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The first experiments with fusion targets have been carried out at the high-power, 12-channel 
Iskra-5 iodine laser at the All-Union Scientific-Research Institute of Experimental Physics. The 
laser output energy was about 12 kJ at a pulse length of 0.25 ns and a beam divergence of less than 

rad. A technique has been developed for fabricating thin-walled fusion targets for internal 
deposition of the laser light (inverted-corona targets). A yield of 5 x lo9 D-D neutrons was 
achieved with targets using deuterated polyethylene as working medium. The measured plasma 
ion temperature ranges up to 7 keV. The experimental results agree satisfactorily with theoretical 
predictions. 

INTRODUCTION energy of about 0.5 kJ. In the present paper we are reporting 
The basic task in the effort on laser controlled fusion the first results On inverted-corona targets at laser energies 

today is to determine the laser parameters and the types of UP to lo kJ. 

targets which will make it possible to ignite the fusion fuel. - 
The existing facilities do not have an energy sufficient to 
achieve ignition. They are being used for a comprehensive 
study of the physics of targets and to build up the experimen- 
tal database necessary for selecting the best way to solve the 
laser fusion problem. 

Targets can be divided into two categories on the basis 
of the method by which the laser light is applied: external- 
heating targets (Refs. 1 and 2, for example) and internal- 
heating targets (Refs. 3-5, for example). The simplest inter- 
nal-heating target is the inverted-corona target. The 
operation of this target was studied previously with the 
Iskra-4 laser.5 Targets of this type have a high energy utiliza- 
tion factor and impose relatively relaxed requirements on 
the uniformity of the light. They are intended for use in re- 
search on nonequilibrium processes in hot plasmas. 

In the inverted-corona target, the efficiency with which 
energy is transferred to the ions of the fusion plasma is ex- 
ceptionally high, and a substantial difference between the 
electron and ion temperatures develops. When laser light 
with an energy of 1-10 kJ is delivered to the target, the plas- 
ma ions can be heated to 3-10 keV, and a significant neutron 
yield can be obtained. 

Once we have reached an understanding of the physics 
of an inverted-corona target and of the processes accompa- 
nying the input of light into the target cavity, we will be in a 
position to move on to studies of targets of more complex 
design, e.g., the C a n n ~ n b a l l . ~  

The efficiency with which the laser light is injected into 
the target depends on how the apertures are covered by the 
expanding plasma. It also increases with decreasing pulse 
length. The comparatively short pulses of the Iskra-4 and 
Iskra-5 lasers thus make these devices convenient tools for 
studying the operation of internal-heating targets. 

Previous experiments with inverted-corona targets us- 
ing deuterated polyethylene as working medium5 have suc- 
ceeded in producing more than lo7 D-D neutrons at a laser 

THE LASER FACILITY 

The Iskra-5 high-power iodine photodissociation laser 
is a 12-channel system with series-parallel amplification of 
light at the wavelength A = 1.3 15 pm.  

A single pulse 0.5 ns long is formed by a laser oscillator 
with active mode locking. After the light emerges from the 
preliminary amplification stages, it is broken up into 12 
channels by a system of beam splitters. There are five ampli- 
fication stages in each channel, with a progressively increas- 
ing aperture. The angular distribution of the light is shaped, 
and self-excitation is avoided by separating the various 
stages by spatial filters and phototropic brightening shut- 
ters. The diameter of the output beam in 680 mm. 

The energy of the light emerging from each channel 
ranges up to 2.5 kJ, in a pulse 0.25 ns long, with an angular 
divergence of less than rad. The energy contrast and 
power contrast of the laser pulse are both greater than 10'. 

The Iskra-5 has an evacuated target chamber 2200 mm 
in diameter. The light is focused on the target by 12 mirror- 
lens objectives with a speed of 1 : 1.6. The Iskra-5 and its char- 
acteristics are described in detail in Ref. 6. 

THE TARGET 

The inverted-corona target used in these first experi- 
ments was a spherical copper shell 2 mm in diameter and 5 
p m  thick. A layer of deuterated polyethylene (CD,). , about 
1 p m  thick was deposited on the inner surface of the shell. 

The light entered the target through six apertures 600 
p m  in diameter; two beams go through each aperture (Fig. 
1 ) .  The foci of the objectives coincide with the centers of 
these apertures. The angular coordinates of the centers of the 
apertures and the beam entry directions were chosen to 
maximize the uniformity with which the inner surface was 
irradiated. 
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FIG. 1. Entry of the laser beams into the inverted-corona target. 1-12- 
laser beams. 

EXPERIMENTAL RESULTS 

The experimental results are summarized in Table I, 
where E, is the energy of the light delivered to the target, E, 
is the loss of radiant energy as the result of reflection and 
scattering, E,, is the absorbed energy, Ti is the effective ion 
temperature of the fusion plasma, and NDD is the total yield 
of 2.45-MeV neutrons. 

The energy of the light was measured in each of the 12 
channels. For this purpose, part of the beam energy (( 1 %) 
was tapped from the entire beam aperture and sent to a mea- 
surement line, where it was focused on TPI-2A calorimeters. 
The total energy deliverd to the target was found by sum- 
ming the energies measured in the various channels and cor- 
recting for the transmission of the focusing optics 
( k ~ 0 . 7 5 ) .  The overall error in the determination of El was 
less than 20%. 

The energy Es, representing the light which reflected 
from the plasma and refracted by the plasma corona (and 
which escaped through the apertures), was measured by 
special calorimeters like those of Ref. 7. The sensitive areas 
of these calorimeters were made of NS-12 glass, with a high 
absorption coefficien; at the laser wavelength. The tempera- 
ture sensors were TEMO-8 semiconductor thermocouples. 
Filters of BS-8 glass, which is transparent for the laser light, 
were used to protect the sensitive area from the radiation 
emitted by the plasma (in the UV and x-ray ranges). 

The absorbed energy Eab , as the sum of the kinetic ener- 
gy of the plasma and the radiation emitted by the plasma 
over the wavelength range 1-3000 d;, was measured with 
special calorimeters like those of Ref. 8. The sensitive area of 
these calorimeters was made of BS-8 glass, in contrast with 
that of the calorimeters used to measure the energy of the 
laser light. 

The calorimeters used to measure E, and Eab were 
structurally a single measurement module. Four-six of these 
modules were positioned 1 m from the target to measure the 

TABLE I. 

energy flux in various radial directions. 
Table I lists average values of E, and E,, found from 

the calorimetric measurements under the assumption that 
the energy flux from the target is isotropic. Also shown here 
are the standard deviations of E, and E,,. 

The energy balance (E,  = E, + Eab ) holds approxi- 
mately when allowance is made for the errors in the mea- 
surements of all three of these energies. The greatest error is 
in the determination of Es and E,, , which are found by aver- 
aging the data from a relatively small number of calori- 
meters with allowance for the observed anisotropy of the 
energy flux. The absorbed energy can also be calculated as 
the difference between the energy delivered to the target and 
the energy of the scattered laser light: E ,*, = El - E, . In the 
interpretation of the experiments below we use the average 
value 

The total neutron yeild was measured by an activation 
method and by a prolonged-detection r n e t h ~ d . ~  The silver- 
activation detector had a threshold of lo7 neutrons, and the 
prolonged-detection detector had one of 3 X lo6 neutrons. 
The error in the measurements of the total neutron yield was 
due primarily to the error in the absolute calibration of the 
detectors in the real geometry of the experimental appara- 
tus. 

The effective ion teperature (averaged over the volume 
occupied by the hot plasma and also averaged over time) 
was found by the time-of-flight method9 from the broaden- 
ing of the neutron pulse over a baseline LE 11-12 m. The 
neutron pulse was detected by two scintillation detectors 
through a concrete collimator 10 cm in diameter and 140 cm 
long. The mass thickness of the chamber wall in the detec- 
tion direction was 2.4 g/cm2 of Fe plus 4.5 g/cm2 of Pb. This 
thickness protected the detectors from the hard x radiation 
from the target without causing any significant distortion of 
the shape of the neutron pulse due to scattering. 

Figure 2 shows a typical oscilloscope trace from the 
time-of-flight measurements. The center of the pulse (the 
delay in the triggering of the oscilloscope is taken into ac- 
count here) agrees to within about 1 ns with the calculated 
arrival time of the D-D neutrons at the detector. The error 
in the measurements of the ion temperature was determined 
from the time resolution of the detector, the limited statisti- 
cal base of detected neutrons, and the error in the analysis of 
the resulting oscillograms. Estimates showed that the base- 
line selected for the time-of-flight measurements is close to 
the optimum value at the maximum neutron yield detected, 
where the total error in the measurements of the ion tem- 
perature was less than + 15%. When the neutron yield was 
about 7-  10' the error in the Ti measurements increased to 
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FIG. 2. Oscilloscope trace of the time-of-flight detection of the neutron 
pulse in experiment No. 5 (Q,, -5.5 kl). I-Experimental; 2-theoreti- 
cal for Ti = 8 keV. 

+ 50% and was due primarily to the error in the analysis of 
the small-amplitude oscilloscope signal. 

Figure 3 shows some x-ray images of the target record- 
ed with a pinhole camera behind various filters. At an x-ray 
energy hv= 1.5 keV the apertures for the entry of the laser 
beams, were uniformly irradiated and emission also came 
from the plasma burst ejected from these apertures. The cen- 
tral region of compressed plasma can be seen fairly clearly on 
the image recorded at an x-ray energy h v ~ 4 . 5  keV. The 
diameter of this compressed region is about 500 pm. 

Figure 4 shows the results of numerical processing of an 
image of the inner region of the target recorded in x radiation 
( h v  - 1.5 keV). The plasma at the center of the target has a 
relatively high symmetry. 

DISCUSSION OF RESULTS 

A quantitative description of the operation of the in- 
verted-corona target was obtained by solving the one-dimen- 
sional equations of two-temperature radiation gas dynamics 
numerically (by the AD1 method''). The electron and ion 
thermal conductivities, the ion viscosity, the limitations on 
the heat Auxes, the generation and transport of nonequilibri- 
um x radiation (calculated in a quasidiffusion approxima- 
tion), and the relaxation of the electron and ion tempera- 
tures were all taken into account. Kinetic coefficients were 
calculated assuming that the various components of the 
plasma were fully ionized. The transport of laser light was 
described in the quasisteady approximation by means of a 
"sphericized" model. 

The operation of the inverted-corona target can be 
thought of as consisting of three stages. 

First, the laser light is absorbed by the layer of working 
medium; the latter evaporates, and a hot plasma is produced. 
The processes which occur in this stage are similar to those 
which occur when a laser pulse of the same intensity and 
length is applied to a plane target, except that nearly all the 
energy of the laser light remains in the target. 

In the second stage the plasma coasts toward the center 
of the target. The plasma cools down in this stage. Internal 

energy is converted into kinetic energy. According to calcu- 
lations, the mass velocity reaches v~ (1-2). lo8 cm/s when 
the amount of radiant energy absored in Q, s 10 kJ. 

In an electrically neutral plasma, the electrons and ions 
move at identical average velocities. Since the mass of an ion 
is much greater than that of an electron, the kinetic energy is 
carried primarily by the ions. The processes which occur in 
the second stage results in extremely efficient conversion of 
the absorbed radiant energy Qav into ion kinetic energy (up 
to 60-70% of Qav is converted). 

In the third stage the plasma is focused and a hot plasma 
forms at the center of the target. The ion kinetic energy is 
efficiently converted into thermal energy, and the plasma is 
heated. The ion temperature Ti reaches 10-20 keV and be- 
comes much higher (by about an order of magnitude) than 
the electron temperature T, . The density of the central plas- 
ma formation, with a diameter of about 500 pm, reaches 
p = 0.02 g/cm3. 

This difference between the ion and electron tempera- 
tures arises because the plasma ions and electrons exchange 
energy relatively slowly, primarily because of the low plas- 
ma density. This wide difference in temperatures has the 
consequence that the electron heat capacity of the plasma 
has only a minor influence on the ion temperature. Accord- 
ingly, chemical compounds which contain heavier elements 
along with hydrogen isotopes can be used as fusion fuel with- 
out a significant reduction of Ti. These heavier elements lead 
to rapid relaxation to thermodynamic equilibrium in the 
plasma ions and improve the gasdynamic approximation for 
the plasma motion. In addition, such compounds make it 
unnecessary to use cryogenic methods to prepare the solid 
layer of hydrogen isotopes. 

A high ion temperature promotes intense fusion reac- 
tions and thus a significant neutron yield. 

The neutron emission reaches a maximum intensity E 1 
ns after the laser light reaches its own maximum intensity 
(at Qab E 10 kJ). The delay is a consequence of the time 
involved in focusing the fast plasma component at the center 
of the target (At- -R, /v= 1 ns). The neutron emission pulse 
lasts less than 1 ns. 

Later on, the plasma expands and cools, and the elec- 
tron and ion temperatures become equal. The fusion reaches 
essentially come to a halt, as does the neutron emission. 

Figure 5 shows spatial distributions of the ion and elec- 
tron temperatures calculated by the AD1 method. 

The calculated dependence of the neutron yield on the 
target size and the parameters of the laser light for Qab < 1 kJ 
is interpolated with the help of the scaling law 

FIG. 3. X-ray images of the target. a-hvz 1.5 keV. Plas- 
ma bursts emerging from the apertures can be seen at the 
periphery of the target. b--hv=4.5 keV. Only the central, 
inner part of the targe can be seen 

Target type a b 
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FIG. 4. Contour map of the x radiation from the central region of the 
plasma of the inverted-corona target in experiment No. 5. 

In theinterval 1 kJ < Q,, < 20 kJ we have N D D  a Q Zb, where 
a= 1.5-2. 

Figure 6 shows the neutron yield from inverted-corona 
targets with polyethylene as working medium as a function 
of the quantity D = Q,b/(Rot0.24 ), where Q,, is in kilo- 
joules, R, in millimeters, and r in nanoseconds. Shown for 
comparison is the scaling law N a  D2.'. The experimental 
points obtained earlier in Iskra-4 were taken from Ref. 5. 

On the average, the discrepancy between the experi- 
mental data on NDD and the results of the one-dimensional 
calculations is less than a factor of ten. This agreement can 
be viewed as satisfactory. Possible reasons why the experi- 
mental neutron yield is lower than the theoretical value are 
the deviation of the actual flow from spherical symmetry and 
the deviation of the composition of the working medium 
from (CD,), because of impurities. Rough calculations 
based on numerical solution of the two-dimensional gasdyn- 
amic equations show that, at the prevailing degree of asym- 
metry ( ~ 2 )  in the irradiation of the inner surface of the 

FIG. 5. Temperature distributions in the inverted-corona target. a-Ion 
temperature; b-electron temperature. Q,, = 6 kJ, r = 0.3 ns, R, = 1 
mm, 1-1 ns; 2-1.4; 3-1.8; 4-2.8 ns. 

FIG. 6. Neutron yield from inverted-corona targets. 00-Iskra-4; 00- 
Iskra-5; line-theoretical scaling, N,, = D 2  7 .  

inverted-corona target, the neutron yield should be reduced 
by a factor of two or three. 

Among the physical factors which were ignored in the 
calculations and which tend to reduce the neutron yield we 
should mention the spatial separation of ions of different 
species which results from their relative diffusion. This 
should be a significant effect, since the mean free paths of the 
deuterium and carbon ions with respect to collisions in the 
hot, low-density plasma of the inverted-corona target are 
comparable to the size of the plasma. 

CONCLUSION 

The first experiments on the application of laser pulses 
with an energy up to 10 kJ to an inverted-corona target have 
been reported. A yield of 5 .  lo9 D-D neutrons has been ob- 
tained with targets using deuterated polyethylene as work- 
ing material. The measured plasma ion temperature reaches 
10 keV. The experimental results agree satisfactorily with 
theoretical predictions found by analytical and numerical 
methods. Calculations show that switching to a working ma- 
terial containing equimolar amounts of deuterium and tri- 
tium would raise the neutron yield by a factor of about 70 
(these would be D-T neutrons). 

A study of the nonequilibrium processes which accom- 
pany the operation of an inverted-corona target will yield the 
physical information which we need on the properties of the 
hot plasma and will set the stage for moving on to targets of 
more complex construction, designed for achieving ignition. 
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