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The process of formation and properties of a plasma ("flare") produced by a giant laser 
pulse focused on a solid target surface has been investigated. Space-time diagrams of the 
outward motion of the edge and various internal regions of the flare have been obtained. The 
distribution of particle concentration in the flare has been estimated and plasma mass and 
temperature have been measured as functions of the laser output power. 

RECENT experimental research on the interaction 
of a giant laser pulse focused on a solid target has 
shown that plasma formed in the focus ("flare") 
can be heated in a short time to a temperature ex
ceeding 105 degrees. A number of papers[1-G] pre
sented a feasibility analysis of high-temperature 
plasma heating for the purpose of observing 
thermonuclear reactions. Such plasma can also be 
used to produce plasmoids of high chemical purity 
and to generate heavy pulsed currents of ions and 
electrons. [s--10 ] 

Papers[8, 10,7] presented flare temperature esti
mates based on the velocity of the ions emitted 
from the plasma surface. Haught and Polk[5] ob
served ions with energies of 300 and 2500 eV at 
laser powers of 20 and 500 megawatts respectively. 
Since their measurements were carried out at 
large distances, they failed to yield information on 
the distribution of gas-dynamic quantities in the 
flare in the initial stage of decay. In spite of the 
presence of ions with energies of the order of 
1000 eV generated in the flare, there are indica
tions that its temperature is much lower. The 
temperature of a flare formed on a lithium target 
has been estimated spectroscopically in [tt] ; the 
measured temperature was 10-20 eV for a power 
of 100 megawatts. Linlor[7] measured radiation 
absorption in a plasma produced by focusing laser 
emission on a thin metal foil and concluded that the 
coefficient of absorption must be high, since 99% of 
the incident radiation was absorbed at a total of 
~4 x 1015 particles. 

The present paper deals with an attempt to find 
a distribution of the basic gas-dynamic parameters 
of the flare during the early decay stages. For 
this purpose, experimental equipment with a high 

time resolution was used, allowing us to determine 
the radii of various regions of the flare as a func
tion of time (R - t diagrams). 

GAS-DYNAMIC MOTION OF THE FLARE 

Papers dealing with the heating of matter by 
focusing intense laser emission on solid targets 
usually take gas-dynamic motion into account by 
using quantities averaged with respect to the gas 
massJ1. 4•5J The outward gas-dynamic motion of a 
given transparent heated gas mass has also been 
discussed in [12 ] • While in all these cases the gas 
mass was considered constant, in the experiments 
it increased as a rule because of heating. It would 
be of interest, therefore, to account for this phe
nomenon in the consideration of the gas dynamic 
motion of the flare. 

Since such a problem can be solved only by 
numerical methods, it is appropriate to consider 
an approximate model that admits of an analytical 
solution. In the first approximation we assume 
spherical symmetry and solutions with a velocity 
linear in the radius (class of Sedov' s solutions [13 ]), 

viz., u = Rr/R, where Rand Rare the velocity and 
the radius of the boundary. In this case, however, 
the mass M of the gas is constant. Therefore, we 
assume that the velocity distribution has the form 

u = uo + (R - uo) r / R, uo = aR (a < 1). ( 1) 

Substitution of ( 1) into the continuity equation, 

ap 1 a (2) 
Tt+---;.2a,:-(r2pu)= 0 

yields the following equation for the density p(r, t): 

6 = r / R; (3) 
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· 3R UoPo ( 2 £p' p' ) dp ~, (4) 
Po+71Po=7r 3-T+p- p • d£ ==p. 

The left-hand part of (4) can be expressed in terms 
of mass flow M near r == 0: 

( 5) 

whereupon Eq. (4) has the solution 

1 

-p (£) = ( 1- £)<Htl/!1 £-2, ll = ·~ ~p (£) £2d£, ( 3') 

where J.1. is any arbitrary number. As expected, the 
density p(r, t) becomes infinite when r- 0, which 
is the ''location'' of the solid target of infinite 
mass. 

We let J.1. == Y2 and obtain from the equation of 
motion 

op I or= -p(u + u fJu I or) (7) 

the pressure 

p(£,t)=Rp0 (t) [(a-b)ln£+(a-b£) 1 s £]. 
a= R-1 (uoR + uoR- uo2), 

The total gas energy E is 

2 R 2 R 

E(t) = __ n:_~ p(r, t)r2dr+~~ p(r, t)u2r2dr 
x-1 0 2 0 

.. . . . 2 
= 1/12n:poR3 (RR + R 2 + uoR + 3Ru0 + 2u0 ), (8) 

where K is an adiabatic index, assumed equal to 
5/3. 11 On the other hand, 

t 

E(t) = ~ q(t)dt == qt, 0 < t < T, 

where q(t) is the laser power, q is the average 
power, and Tis the pulse length. 

Equations ( 4) and ( 5) yield the following equation 
for mass: 

M I M = 2uo I R = 2aR I R, ( 9) 

(10) 

!)Allowance for ionization yields K as a function of gas 
density and temperature. Some average value of K should be 
selected in this case. 

The solution of (8) and (10) is sought in the form 
R == Btfl (t < r). As a result we have 

q = 114AB2a+2, ~ = 3 I 2,(a + 1), 1 < ~ < 1.5. (11) 

The energy flux q0 to the center is determined by 
mass flow M: 

ijo = M u;2 = [ 2(:: 1) r AB2a+2. ( 12) 

A complete solution of the problem requires that 
the equation for the flux q- q0 absorbed in the gas, 
a function of M and R, be added to ( 11) and ( 12). 
Since this relationship is unknown, it would be de
sirable to obtain such an equation from experimen
tal data. 

MOTION OF ZERO-CHARGE SURFACE AND 
ELECTRON EMISSION 

The experiment recorded the charged-particle 
flow to a shielded probe. The experimental setup 
is shown in Fig. 1. A neodymium-glass laser was 
used as the source of the giant pulse. The oscilla
tor comprised two rods 120 mm long and 12 mm in 
diameter, and the amplifier consisted of one rod. 
The Q-switch was actuated by a positive pulse with 
an amplitude of 35 kV supplied to a Kerr cell con
taining nitrobenzene. Such a laser was described 
in[14]. 

The laser beam was focused on the surface of 
carbon target 9 by lens 1 of 60 mm focal length. A 
portion of the beam was deflected by plane-parallel 
plates to coaxial photocell 10 and to a calorimeter 
to monitor the pulse shape and energy. Another 
portion of the beam was split off by a plane-parallel 
plate to be focused by lens 3 on spark gap 4. The 
breakdown in the spark gap was timed to coincide 
with the beginning of the laser pulse. The pulse 
formed in the spark gap proceeded across capaci
tance 5 simultaneously with the probe pulse to the 

I +JUDV 

L 
To oscillo-. To oscillo-
scope scope 

FIG. 1. Experimental setup for plotting the R-t diagram of 
the neutral boundary (see text for designations). 
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oscilloscope to provide the zero time mark minus 
the time lag of the deflection path 6, 7, 3. The 
upper limit of the time delay ~t of the spark gap 
breakdown can be computed from the maximum 
flare decay rate: ~t l::::: d/v l::::: 10-9 sec. Here, 
d l::::: 0.01 em is the interelectrode distance, and the 
fast ion velocity at the edge of plasma is 
v l::::: 107 em/sec. The breakdown time was actually 
less than the computed value because the break
down was determined by the plasma electrons. The 
signal from probe 8 was fed to the oscilloscope 
plates along a long coaxial cable. The zero-mark 
delay time was 4 nsec. 

The expanding heated flare emitted electrons 
creating a negative space charge near the flare 
surface. The space charge in turn caused an ex
cess of positive charge in the conductive plasma of 
the flare. A probe placed in the path of the expand
ing plasma is exposed first to the negative space 
charge and then to the positively charged conductive 
portion of the plasma. Since the amplitude of the 
probe signal recording the particle flow is propor
tional to the charge density, the passage of the 
negative space charge through the probe induces a 
negative voltage in the probe. The passage of the 
conductive plasma through the probe reverses the 
polarity of the signal. Consequently, the neighbor
hood of the flare edge contains a zero-charge sur
face whose motion can be recorded by the probe 
method when zero voltage appears at the probe. The 
location of the zero-charge surface can be deter
mined quite accurately in spite of the fact that the 
width of the region marking the changeover from 
the negative space charge to the positive plasma 
charge is comparable to the flare dimensions. 

The probe was a shielded Faraday cylinder 
covered with a metallic micron mesh at the end 
facing the target; it was 1 mm in size. The probe 
was matched to the coaxial lead to the vacuum 
chamber and to the transmitter cable. The resolv
ing power of the sensing system, including the 
probe, was not worse than 2 nsec. Figure 2a shows 
a typical oscilloscope trace from the probe. The 
time marks are spaced 10 nsec apart. The zero 
time mark is visible at the beginning of the probe 
pulse. Figure 2b shows the laser emission pulse. 

Carbon target 9 was placed in vacuum. Each 
laser pulse was focused on a different region of 
the target to secure similar initial conditions. In 
the experiment, the time delay t of the occurrence 
of a zero probe potential was measured as a func
tion of the flight path R0 to the probe. R - t dia
grams were plotted for various values of the en
ergy, which were controlled by neutral filters 

FIG. 2. Oscilloscopic traces: (a) probe signal, (b) laser 
emission pulse, (c) electron emission current. 

calibrated in the laser beam. Figure 3b shows 
R- t diagrams of the motion of the zero-charge 
surface plotted for various powers. Curves 1 to 6 
correspond to pe'ak powers of 200, 51, 22, 5.6, 1.8, 
and 0.4 megawatts respectively. It is apparent that 
the velocity of the outward motion approaches 
asymptotically the value at the end of the pulse. 

D .fD !DO D .fD !DD 

FIG. 3. R-t diagrams: (a) neutral boundary for various 
power values, (b) neutral boundary (curve 1), luminous edge 
(curve 2), and opaque region boundary (curve 3). Power out
put, 200 megawatts. 
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FIG. 4. Squared velocity 
of the neutral boundary as a 
function of power. 

Figure 4 shows the squared velocity as a func
tion of power. The errors are given with reference 
to maximum deviation. The plot is approximated by 
a straight line of slope y = 0.3-0.6, which repre
sents a power dependence of the boundary radius 
of the type R ~ q0 , where o = 0.15-0.3. A similar 
dependence was observed in the case of aluminum. 

The ion velocity at the boundary, equal to 
1.6 x 107 em/sec, corresponds to an energy of 
1.6 keV. It is difficult, however, to determine the 
plasma temperature from this velocity. The energy 
spectrum of these ions may also be strongly dis
torted by the collective interaction of the electron 
space charge with the boundary ions. [t 5l 

The ion and electron density near the zero
charge surface can be determined from the emis
sion current and energy distribution of the elec
trons. The electron emission current was meas
ured with a spherical probe capable of intercepting 
practically all the emitted electrons. The probe 
was shielded by suppressor and grounded grids to 
eliminate the effects of secondary electron emis
sion. Consequently, the probe measured the current 
of electrons whose energy exceeded a given value. 
A typical oscilloscope trace of the electron emis
sion current from an expanding plasma is shown in 
Fig. 2c. The emission grows during the pulse, and 
then gradually decreases. According to curve 1 in 
Fig. 3a, at t """ 100 nsec the zero-charge surface 
radius increases approximately 6 times relative to 
its value Rt at the end of the laser pulse; the sur
face area of plasma enclosed in this boundary in
creases 36 times. Assuming that the emission is of 
thermal nature and comes from the surface, the 
emission current i is proportional to R2ne (ve), 
where the electron density is ne ~ R-3 and the mean 
electron velocity is (ve) ~ Tt 12 . In the case of 
adiabatic expansion, T ~ R-2, whence i ~ R-2• The 
experiment, however, shows a weaker dependence 
on the radius, indicating non-equilibrium emission. 

The emission current of electrons with energy 
:::: 100 eV amounts to ~20 A. The time during which 
the emission decreases by one-half is 2 x 10-7 sec, 
which is much longer than the pulse. The total 
number of emitted electrons is ~3 x 10t3• It is 

clear that electrons remove a negligible portion 
of the total plasma energy in a time interval com
parable to the pulse length. The electron density 
in the space charge near the zero-charge surface 
can be obtained from the formula 

ne = i / 2rtR2e(ve), 

(ve) = (2we / me) '1', 

where e, ille• and We are the charge, mass, and 
energy of the electrons, respectively. It is as
sumed that the electron current is spherically 
symmetric, or else ne denotes density averaged 
over the surface of zero charge. When i """20 A, 
We = 100 eV, and R0 = Rt = 0.25 em, the density is 
ne """ 5 x 1 ott em -3• As can be seen from the oscillo
scope trace shown in Fig. 2a, the ion current to the 
probe is comparable to the electron current on this 
surface. Consequently, the order of magnitude of 
the ion density at the flare boundary, given an ion 
velocity (vi)""" (ve)(me/mi)t 12 ,will be 
ni """ne(mi/me) t/ 2 (where ni and mi are density and 
mass of the ions) or ni """6 x 10t3 cm-3 (single 
ionization). 

An analysis of the energy spectrum of the elec
trons by the retarded potential method shows that 
the average electron energy at the end of the pulse 
equals about 100 eV. The high value of energy of 
the emitted electrons indicates the presence of a 
considerable number of fast electrons in the flare. 

DECAY OF LUMINOUS BOUNDARY 

The motion of the luminous boundary was inves
tigated with the aid of a high-speed camera, based 
on the SFR-2M type and operating as a photore
corder with a time resolution of 1.5 nsec. This 
resolution was due to increased slit image velocity 
relative to film, obtained by increasing mirror-to
film distance to 1.25 m. In addition, the R0-2M 
lens was replaced by a longer focus lens mounted 
outside the camera. The mirror speed was forced 
up to 90,000 rpm. A spectral slit 5 microns wide 
was used. Owing to the large diameter of the input 
lens, the space-time resolution was limited by 
mirror diffraction. Resolution was measured 
dynamically with the optical system operating as 
an autocollimator. The film was placed in a special 
corsette for processing to avoid deformation. 

The flare was focused on the slit so as to render 
the slit parallel to the target surface at a slit-to
target distance of 0.4 mm. In the time scan, the 
beginning of slit luminescence lags behind the be
ginning of the flare decay by ~ 5 nsec. A typical 
recording of the transverse flare decay is shown in 
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FIG. 5. Record of flare 
decay. 

Fig. 5. A dense bright nucleus is visible in the cen
ter. Plasma continues to glow for a time after the 
passage of the pulse and practically disappears 
after 50 nsec. The velocity of the luminous edge at 
the termination of the pulse is 6.3 x 106 em/sec 
(corresponding to an ion energy of 250 eV). 

The motion of the luminous boundary is slowed 
down slightly with time by the rarefaction of 
plasma. The plasma density in the luminous boun
dary region in late decay stages (40- 100 nsec), 
as determined by the twin probe saturation current 
in a transverse magnetic field, amounts to 
1016 - 1017 cm-3 • Photographs were taken with 
various exposures differing by more than an order 
of magnitude. The measured velocity, however, 
was practically unchanged. This means that the 
luminous edge is quite sharp on the low density 
side. The R-t diagram of the luminous boundary 
is given in Fig. 3b (curve 2). 

FIG. 6. Setup of the shadow method (see text for designa
tions). 

FIG. 7. Typical shadowgraph frames. 

MOTION OF THE OPAQUE REGION 

Owing to the nonuniform flare structure, a 
shadow method with laser pulse illumination was 
used to observe the motion of the internal region. 
The frame exposure was equal to the pulse length 
(see Fig. 2b). The main and back-illuminating 
pulses were synchronized by an optical delay path. 
Each frame was illuminated by a separate flash. 

The experimental setup is shown in Fig. 6. The 
laser beam was focused by lens 1 on target 2. A 
portion of the beam was deflected into optical delay 
path 4-6. The beam was collimated by telescopic 
system 7. The shadow image was formed on photo
cathode 8 (electron-optical converter). The time 
delay was reckoned from the beginning of the main 
pulse to the middle of the back-illuminating pulse. 
The experimental method was otherwise similar to 
that used in the study of the neutral-front motion. 

Figure 7 shows a number of frames of the flare 
shadowgraphs; numbers along the horizontal de
note time delay, numbers along the vertical denote 
power, and frame field dimension along the hori
zontal is 7.5 mm. It is apparent that the flare has 
spherical symmetry, at least in the dense central 
region. The absorption edge is sharp and the dif
fraction structure is visible in some frames. 

The R - t diagrams of the opaque region are 
given in Fig. 8, where curves 1, 2, and 3 corre
spond to 150, 40, and 4 megawatts respectively. 
When the power exceeds 40 megawatts, the shadow 
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FIG. 8. R-t diagrams of the 
opaque region boundary for 
various laser output powers. 

boundary ceases its outward motion at the end of 
the pulse and slowly collapses towards the center. 
When the power is less than 30 megawatts, the 
opaque region appears and begins expanding after 
the end of the emission pulse, the expansion con
tinuing during the first 100 nsec. According to the 
R- t diagram, the average velocity of the opaque 
region is fairly high in the presence of the pulse 
and reaches ~6 x 106 em/sec (see Fig. 8, curve 1). 

The boundary of the opaque region appears to be 
close to the region of critical electron density n0• 

The density is related to frequency by 

( 13) 

In the case of the neodymium laser (11 = 2.8 
x 1014 sec-1), density n0 ~':; 1021 cm-3, and the ion 
density is of the same order of magnitude. It is 
also possible that the opaque region boundary has 
a high absorption coefficient, resulting in approxi
mately the same value of density. 

MEASUREMENT OF THE TRANSMISSION COEFFI
CIENT 

Direct measurement of the absorption coeffi
cient is difficult in various regions of the flare. 
Therefore, measurements were made to determine 
the transmission coefficient If! = ln (IJII2) near the 
boundary of the opaque region. The flare was 
probed with a narrow beam in the transverse di
rection. The measurement setup was analogous to 
that of shadow photography (Fig. 6), except that 
telescopic system 7 and electron-optical converter 
8 were replaced by two confocal lenses of focal 
length 21 em. The probing beam passed through 
the flare along the chord u1u2 (see Fig. 9). It was 
found that If! has a large gradient near the opaque 
region, a fact readily apparent in the shadowgraphs. 
According to the measurements, Blf!/Br ~ 100 cm-1 

at a distance of 0.4 mm from the opaque region. 

FIG. 9. Diagram to determine flare 
absorption. 

Although the nature of this gradient is not clear, it 
does not contradict the assumption that the absorp
tion is due to the plasma. Furthermore, consider
ing that the opacity of plasma is determined by ab
sorption, the results of the measurements can be 
used to determine the coefficient of absorption 
which is found to be 20 cm-1 at a distance of 
r ~ 2 mm at the end of the pulse (at 150 megawatts). 

DENSITY DISTRIBUTION IN THE FLARE 

The plasma is heated and its motion is acceler
ated during the passage of the pulse. At high 
power, the motion is the same in all measured 
regions within the limits of experimental accuracy, 
because of the high plasma density. For compari
son, Fig. 3b shows R- t diagrams of the motion of 
the zero-charge surface (curve 1), the luminous 
boundary (curve 2), and the absorption region 
(curve 3) ; it is apparent that curves 1 and 2 trace 
similar courses after the end of the pulse. This 
indicates to some extent that the density distribu
tion in the flare may have the form of expression 
(3). The estimated values of density in various 
regions of the flare reveal large gradients in the 
density distribution as r- 0, in qualitative agree
ment with (3'). The temperature of the flare region 
near the luminous boundary 70 nsec after the end 
of the pulse was determined from the electron con
ductivity in a transverse magnetic field to be about 
5000°. In order of magnitude, this temperature is 
in agreement with experiments involving lumines
cence of metal vapor emitted by a shock wave 
emerging from the free surface of a metal.E16 • 17 J 

The diagram in Fig. 10 shows the density dis
tribution in the flare at the end of a 150-MW pulse. 
The dense central nucleus bounded by sphere 1 
with a radius r = 0.16 em has a density:=: 1021 cm-3• 

The density decreases from ~ 1021 to ~ 1018 cm-3 

in region 2 with 0.16 ::sr :::::0.18 em. In region 3, 
with 0.18 ::::: r::::: 0.25 em, the density drops to 
~ 4 x 1013 cm- 3. Region 4 is an electron space 
charge with density~ 5 x 1011 cm-3 near 
r ~ 0.25 em. At a later time, 70 nsec after the end 
of the pulse, the density distribution has the follow-
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ing pattern: the radius of region 1 of density 
?: 1021 cm-3 equals 0.14 em; the outer radius of 
region 2 of density ~ 1016 cm-3 is 0.6 em; and in 
region 3, with 0.6 :::::: r :::::: 1.6 em, the density drops 
from 1016 to 1012 cm-3• 

It may be also noted that the decaying flare 
emits electrons whose current reaches tens of 
amperes. These currents should induce a magnetic 
field which may affect the angular distribution of 
the emitted particles. The magnitude of the mag
netic field corresponding to these currents amounts 
to tens of oersteds. 

Let us determine the volume-averaged tempera
ture T in the flare at the end of the pulse. As noted 
at the beginning of this paper, the special feature 
of the heating process under consideration is the 
increase in mass of the heated gas that takes place 
during the passage of the pulse. Since in the course 
of heating the gas dynamic energy Eg and the 
thermal energy Et are comparable, Et ~ E in the 
order of magnitude, i.e., TM ~ E (it is assumed 
here that heat capacity is constant and ionization 
does not introduce qualitative changes). It follows 
that the lower the heated (i.e., "vaporized") mass 
the higher the temperature, whereas a constant 
mass hasT ~E.Et] Therefore, due allowance for 
the change in gas mass that takes place during the 
passage of the pulse is basic in our case. The re
lationship between T and M is determined by the 
absorption of radiation by the heated gas. In a 
qualitative sense it is clear that the higher the co
efficient of absorption in the gas the higher the 
temperature reached at the end of the pulse and the 
smaller the vaporized mass. 

As noted above, for a complete theoretical 
analysis of the flare motion we lack an equation 
for the absorption of radiation by the gas. This 
equation can be replaced by a relationship obtained 
from experimental data, such as the flare radius 
R 1 at the end of the emission pulse as a function of 
power (see Fig. 3a): 

( 14) 

where q is in megawatts. The vaporized mass M 
is related to the energy and to the radius R 1, ac
cording to ( 11), by 

( 15) 

When E = 3 J, T = 30 nsec, and R 1 = 0.25 em 
(q = 100 MW), the heated mass of gas amounts to 
M1 ~ 2 x 10-6 g. According to (8), the thermal en
ergy Et equals 0.31 E which yields 56 eV per atom. 
Allowing for double ionization, the average tem
perature is ~7 eV, and the maximum temperature 
is approximately 2.5 times the average value. 

The above estimates were based on the assump
tion of an ideal gas with an adiabatic index K = 5/3. 
It is readily apparent that an allowance for ioniza
tion changes the relationship between the specific 
internal energy E and the pressure p, so that for a 
given p, E increases at the expense of the ioniza
tion energy, i.e., the value of K in the expression 
E = pjp(K- 1) decreases. It follows from (8) that 
the ratio of internal to total energy of the gas in
creases in this case. 

In conclusion, let us make a few remarks about 
the late stages of flare decay. After the end of the 
pulse, the gas motion becomes adiabatic with con
stant mass M1, and the gas temperature decreases 
with time. It should be noted, however, that in the 
heating process the gas had an initial velocity u0 at 
the point r = 0. As a result, the heated gas leaves 
the target surface and its mass is distributed in 
the expanding spherical layer. Therefore, the gas 
density in the late decay stages should pass through 
a maximum within region 2 (Fig. 10) near its upper 
boundary. This is confirmed, in particular, in the 
recording shown in Fig. 5. 

It seems to us that the appearance of the opaque 
region can be related to the ejection of matter of 
comparatively low temperature, due to thermal 
conductivity in the plasma-solid transition layer, 
or, what seems to be more probable, due to the 
discharge of dense material compressed by a pres
sure pulse on the order of E/R3 , 1010 dynes/cm2 

and comparable to p 0c2 (p0 and c are the density 
and sound velocity in the solid). 

The results of the experimental data thus seem 
to be in agreement with the theoretical interpreta
tion of the heating and motion of the flare given in 
this paper. 

The authors are grateful to V. S. Zuev for his 
collaboration in the experiments. 
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