-beam 
splitters; 5-neodymium laser; 8-lens focusing neodymium laser 
beam on target 4; 9-light filter for A1 ; 10-light filter for A2 ; !!­
vacuum chamber; 12-nonlincar element (KDP crystal) separating the 
second harmonic of the ruby laser. 

time instants. The frame exposure was equal to the 
sharpened ruby laser pulse, i.e., 3 nsec and the time 
interval between frames was chosen at ~50 nsec (or 
more precisely, beginning with the first in order, 53.1, 
51.8, 50.0, and 57.0 nsec). On all the shadowgraphs 
(Figs. 3, 7, and 8) the direction of the neodymium laser 
is from left to right and that of the ruby laser is normal 
to the paper; the frame diameter is 22 mm, the fifth 
frame is in the center, a carbon target is used, and the 
frames are designated by numbers. 

The ruby laser beam was also used in high- speed 
interferometric photography. Figure 2a shows the setup 
for measuring electron density distribution in the ex­
panding plasma used in the experiment; the method is 
based on the Mach- Zender interferometer. A slight 
modification of this system (Fig. 2b) permitted us to 
superimpose the interference pattern with the shadow 
image of the object. The shadow was obtained in the 
region of high gradients of electron density where the 
film was unexposed because of the deflection of the 
corresponding beams. This may create additional inter­
ference bands surrounding regions with large inhomo­
geneities. These bands are readily recognized because 
their shape is similar to that of the sharp plasma boun­
dary while the remaining bands have mostly linear 
structure. 

The method of passing a laser beam through plasma 
can also be used in two-beam interferometry to deter­
mine the dispersion of the refraction index as well as 
its value. The system illustrated in Fig. 2c makes it 
possible to take photographs simultaneously at two fre­
quencies. The first frequency corresponds to that of the 
ruby laser beam, while the second equals the second 
harmonic of the ruby laser separated out by a nonlinear 
element (12 1 • 

A schlieren method (13 1 was used to determine the 
width of the compression shock in the shock wave; the 
above ruby laser was used as the light source. Photo­
metric processing of the schlieren photographs yields 
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the distribution of the index of refraction gradient in the 
plasma in the direction perpendicular to the knife edge. 
This method is more convenient in the investigation of 
processes of the strong shock wave type luJ character­
ized by sharp density variations. The sensitivity of this 
method is higher in this case than that of the interfer­
ence method and is determined by the expression 

M I 
~(gradn) = v 6• 

where Ll.I is the change in the relative illumination of the 
screen. Dis the width of the light beam that is allowed 
to pass over the optical knife edge, f is the focal length 
of the schlieren lens, ~ is the length of the optical path 
in the investigated plasma, and n is the index of refrac­
tion. 

3. FLARE EXPANSION INTO VACUUM 

The plasma flare was formed by focusing the neo­
dymium laser beam on the surface of a carbon target 
(Fig. 1) placed in a vacuum chamber. The emission en­
ergy in a single pulse was 10 J. When the decoupling 
cell 'Vas used the half-power pulse length was 12 nsec 
and the pulse rise time was 4 nsec. Figure 3 shows a 
five-frame shadowgraph of flare expansion into vacuum. 
The first two frames show a rapid expansion of the 
opaque region proceeding at the velocity of 
3 x 106 em/sec. The motion of this region is slowed 
down to a full stop in frame 3. The dark nucleus has a 
sharp boundary surrounded by interference rings indi­
cating a high gradient of the index of refraction. The 
fifth frame shows the breakdown of the opaque region. 
The refracted rays are visible beyond the target in the 
form of light bands. The sign of the refraction indicates 
the appearance of regions in which electron density de-

z 

FIG. 3. Five-frame shadowgraph of t1are expansion into vacuum. 
The first fr~me corresponds to the maximum emission of the neodymium 
laser. 

FIG. 4. Flare shadowgraph photographed 
with a lens eliminating refraction in the shadow 
formation. 

creases in the direction of the target surface. This 
seems to be due to the low temperature of matter in 
these regions. 

Knowing the angle of deflection we can estimate the 
order of magnitude of the electron concentration gradient 
from the relationship dn/dx = am/~ where n is the index 
of refraction, a is the angle of deflection of the illumin­
ating beam, and the x axis is normal to the target sur­
face. In the case of the third frame. for a"" 2 x 10-2 , 

~ "" 1 em, and n"" 1 we obtain dn/dx"" 2 x 10-2 cm- 1 • 

Using the expression for the plasma index of refraction 
we obtain an estimate for the electron concentration 
gradient 

I aN I mw2 I an I -4 - =-- - ~>:: 1020 cm , · ax 2ne2 ax I 
(14) 

where e and m are the charge and mass of electron 
respectively and w is the cyclical frequency of emission 
of the ruby laser. The shadowgraphs also show that the 
expansion of material has a jet nature during the final 
stages. The presence of a large gradient of the index of 
refraction precludes the appearance of a direct image 
of the true opaque region in the shadowgraphs. To re­
cord this region a lens collecting the flare- reflected 
rays in the film plane is placed behind the target. A 
typical photograph corresponding to the third frame of 
the shadowgraph in Fig. 3 is given in Fig. 4. The photo­
graph indicates that the velocity of the opaque region is 
~5 x 105 em/sec. 

On the other hand according to l 1l the rate of expan­
sion of hot plasma exceeds 107 em/sec in this case and 
the linear dimensions of the flare are of the order of 
1 em at the time instant corresponding to frame 3. The 
absence of significant absorption in the "hot'' region is 
due to the fact that at the recording time plasma density 
has significantly decreased because of expansion. This 
is further confirmed by the interference pattern shown 
in Fig. 5 and its analysis (Fig. 6). The appearance of 
an opaque region in a relatively cold and dense material 
can be explained by expansion due to a short pressure 
pulse ("short-time impact" lt5 l). The value p of pres­
sure can be determined from (5) and (10), while the 
characteristic average value is p"" q/C. where c is the 
mean velocity of sound in the vaporized material. As­
suming for the sake of the evaluation that q"" 10 12 w /cm2 

FIG. 5. Interference pattern of a t1are 
expanding into vacuum at a stage corre­
sponding to the third frame (see Fig. 3). 
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FIG. 6. Electron density distribu­
tion in the t1are during t1are expansion 
into vacuum in various directions rela­
tive to the laser beam axis (curves arc 
marked with angles). The distance 
from the beam focal point is laid off 
along the axis of abscissas. 

and c"' 10 7 em/sec, we obtain p"' 106 atm. During the 
expansion of the material that was subject to dynamic 
compression of this magnitude a partial or even com­
plete vaporization is possible ueJ. Ejection and breaking 
of the material may also be possible. 

The expansion of transparent plasma can be recorded 
by placing the target in a rarefied gas atmosphere that. 
incidentally, can be formed by vaporizing the target 
material by the quasi-continuous background light gener­
ation preceding the giant pulse. This can be accom­
plished by increasing the laser pump power and remov­
ing the decoupling Kerr cell (Fig. 1). The continuous 
generation background with a flux density of ~107 w;cm2 

creates a cloud of vaporized material with a particle 
density of ~ 10 17-10 18 em -:l and dimensions of the order 
of several cmr17 J. In this case the expanding hot plasma 
created by the giant pulse gives rise to a shock wave 
propagating in the atmosphere of the vaporized material. 

Figure 7 shows a shadowgraph corresponding to a 
single pulse energy of -10 J and a quasi-continuous 
radiation energy of ~3 J. The second. third. and fourth 
frames clearly show the shock wave with a sharply 
defined front and a large electron concentration gradient. 
The front velocity is 1.4 x 10 7 em. sec in the direction 
parallel to the beam and 1.2 x 107 em sec in the direc-

f 2 

FIG. 7. Five-frame shadowgraph of t1are in vacuum without decou­
pling cell6 (see Fig. l). First frame corresponds to the end of the neo­
dymium laser emission pulse. 

tion normal to the beam. If we consider that in its final 
stages the shock wave motion follows the well-known 
behavior of point explosion [Ial, the shock wave velocity 
corresponds to gas density behind the front of the order 
of magnitude of ~10 17 cm- 3 • The dynamics of motion of 
the opaque region remains as before. 

The vaporization of materials with a low heat of sub­
limation is so high that the vapor density exceeds 
10 18 cm-3 • In this case the gas motion is accompanied by 
a well developed turbulence leading to a significant dis­
tortion of the front shape. Moreover such a high density 
can cause a local breakdown of the vaporized material. 

It follows from our investigation of the flare expan­
sion into vacuum that the presence of the continuous 
background generation preceding the giant pulse creates 
conditions that can prove useful in the study of thermo­
dynamic properties of vapors of various materials. For 
example. we can study the properties of vapors of diffi­
cult-to- sublimate materials under high pressures and 
temperatures corresponding to a shock wave with front 
velocity of the order of 2 x 10 7 em/sec. The initial vapor 
pressure near the target can be controlled by selecting 
the vaporization regime. The advantage of such an ex­
periment is the fact that the study of the properties of 
materials does not require cumbersome installations de­
signed for high pressures and temperatures. 

4. SHOCK WAVE FORMATION 

At the end of the giant laser pulse the flare assumes 
the dimension of ~0.2 em. After the end of the pulse the 
plasma expands adiabatically. The target surface forms 
a symmetry plane and in this case the motion would be 
precisely spherically symmetric if the angular distribu­
tion of the initial velocity were uniform. However the 
velocity of the material at the target is mainly directed 
normal to the target surface in the process of vaporiza­
tion. Hence it is clear that a plane target introduces 
some asymmetry into plasma motion even at a late stage 
of the expansion. The expansion velocity normal to the 
surface should be larger than that parallel to the surface 
and it is so observed in the experiment. The material 
heated by a single pulse in the atmosphere of residual 
gas (air at 2 mm Hg) expands and forms a shock wave 
whose shadowgraph was given previously ruJ for the case 
of a carbon target. The motion of a shock wave front 
resembles a strong point explosion in a homogeneous 
atmosphere [18 J . 

The material parameters in a strong shock wave are 
determined for a given equation of state by the initial 
gas density and front velocity. Gas pressure behind the 
front is given by 

(15) 

where {3 is compression, p 1 is the density of unperturbed 
gas. and Dy = 1.8 x 107 em/sec is the front velocity. 
When P1 = 2.6 x 10-3 Po. where Po is air density under 
normal conditions and {3"' 10. pressure turns out to be 
P2"' 10" atm. 

The shock wave velocity is weakly dependent on the 
target material. When gas pressures are hi.gh we always 
observe a strong turbulence of the heated gas and a de­
crease in the front velocity. Figure 8 shows a shadow­
graph of a shock wave at a pressure of 37 mm. There is 
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f 2 

'f 
FIG. 8. Five-frame shadowgraph of a shock wave in air (pressure 

37 mm Hg) formed during flare expansion from carbon target. 

a breakdown in front of the target absorbing a consider­
able portion of the incident energy. 

5. DENSITY DISTRIBUTION BEHIND THE WAVE 
FRONT 

The electron density distribution was experimentally 
measured in this work by the interference method 
90 nsec after the end of the laser pulse. Typical inter­
ference patterns of the shock wave are given in Figs. 9a 
and b for various values of air. With the usual method 
of photographing the interference patterns, as seen 
from the figure, within the pressure range of ~1 mm Hg 
the shock wave front weakly perturbs the band image and 
in some cases the shift is less than a single band, mak-

ing it difficult to analyze the pattern and measure the 
front coordinates. Therefore a system (see Fig. 2b) of 
simultaneous superposition of the interference pattern 
with the shadowgraph was used at low pressures for a 
qualitative analysis of the interference patterns. Due to 
light refraction darkened bands appear on film at the 
sites of large electron density gradients within the com­
pression shock (Fig. 9c, d). The exposure was selected 
so as to make the darkening clearly visible without dis­
rupting the bands. When pressure exceeds 100 mm Hg 
light refraction in the compression shock causes a com­
plete darkening of the bands and the method loses its 
effectiveness. 

The interference patterns of the type shown in Fig. 9a 
and c were analyzed quantitatively. It was assumed that 
the shock wave has a cylindrical symmetry about the 
axis of the laser beam. A similar method of analyzing 
interference patterns was used by Dolgov and Mandel'­
shtam [lgJ to study the shock wave from an electric 
spark as a source of the illumination pulse although this 
limited the time resolution to the value of the exposure 
of ~0.2 J.J.sec_ 

Since in reality the wave front deviates somewhat 
from the axially symmetric form the band displacement 
chart was plotted by averaging over the points symme­
tric about the beam axis_ The distribution of the index 
of refraction was analyzed by a method described in [ 20 J 

at 1 mm intervals using nine coefficients. The portion 
of the shock frontthat moved toward the lens was 
analyzed at 0.5 mm intervals. In the transverse direc­
tion the entire wave volume was sectioned every 0. 5 mm. 

Figure 10 shows an electron density chart section 
that passes through the beam axis. The chart also indi­
cates the directions corresponding to the density distri­
bution curves shown in Fig. lla and b along the radius 
with the origin at point 0'. This point has no physical 
interpretation and is selected from geometrical consid­
erations. The front velocity is lower in the direction 
normal to the laser beam than in the parallel direction. 
The electron concentration behind the front is also lower 
in a corresponding manner. 

FIG. 9. Interference patterns of a shock wave in air. Frames 
a, b, c, and d correspond to pressures of 2, 20, 0.93, and 
15.3 mm Hg respectively. Frames c and dare obtained by 
superposing shadow and interferometric photography. 
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FIG. I 0. Chart of constant electron density lines in a shock waves 
in units of I 011 em -J. Dashed lines denote directions corresponding to 
shock wave density profiles shown in Fig. II a and b. 

It follows from the interference patterns that the 
electron concentration behind the compression shock 
averaged over a distance of ~ 1 mm amounts to 
4 x 1018 cm-3 when the front velocity is ~ 1.8 
x 107 em/sec and the initial atomic density is 
1 x 1017 cm-3 • According to the results obtained by 
Kuznetsov 1 211 the shock wave compression is {3 ~ 8 at 
this velocity and weakly depends on temperature. Hence 
we find that the effective ionic charge in the parallel 
direction behind the compression shock is z ~ 5 and the 
temperature kT ~ 40 eV 1 >. The maximum plasma tem­
perature behind the shock wave front due to a~ 4 GW 
laser emission was ~ 100 eV. 

Analysis of the ionization processes leading to the 
establishment of thermodynamic equilibrium in the 
shock wave shows that the typical dimensions prevailing 
in our case the ionization equilibrium is not complete 
and the effective ionic charge is equal to z ~ 5. With re­
gard to the hydrogen atmosphere we should expect a 
complete ionization behind the front on the one hand, and 
a deviation of the ion temperature from the electron 
temperature, on the other, since the ions have not 
enough time to transfer their energy to the electrons 
during the 10-7 sec (for a gas density of~ 1017 cm-3 ) 

typical of the process. 
The interference patterns are difficult to use in find­

ing the width of the compression shock because of the 
heavy demands imposed on the optical elements and the 
unreasonably cumbersome mathematical computations. 
Therefore the method of schlieren photography in the 
laser beam was used to record the shock wave front. 
The schlieren photographs of the flare and the shock 
wave are given in Fig. 12. The photographs were taken 
with the optical knife parallel to the target surface. The 
measurements indicate that the width of the compression 
shock is 0.6 mm at a gas pressure of 1 mm; when the 
pressure increases the width decreases in approxi­
mately inverse proportion to pressure and when the 
latter exceeds 4 mm Hg the width drops below 0.3 mm 
and thus beyond the limits of sensitivity of the method 
determined in this case by the duration of the exposure. 

1>Under the same conditions the electron temperature in the flare 
measured from the emission spectra amounted to 'V 130 eV [4 ]. 
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FIG. II. Electron density profiles in a shock wave (see Fig. I 0). 
Directions corresponding to each profile are marked above the curves. 
a-distance from point 0 laid off along the axis of the abscissas; b-solid 
line denotes the density profile in the OA direction; the abscissa coor­
dinate is measured from the focal point 0. 

CONCLUSION 

The results given in this paper thus permit us to 
make an unambiguous interpretation of the physical 
phenomena accompanying the effect of a high-power 
laser pulse on the surface of a solid. Enhanced time 
resolution obtained through multiframe photography with 
laser illumination made it possible to record the high­
temperature portion of the vaporized material and to 
determine the main parameters of hot plasma: the den­
sity distribution, the limiting velocity of plasma expan­
sion and the total mass. The last quantity is in satis­
fact~ry agreement with numerical calculations based on 
(5), (10) and (11) and also with the results of previous 
measurements. The experimentally determined maxi­
mum plasma temperature as a function of the radiation 

c 

FIG. 12. Schlieren photographs of shock wave and flare at various 
pressures of residual gas in the chamber. Frames a, b, c, and d corre­
spond to the pressures of 2 X 10-2 , I, 2, and 4 mm Hg respectively. 
Laser output pulse energy is 6 J. 
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flux density is also in agreement with the theoretical 
formulas and allows us to compute the radiation flux 
density required to reach the given temperaturen' 4 J. In 
particular the observation threshold for neutrons gener­
ated by thermonuclear reactions corresponds to a radia­
tion flux of the order of 20 Gw under our experimental 
conditions. A selection of a suitable target geometry 
allowing for the utilization of shock wave cumulation 
effects may possibly facilitate the problem of producing 
thermonuclear plasma. A variant of such an experiment 
was discussed earlier[14 J. 

In conclusion we note that the results of this paper 
are of interest in the design of experiments for the study 
of kinetic phenomena and thermodynamic properties of 
various materials at high temperatures. In particular 
we note the possibility to study hard-to-sublimate ma­
terials, for which a high vapor density is very difficult 
to obtain under laboratory conditions. 

The authors thank V. A. Boiko, B. V. Kruglov, and 
v. I. Frolov for help in performing the experiments. 
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