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A high-power 20-channel neodymium-glass laser is described (energy ~ 1 kJ, pulse
duration 2 nsec). It is part of the "Flora" facility intended for combined simul-
taneous heating of a plasma by powerful laser radiation (PLR) and by a relativistic
electron beam (REB) produced in a facility of the "plasma focus" type. The paper
deals theoretically with the processes of combined interaction of PLR and REB with
a current plasma and a solid target.

INTRODUCTION

Following the suggestion of using powerful laser radiation (PLR) to heat matter to
thermonuclear temperatures [1], many theoretical papers have formulated the conditions for
the feasibility of a thermonuclear reaction with positive energy yield in a plasma obtained
by focusing the PLR on targets of special construction [2, 3]. Somewhat later, research was
initiated on the possibility of obtaining controlled thermonuclear fusion (CTF) by heating a
solid target with a powerful relativistic electron beam (REB) [4, 5]. The main expectation
was the realization of classical absorption of the REB in the heavy shells of the targets
[6, 71. '

By now, many experimental results have been obtained on the efficiency of heating a
superdense plasma with the aid of PLR [8-10]. However, the efficiencies of the existing
lasers suitable for use in laser driven thermonuclear fusion (LTF) do not exceed several
percent, On the other hand, although the efficiencies with REB can in principle be quite
high, many difficulties are encountered in this method of obtaining a thermonuclear plasma,
particularly with focusing the beam and guiding it to the target, as well as with the absorp-
tion of the REB in the target. Effective heating by the backward flow of the solid-target
material, which might contribute to excitation, in the target, of collective processes of
interaction of the REB with the plasma, calls for the construction of installations in which
the current density exceeds by four or five orders of magnitude the density attainable at
the present time [7].

To make simultaneous use of the advantages of both heating methods, a scheme was pro-
posed of combined laser and beam heating (CLBH) of a solid target, wherein the laser prepares
the initial plasma, which is subsequently heated by anREB pulse that carries the bulk of the
energy [11]. It was proposed to use a "plasma focus" (PF) [12, 13] as the source of the REB.

The present investigation was carried out with an aim at developing a powerful pulsed
source of neutrons, x rays, and plasma-particle streams, suitable for work on the engineering
problems of pulsed thermonuclear reactors and on neutron physics.

We report in the article the theoretical premises of the development of such a source
based on combined laser and beam heating of a plasma, and describe the laser part of the
"Flora" facility (laser and 'plasma focus"), intended for the realization of CLBH.

It is of interest to also use the plasma focus (PF) at the instant of compression [13]
as a source for the PLR, In this case, by varying the shape and duration of the PLR pulse,
it is possible to investigate independently various parametric mechanisms of the interaction
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of electromagnetic radiation with plasma [14] under conditions that are convenient for com~
parison with the theory.

Taking the foregoing into account, the laser intended for the interaction with the PF
and for the CLBH must possess the following parameters:

1. The energy in the pulse must be of the order of or higher than the thermal energy

of the PF in the first compression (~ 100 J), but can be less than the REB energy (~ 10 kI)
[12].

2. The laser pulses must be varlable within a range from (2-3)+10™® sec (in which case
it is rectangular in shape and is intended to heat the PF plasma via the inverse bremsstrah-
lung mechanism) down to short spikes of duration 10™''-10-° sec (for the investigation of
the parametric mechanism of the interaction between the PLR and the plasma).

3. The required contrast of the radiation is relatively low, 10°, since there is no
danger of target evaporation as in the case of a laser plasma [8, 15, 16]}. CLBH calls for a
pulse v 10-**-10~° sec with contrast of the order of 10°.

4. Since the cross-sectional area of the beam of the powerful laser must be large enough,
owing to limitations imposed by the strength of the active elements, and also because of the
specific features of the PF, it is necessary to focus the radiation in a number of experi-
ments by a long-focus lens with f = 10® cm. This imposes rather stringent requirements on
the divergence of the radiation, which must be not worse than 107° rad.

5. The PLR flux density should exceed all the thresholds of the basic parametric in-
stabilities (see, e.g., the table in [16]). Furthermore, in the case of CLBH the target must
be heated in the inertial-contaimment regime [17].

CHAPTER I
THE "FLORA" FACILITY
1. General Description of the "Flora" Facility

The diagram of the "Flora" facility is shown in Fig. 1. The facility consists of a
high-power 20~channel neodymium-glass laser (see Fig. 2) and a "plasma focus." The light
pulse in the laser part of the entire system is produced by specially désigned generators.

The pulse from the generator is amplified with amplifiers arranged in series to an energy
close to the self-focusing threshold. The pulse is then fed to a system where it is sub-
divided and subjected to series—parallel amplification, after which it enters the final ampli~

&

Pol. filters pol. filters

S7%, mirrors

s

g DN |
ISR

jTelescope 2

Farada 1 ]
shuttery N g
pol, filters

Laser
'.v:\

& Kerr

Pol, filters cells
I A || IV

z ] Pol, filters 1
1 7
g —— g
| —
Telescope /

Fig. 1. Diagram of the "Flora" facility. 1-5) Preamplifiers;
6) 20-channel amplifier; 7) focusing objective; 8) "plasma focus."
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fier stage, where 20 parallel beams of equal intensity (50 J in each beam) are formed., A
focusing system focuses the laser radiation onto the target ("plasma focus"). The parameters
of the "plasma focus" are: capacitor-bank energy 52kJ, working voltage 27 kV, neutron yield
(2~4) «10° neutrons/pulse.

2. The Driver Lasers

The main requirement imposed on thedriver lasers of high-power multichannel laser in~
stallations is that they be reliable in operation and their time, energy, and spectral charac-
teristics be stable. To develop a driver laser satisfying these conditions, we tried out a
number of systems.

A. Laser with Two 100% Mirrors. The laser diagram is shown in Fig. 3. The Q-switching
and the shaping of the short pulse are effected by a single electrooptical shutter located
inside the resonator, which is made up of two flat 100% mirrors.

The distance between the mirrors is 1.4 m. Mode selection is by means of a diaphragm of
3-mm diameter. The active element (GLS-1 neodymium-glass rod of 20-mm diameter and 300-mm
length) is placed in a GUS-1 four-lamp illuminator with cylindrical reflectors and IFP-8000
lamps. The pump energy is 10 kJ. The electrooptical shutter consists of a Kerr cell, a
polarizer, and a polarizing beam splitter. The splitter separates the lasing channel from
the channel through which the pulse is extracted from the laser. The polarizing beam split-
ters employed were a rhombic polarizer of calcite, a calcite cylinder cut at an angle to the
optical axis, and crystalline quartz wedges (Fig. 4). The first two beam splitters can be
easily adjusted and have a high transmission,~ 80%. However, the low endurance of calcite
‘to the action of a powerful laser does not make it possible to use high radiation powers.
A preferable beam splitter is therefore a wedge of crystalline quartz. The adjustment dif-
ficulties raised by dispersion can be circumvented by using the fact that the refractive in-
dex for the extraordinaey ray at A = 1.06 um is equal to the refractive index of the ordinary
ray at A = 0.63 ym. This makes is possible to use an HeNe laser for the alignment.

The operating principle of the system consists in the following. When voltage is applied
to the Kerr cell, the shutter opens and a Q~switching pulse is produced in the lasing channel.
The voltage is then disconnected from the Kerr cell and part of the radiation accumulated in
the resonator (in the gap between the left-hand mirror and the polarization beam splitter)

24 3%
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Fig. 4. Polarizing beam splitteérs. a) Rhombic calcite
polarizer; b) calcite cylinder; c) crystalline-quartz wedge
(the arrow denotes the direction of the optical axis of the
crystal).
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Fig. 5. Diagram of laser with semiopen resomator. 1)
100% mirrors; 2) stacks; 3, 53) Kerr cells; 4) active ele~
ment; 6) quartz wedge; 7) 20% mirror.
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Fig. 6. Laser Q-control schemes. a) First variant; 1)
modulator; 2) discharger; 3) Kerr cell; 4) long cable
sections; b) second variant: 1) millisecond-pulse laser:
2) modulator; 3) discharger; 4) Kerr cell.

is extracted by the prism from the resonator. The pulse duration {Tpylge) is determined by
the duration (r§) of the voltage-dumping front and by the time (21/c§ of the travel of the
radiation between the mirror and the polarization beam splitter:

T putee= 2 (% + Ufe). 1.n

The short pulse passes through the active element of the laser, is amplified, andis di-
‘rected by a turning prism to the input of the preamplification system. The corresponding
pulse-cutout time diagram is shown in Fig. 7. The laser pulse duration is 70 nsec at the
G.1 level. The duration of the shortened pulse, measured with an I2-7 oscilloscope, was 3.9
nsec at the 0.1 level, with an output energy 0.1 J and a diffraction divergence 8-:10~" rad.

The laser described above has a number of advantages over ordinary semiopen lasers with
later shortening of the pulse [19]: it delivers at the output a much higher energy in a short
‘pulse; it permits more reliable and stable synchronization; it makes use of only one Kerr
cell, thereby decreasing substantially the energy loss; the presence of the amplification
channel in the laser itself increases the efficiency of the latter, so that two preamplifica-
tion stages can be eliminated. Finally, experience with a laser based on this scheme has
shown that it is relatively simple to adjust and that it is most reliable. Some drawbacks
of this scheme are thepresence of quartz wedges in the resonator, which makes more stringent
demands on the mechanical rigidity of the system elements and on the thermostatic control.

In addition, the active element operates at a higher-radiation density, so that its useful
lifetime is shortened, Therefore, in those cases when we needed a pulse of ordinary waveform
we used a laser of standard design.

B. Laser with Semiopen Resonator. The diagram is shown in Fig. 5. The polarization
elements were stacks of glass plates mounted at the Brewster angle; this made it possible to
use less rigid mounts for these elements. The only adjustable elements were the mirrors.
The short pulse was chopped with an electrooptical shutter comsisting of a Kerr cell and a
single crystalline-quartz wedge. Since the Kerr cells used in these two generators had the
game electric parameters, the time characteristics of the two lasers were the same. The
energy in the pulse was of the order of 2-3 MJ.

€. RKerr-Cell Voltage Supply Systems. The voltages were applied to the Kerr cells from
one modulator [20] made up of coaxial cables and dischargers. Several variants of control
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Fig. 7. Time diagrams of the lasers. a) First vari-
ant of Q control: 1) high-voltage pulse on Kerr cell
without turning on discharger; 2) light pulse from
laser under the condition No. 1; 3) voltage pulse on
Kerr cell with the discharger comnected; 4) light
pulse in lasing channel under condition No. 3; 5)
chopped "short" light pulse. b) Second variant of Q
control: 1) high-voltage pulse on Kerr cell; 2) light
pulse in lasing channel (the dashed curve shows the
unshortened pulse); 3) shortened light pulse; c) oscil-
logram of short light pulse.

of the Q of the resonator were used, In the first variant, the § was switched on when the
voltage was applied and the short pulse was shaped when the voltage was removed from the Kerr
cell; in the second variant, conversely, the § switching was produced when the voltage was
removed and the short pulse was shaped when it was applied. The first variant has a simple
circuitry, but work with a laser having two 100% mirrors does not yield a sufficiently high
radiation contrast. Better contrast is obtained with the second variant. Here, the circuit
that controls the Kerr cell is somewhat more complicated. The circuits of the first and
second variants are shown in Fig. 6. In the first circuit the pulse (u = 16.5 kV, 1 = 250
nsec) of the modulator passes through discharger 2 to the Kerr cell, is reflected from the
cell and again returns to the discharger after a time 2L/v (where L is the length of the
cable from the discharger to the cell and v is the velocity of pulse propagation in the cable).
If the pulse duration exceeds 2L/v, then the voltage at the electrode is doubled, the dis-
charger, which is set for double the voltage, breaks down, and the voltage is removed from
the cell after a time L/v.

We used also a system wherein the discharger was triggered by laser radiation. However,
the operating stability was somewhat worse because the front of the triggering laser pulse
was not steep enough. In addition, it was necessary to introduce into the resonator a plate
to divert the radiation, and this caused deterioration of the resomator quality.

In the second scheme, the voltage is applied to the Kerr cell simultaneously with the
triggering (the pulse parameters are: duration ~ 1 msec, voltage 16 kV). Then (after ~ 500
sec) a pulse with voltage —16 kV is applied to the Kerr cells and dumps its voltage. The
time diagram of this laser scheme is shown in Fig. 7b.

3. Preamplification Stage

The laser output light pulse is directed to an amplification array (Fig. 2) consisting
of six amplifiers connected in tandem in accordance with the standard scheme [8]. The active
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elements of all the amplifiers are neodymium rods with dimensions 45 x 680 mm, placed in
illuminators of the type GOS~1000B. This choice is dictated by the desire to standardize all
the elements as much as possible. Each rod is pumped by four flash lamps IFP-20,000; the
pump energy is 25kJ. The end faces of the rods are cut at the Brewster angle.

The total gain in the working regime is of the order of 10?; this makes it possible to
raise the energy of the light pulse to 50 J at a duration 2 nsec at half-height and a diver-
gence 2+10™* rad, and to 100 J at a divergence 10~2 rad at the self-focusinglimit. On theother
hand, in the case of a "long" pulse (~ 20 nsec) the emergy can reach 150 J.

To prevent self-excitation and to decrease the background radiation, saturable dye-filled
filtering cells are used in this system. For the same purpose, and also to suppress sharp
peaks in the distribution of the energy over the beam cross section as a result of diffrac-
tion, aperture diaphragms were used, with diameters equal to the first difraction minima at
the amplifier outputs. The use of a system of special optical collimators has made it pos-
sible to obtain at the output of the amplifier line a divergence of 2°10~* rad. Measurements
of the contrast of the radiation relative to the output energy have shown that in our case
it is not worse than 5:10°, The beam aperture at the output of the system is 43 mm.

4. Beam-Division Unit and Intermediate Amplification Systems

As indicated by various workers [82, 122], further amplification of the laser radiation
to obtain high energies calls for an increase of the cross section of the light beam so as
not to exceed the energy density capable of damaging the rods and the optical elements. There
are two possibilities here. One is to increase directly the beam cross section, followed by
amplification, e.g., with the aid of disk amplifiers [23]. The other calls for dividing the
beam by optical methods, followed by series—parallel amplification [8, 22]. We used the
latter method.

To this end, a beam-division system with series—parallel amplification was located ahead
of the output power stage. We used three types of dividing elements: a) prisms operating
near the total-internal-reflection angle [24]; b) plane-parallel plates of glass having a
high refractive index [8]; c¢) mirrors with suitable reflection coefficients. Successive
division into two and four beams in the horizontal plane was first used, after which each
beam was divided into three and again into three in the vertical plane,

From the output of the amplifier array (Fig. 8) the radiation is fed to a prism that
rotates the plane of polarization of the radiation through 90°, in view of the further need
to subdivide the beam in the vertical plane with the aid of beam-splitting plates. The same
element changes also the direction of the radiation by 90°. The division into two beams is
effected with the aid of two right-angle prisms whose bases are mounted parallel to each
other with a gap ~ 50 um, and at an angle close to the total-internal-reflection angle. 1In
this case the coefficient of Fresnel reflection from the surface increases sharply, and it is
this which makes it possible, by.suitable adjustment, to obtain effective division by prac-
tically any factor. We note that we use for the division two surfaces of two prisms, mounted
with a high degree of parallelism and with a small gap in such a way as not to cause doubling
of the focal spot or astigmatism of the passing beam. Inasmuch as in this case the reflec-
tion coefficients of both surfaces are comparable in magnitude, these surfaces constitute in
effect a Fabry-Perot interferometer, to one of the fringes of which the dividing element is
in fact adjusted. The band is chosen in the course of the adjustment in such a way that the
reflected and transmitted beams are of equal intensity and that the radiation be as uniform
as possible over the beam cross section. The energy loss on the surfaces of the optical ele-
ments that guide the radiation amounted in this case to 25%. Thus, after division into two,
the energy of each beam was 37% of the energy at the exit from the preamplification system.

The two beams were then fed to intermediate amplifiers, where they were amplified to an
energy of the order of the energy at the output of the preamplification stage, after which
each of the beams was again divided into two, in the manner described above. The four beams
obtained as a result of the division were amplified by four parallel amplifiers whose gains
made it possible to compensate for the energy losses in the optical elements of the division
system and to obtain ih each of the beams an energy of the order of the beam energy. prior to
the division.

.~ Each of the amplified four beams enters a system that divides it into three (Fig. 9).
Division into three is effected in the vertical plane either by two beam-splitting plates
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Fig. 8. Diagram of beam division into four. 1) Pre-
amplification stage; 2) prism that rotates the plane
of polarization through 90°; 3) dividing prisms (or
mirrors); 4) intermediate amplifiers. The Roman
numerals denote the numbers of the channels.
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Fig. 9. Scheme for division and parallel-series
amplification in the final stage of one of the
four beams obtained after division into four (see
Fig. 8). 1) Beam splitting plates or dielectric-
coated mirrors; 2) intermediate amplifier; 3)
final amplification stages; 4) rotary prisms.

The Latin letters number the channels.

of glass with high refractive index, mounted at an angle of 45° to the beam axis [8], relative
to the incident energy or else by mirrors with dielectric coatings. In the former case the
energy balance relative to the incident energy is the following: =32% inthe firstreflected beam,
=~23% in the second, and =~45% in the transmitted beam. The shortcomings of the division

with plane-parallel plates are the following: a) the need for high precision in the prepara-
tion of the plates, since the interference fringes must be wider than the beam diameter; b)
the associated difficulty of mounting these plates, since the smallest bending of the sur-
faces gives rise to interference fringes; c) the beams resulting from the division are not of

equal intensity; d) this scheme gives rise to the effect of “fragmentation" of the focal spot,
which was discussed in [8].

More convenient is division with the aid of mirrors with dielectric coatings, which are
resistant to intense laser radiation. The first mirror in the beam path has a reflection
coefficient 30%, and the remaining ones 507%. Thus, the light beam breaks up into three beams
of equal intensity. The beams reflected from the mirrors enter the final amplification stages
with an amplification factor k = 3, are amplified again to the initial energy, and are again
divided into three by the method described above. In principle, this division can be con-
tinued to infinity. In the present installation, we confined ourselves to a second division
into three, obtaining as a result 20 beams of equal intensity.

It should be noted that this system of division has practically complete T synchronism
(determined only by the accuracy with which the optical elements are manufactured), without
the use of any compensating devices such as optical delays [21]. In addition, since the pre-
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amplification stage and the division system do not play an important role in the energetics
of the laser, we used weaker pumping in these elements, making it possible to maintain the
radiation divergence at a high level, We point out also the relative simplicity of adjusting
the division system, which can be effected with light from an HeNe laser, since all the
optical elements used by us can cause only a negligible parallel shift of the beam on account
of the dispersion of the glass.

5. 20-Channel Amplifier and Formation of the Output PLR

The 20-channel amplifier was structurally assembled in a rack with vertically suspended
illuminators of the GOS~1001 type. The dimensions of the complete final stage, including the
system for division into three and for shaping the output beam are: length of rack 2800 mm,
width 700 mm, height 1500 mm. Each illuminator contains four IFP-20,000 lamps fed from a
capacitor bank. The pump energy is ~ 10 kJ per lamp, and the pump flash duration is 1 msec.
Each illuminator pumps a rod measuring 630 x 45 mm with end faces cut at an angle of 85°.

The gain of each channel is k = 3., The maximum total energy of all the beams is E =~ 1000 J

in a pulse of duration 2 nsec at half-height, and above 2000 J in a pulse of 20 nsec at half-
height, at a divergence on the order of 3:10~“ rad. The output beam is shaped with the aid

of a system of rotary prisms. Inclining the vertical illuminators and a corresponding ar-
rangement of the prisms (Fig. 2) produces in a horizontal direction a beam assembly consisting
of 20 beams placed flush against each other, as shown in Fig. 10, and inscribed in a circle

af = 260.mm diameter.

All the amplifiers, dividing elements, and rotary prisms, which carry the radiation,
are so arranged that the optical lengths of all 20 channels are automatically equal, without
any optical additional elements, and produce a minimal focal spot.

6. Parameters of the Radiation at the Output of the Laser

The radiation energy, the pulse waveform, the divergence, and the spectral composition
were monitored at different points of the facility: at the output of the driver laser, at
the output of the preamplification system, after the division into two and into four, and at
the output of the entire system.

The corresponding values of the energy, at a divergence 3:10~“ rad, are listed below,
where © is the duration of the light pulse; E47, energy of the driver laser; Epa, energy at
the preamplification system; E,, energy after division into two; Ez, energy after division
into four; E;, total energy at the output of the system; Q,, maximum flux density of the
laser radiation at a divergence 2a = 3:10”“ in the case when the beams are focused by indi-
vidual lenses; Q., maximum flux density of the given laser in the case when the composite
beam is focused by a single lens; B, brightness of the radiation at the laser output calcu-
lated over the areas of the beams:

2,
7, nsec E‘IR ’ Epas  E,7 B ] Es ] @ W/em® Q. W/em? B'SVTV/cm
I
2 0,1 50 96 199 960 9,6.10% 4101 2,2-1015
20 0,5 110 270 460 2120 2,1-108 9.401 5,1-101

The laser energy was measured with the aid of a 20-channel calorimetric module prepared
by the All~Union Scientific-Research Institute for Optical Physical Measurements (VNIIOFI).
A block diagram of the module is shown in Fig. 11. All the calorimeters were calibrated at
the VNIIOFI against the "Laser Test Installation No. 1 for Energy-Measuring Devices."

Fig. 10. Arrangement of beams in the plane of
the focusing lens (viewed from the target). The
numbers of the channels correspond to the nota-
tion of Figs. 8 and 9. The diameter of the
circumscribed circle is 260 mm.
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; 7 Fig. 11. 20~-channel calorimetric energy meter.
I) Calorimeters; II) digital voltmeter; III)
| control block; IV) tape perforator; V) optical
1 EyAT} Z sensing unit; VI) transcriptor; VII) digit prin-
ter; VIII) power pack.
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Fig. 12. Oscillogram of 20-nsec pulse past
the driver laser (a) and at the exit from
one of the power amplifier channels (b).
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Fig, 13. Emission spectrum of generator with two 100%
mirrors.

Measurements of the pulse waveform have shown that in the case of the short pulse (~2
nsec) its waveform and duration are not altered substantially as the pulse moves through the
amplifier stages. As to the 20-nsec pulse, its waveform is substantially distorted. Whereas
at the output of the driver laser the shape is close to trapezoidal, at the ocutput of the
final stages its leading front becomes steeper and the trailing edge is stretched out (Fig.
12). : ‘

Measurements were made of the spectral composition of the laser radiation at the output
of the driver laser and at the output of the preamplification stage. Figure 13 shows the
emission spectrum of the driver laser with two 100% mirrors., As seen from the figure, the
emission spectrum consists of three narrow lines separated by 1.8 &. The reason is that the
resonator of this laser contained a plane-parallel plate 1.8-mm thick, which caused mode dis—
crimination. ' ‘

Figure 14 shows the change of the emission spectrum of the driver laser with semiopen
resonator as a function of the pump. It is seen that the spectrum broadens with increasing

pump.
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Fig. 14. Spectral composition of emission of generator with
semiopen resonator as a function of the pump. 1) Spectrum
at a pump 18.8 kJ; 2) 17.8 kJ; 3) 16.4 kJ; 4) 15.1 kJ.

The mission spectrum at the output of the preamplification stage is somewhat broader
than at the generator output (Fig. 15). In addition, an absolute wavelength calibration was
made against the spectrum of the sun (Fig. 15).

Measurements of the radiation divergence were made at the outputs of the driver laser,
of the preamplification stage, and in the composite beam at the output of the entire system.
Figure 16 shows the measurement results.

The contrast of the radiation of the laser installation was measured with a calorimeter
in control flashes without shortening the pulse, and amounted to not less than 10°.

Depending on the purpose and specific features of the experiment, several focusing vari-
ants can be used for the radiation: 1) with the aid of small-diameter lenses placed in each
beam, so as to illuminate the target from all directions; 2) by a single lens of 300-mm dlam—
eter and focal length f = 150 cm; 3) with the aid of a two-lens objective.

The lenses and the two-lens objective were designed for minimal spherical aberrations
and in such a way that the radiation refleected from the second lens was not focused into the
first lens. The radiation flux densities at the target, obtained by focusing with the aid
of these systems, were given above.

In the case when aspherical optics are used, the dimension of the focal spot can be de-
creased to values of the order of 20-30 um [25]. The maximum attainable laser-radiation
laser flux is then of the order of 107 W/cm?®.

7. Monitoring the Laser Parameters

To check on the space—time characteristics of the laser radiation, a pulse from the pre-
amplifier was focused on an aluminum target. The power flux at the target reached in this
case 9:10%2 W/cm®. ectra of hydrogenlike and heliumlike aluminum were obtained (Fig. 17)
in the range 5.6-7.8 i in the first and second orders of reflection from the crystal. An
x-ray spectrograph was used with a convex mica crystal [26, 27], which made it possible to
obtain spectra in the range 1.5-19.5 A.

The plasma density was determined from the ratio of the intensities of the intercomblna—
tion and resonance lines of Al XII [28]:

I
o= _113- =g+ N, [(a0 + 1) C(23; 2Y) + aoC (23; 1)] [0,254 (23P; 118p)]71,
where

2 -
00 = [C (11503 2450) + C (1185 2Py [C (1185; 208 + 3] € (4155 22P)]
=0
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A(ky 1) is the probability of the radiative tramsition k +~ Z; C (i, j) = NgV [ vo(i » j) ]
is the rate of the i + j transition on account of electrom—ion collisions.

The plasma temperature was determined from the ratio of the intensities of the dielec~

tronic satellites to the resonance line of Al XII [29]:

N 58 A A [ o

=25 _ 41540182 "a__ Tr  1H 2
s [R 1,5-10 PR B ‘4a+2Ar kTe GXP(IEoI/nIt'Te),
where gg and go are the statistical weights of the autoionization level and of the level to
which the transition takes place; n, principal quantum number; A, and Ay, probabilities of
the autoionization and radiative decays; B, a parameter that depends on the type of transi-

tion; Eo, energy of the autoionization level, reckoned from the boundary of the continuous
spectrum.
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Fig. 15. Spectral composition at the outputs of the preampli-
fication stage and of the driver laser. 1) Preamplification
spectrum; 2) driver-laser spectrum; 3) spectrum of the sum.

Fig. 16. Dependence of the relative inten-
sity of the radiation on the angle: 1I) at
the output of the driver laser; II) at the
output of the preamplification stage; III)
at the output of the complete laser system.
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Fig, 18, Photographic density patterns
of the spectra of hydrogenlike and heli-
umlike Al XII.

The reduction of the photographic density patterns of the obtained spectra (Fig. 18) has
shown that the parameters the aluminum plasma produce at such fluxes (To = 200 eV; Ne = .
10%° cm~®) agree with the plasma parameters obtained in other installations at analogous
laser~radiation fluxes [30].

The contrast of the laser radiation was checked by an interferometry procedure., To this
end, the radiation of the laser, with the pulse-~shortening system turned off, was focused on
an aluminum target. A Mach—Zehnder interferometer with auxiliary' illumination by a ruby
laser was used for the diagnostics. The duration of the ruby-~laser pulse was 1.4 nsec at

half-height.

In none of the monitoring flashes were deviations of the interference fringes observed.
‘Recognizing that the sublimation of the matter takes place at a radiation flux density not
less than 107-10° W/cm®, we can state that the contrast inouy case (see table p. 169) is.worse
than 107 in power and 10° in energy.

CHAPTER II
COMBINED LASER AND BEAM PLASMA HEATING

1. Combined Laser and Beam Heating

It is of interest to compare the data on the relaxation length of the beam in a plasma
obtained in installations of the Z~pinch type (Z~pinch, "plasma focus,” vacuum spark, etc.)
(see Fig. 19). Experiment shows [1ll, 31] that during the initial instant after its forma=-
tion, the beam passes unobstructed through the plasma (the deceleration length is classical).
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Only after self-focusing of the beam in the plasma and after heating of the latter by the

turn current to temperatures on the order of several kiloelectronvolts does the relaxation,
length shorten radically. It follows from the estimates [5, 32] that for the development of
collective processes in a plasma with a solid-body density ne ™~ 10%® cm™® the required elec~
tron temperature is of the order of 1 keV. As indicated in the introduction, such a tempera-
ture is presently practically impossible to attain by heating with the backward current. This
is the first among many causes that prompt the use of lasers to prepare the target for inter-
acticn with the powerful electron beam. Extrapolation of the data of Fig. 19 into the region
of densities of the order of those of solids shows that one can count in this case on a relax-
ation length of the order of 107%-10~" cm in solid deuterium, which is larger by one order of
magnitude than the value obtained from the growth rate of two-stream instability, and is
smaller by two or three orders of magnitude thanm the classical deceleration length.

~ A second benefit ensuring from the use of the laser to "prepare" the target is the pos-
giblity of producing the necessary [5, 32] density gradient. A third cause is the possibility
of focusing the REB in the plasma produced by the laser [6, 7]. 1In addition, as will be shown
later on, powerful laser radiation acting in the plasma together with an REB can produce a
number of effects that improve, from the point of view of obtaining high temperatures and
densities, both the processes of the absorption of the REB and of the plasma heating, and the
gasdynamic processes in cumulative target compression. For example, it is possible to de-
crease the danger of heating the core of the target by the fast electrons and to change the
character of the transport processes, thereby relaxing the requirements on the energetics of
the system, and others.

Among the advantages of laser energy sources are the relative ease of focusing the beam
on the target, the high rate of energy input into the medium (typical values of radiation
flux of high-power neodymium-glass and CO; lasers reach at the present time values of the
order of 10**-10'7 W/cm® [18, 22]), the high coefficient of absorption of the laser radiation
in the target [3, 33, 34], the fact that the photon has no charge, and the feasibility in
principle of obtaining for a spherical target a compression coefficient of the order of 10°
[33]. At the same time, the presently employed lasers have relatively low efficiencies.

The low optical breakdown strength of the optical elements and the danger of laser self-
excitation make it necessary to employ multimodule systems with decouplers, making the in-
stallation less reliable and more expensive. In addition, the large number of optical ele-
ments in the laser, which are manufactured with finite precision, imposes certain limitations
on the radiation parameters. The energy of the presently produced lasers amounts to 10° J.

On the other hand, the presently available REB accelerators have energies of the order
of 103~10° J and a high efficiency. In addition, inasmuch as a magnetic field is always
associated with an electron beam, there are hopes of producing in the target magnetized ther-
mal conductivity [6, 7, 35]. However, the difficulties involved in focusing and in obtaining
short REB pulses of high energy decrease the value of the energy flux to the target to an
order of 10*® W/em? [7] and decrease the efficiency of the accelerator. The use for using
multimodule systems adds also problems of synchronizing the individual modules. In additionm,
the low efficiency of the classical absorption of electrons even in heavy shells, on the one
hand, and the difficulty of exciting collective processes in a cold solid target, on the
other, as well as the maximum theoretical value of the attainable compression of a solid tar-
get, 10? [6], greatly increase the enmergy that an REB accelerator must deliver to produce
controlled thermonuclear fusion, compared with laser systems.

Despite the fact that work is presently beingdone on the improvement of both laser-driven and
beam systems, it is clear that to decrease the requirements with respect to the energetics of
the system of the target used for the heating and to increase its efficiency it would be
desirable to use a heating method that incorporates the better features of REB and PLR sources.

In connection with the foregoing, we regard the realization of combined laser—and-beam
heating of a plasma as quite promising. The principal role in the energetics of such a facil-
ity should be played by the REB, which can be obtained with high efficiency. In additionm,
from a comparative analysis of installations of the Z-pinch type [11] it is seen that de-
creasing the pinch diameter (at least to certain limits) increases the energy of the electrons
of the beam produced after the current is interrupted.

Next, to produce an optimal system {energy source + target), which provides an optimal
gain k' = Ethermon/Ecors the following must be done: 1) use spherical or cylindrical targets;
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Tig. 19. Data on the the relaxa-
tion length of an electron beam in
a plasma,

N/,
77 20 77 Wng

2) ensure in the final state of the medium with the high temperature an average DT-mixture
density of the order of 10°-10° g/cm®; 3) ensure a maximum absorption of the source energy

in the corona and a maximum transfer of the energy from the corona to the "pusher,"” n = Ekin/
Ecor; 4) shape definite density and temperature profiles in the course of the cumulative com-
pression of the target, by shaping the pulse from the energy source or by special construc-
tion of the target; it is necessary in this case to attempt to work with targets of large DT
mass (>10"% g for Eo 2 10° J); 5) choose the target construction and its heating conditions
in such a way as to reduce to a minimum the influence of the hydrodynamic instability .on the
cumulative process.

To ensure absorption of the REB in the target by collective processes, it is necessary
to deposit on the surface of the target a layer of thickness of the order of 107°-10"* cm in
such a way that this zone constitutes a plasma with temperature higher than or of the order
of 1 keV. To decrease the stabilizing influence of the plasma density gradient {36] on the
Langmuir noise, this gradient should be eliminated if possible These conditions can be
satisfied by heating the target with the laser alone prior to the combined heating, provided
that thepreliminary laser heating is produced in the thermal-wave regime. We confine our-
selves to consideration of a planar geometry of the heating process, which can be treated
analytically. The solution of the corresponding thermal problem [37] in the planar case
yields the following expressions for the required duration To of the laser pulse and for the
laser radiation energy density (oTo:

Ty = 1.2.1072922 A 275", (2.1)
GoTo =~ 2.5-107Znyz, T, (2.2)
which are valid under the condition
108 AT
TO<TG1-. ==-—Za1\—noi, (2-3)

where xXo is the depth of the solid-target zone heated by the thermal wave; A, Coulomb loga-
rithm; qo, laser radiation flux demsity in W/cm®; A, atomic weight of the target material;
To, temperature, no, density; and Z, charge.

It is easy to obtain from these relations that in the case of a DT target with density
no = 5+10%2 cm™® a temperature To = 1 keV can be reached in a layer of thickness xo = 10~°
cm at To=~'10"'? sec and qoTo =~ 10* J/cm®. In the case of a CD, target, a temperature of
2 keV can be obtained at the same layer thickness with to =~107*° sec and qoto = 10° J/cm®.

The laser described above is capable of ensuring preliminary heating of the target in
the indicated regime.

It will be shown in Sec. 4 of Chap. II that the indispensable condition for producing
a high-power neutron is the use of solid targets of special construction. It is necessary
in this connection to consider the process of CLBH of the plasma at densities close to the
critical value for laser radiation. Since the target is located inside the pinch and the
current sheath will interact with this target, it is necessary to consider also the influence
of the current on the CLBH mechanisms.

An important problem is to ensure maximum absorption of the REB and PLR energy when they
interact jointly with the plasma. The next two sections (Secs. 2 and 3) are devoted to a
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theoretical consideration of those aspects of this problem, and the possible causes of the
increase absorption of energy by the plasma due to the development of instabilities and tur~
bulence in the plasma,

In Sec. 2 we obtain on the basis of the linear theory the growth rates and the thresh-
olds of the instability that is produced when laser radiation and an electron beam interact
with a current plasma in the critical-density region. It is shown that the beam and the
current can significantly lower the threshold of the parametric instability that contributes
to the anomalous absorption of the laser energy. On the other hand, a relatively weak field
lowers the threshold of excitation of the Langmuir turbulence by the electron beam, a fact
that likewise contributes to a more effective absorption of the beam energy in the plasma.

In Sec. 3 are given nonlinear estimates of the effective collision frequency, which char-
acterizes the rate of turbulent absorption of laser energy by the plasma. This collision
frequency depends substantially on the beam parameters and under definite conditions it can
greatly exceed the frequency of the Coulomb collision even if electromagnetic radiation of
the laser is relatively weak and does not excite any parametric instability in the absence
of an electron beam.

2. Combined Interaction of Laser and Electron Beams with

the Target Plasma, Kinetic Instabilities.

In this section we consider the instabilities that are produced in combined interaction
of an electron beam and a pump wave with a current plasma. The dispersion equation for longi~-
tudinal perturbations of a plasma acted upon by high-power pump wave

E (¢) = E, sin oot (2.4)

with frequency wo and electric field intemsity vector E,, takes the form (see Eq. (7.3) in
(14])

1+ 8e, (0, k) + 8¢; (0, k) (krg) 1 1 _
{1+ 8e, (o, k)] b¢; (0, k) 4 ,,e(m—i-mﬂ, k) +a(m—m0, k)] =0. (2.5)
Here rg = eEyn'0,™® 1s the oscillation amplitude of an electron (with charge e and mass m)

in a low-frequency electric field (2.4), |krg|<<€1; &e,: (0, k) is the contribution of the
electrons (or of ioms with charge ej) to the longitudinal dielectric constant by the plasma
oscillations of frequency w and wave vector k:

& (0, k) = 1 4 &g, (0, k) + 8¢; (a, k).

We consider a plasma (with electron density ne and temperature Tg) through which an
electron current flowswith a current velocity u.

In addition, in the same directionas the current, there passes through the plasma a beam
of electrons with density np << ne, temperature Tp, and velocity wuy; [uw] =0, (uwy) >0, u, >y,

We assume that the pump frequency wo is close to the plasma frequency:
| 0o — 0p | < 0p, (2.6)

where

— (02 - 'z — Y.
®p = (mLe " mLi) ’ (DLe, i (43’(627’1,9’ i/m’e, 1,) ~

Under the conditions (2.6) it is possible to have in the plasma an instability connected with
the decay of the pump wave into a high-frequency Langmuir wave (mLerv wo:§>vae) and a low-
frequency wave (0 << kv ). We study the influence of the electron beam and of the current on
this instability. Assuming that the phase velocity of the low-frequency oscillations is
located between the thermal velocities of the electrons and iomns:

—k
vT'i< = k - <UT6, (2.7)

and that the beam velocity is high enough:
Uy ~¢, !kubl>kv'1‘b! o; lmikubi>vab’w (2.8)

we obtain for the partial contributions of the ions and electrons of the plasma and of the
beam to the longitudinal dielectric constant the following expressions:
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where w' and k' are the Lorentz-transformed frequency and wave vector [38]:

o~k ,
' s (2.15)
@ Vi'-- ug
Kku, (1—V1 T —ulje) — {:}u;jc*
=k 2.16
o Viangfc} ( )

Substituting expressions (2.9)-(2.14) in the dispersion equation (2.5) and introducing the
notation

Rio—ka)o 7y o (P ior B, (1 — 0% ""%2) ( (ku, )2 )
V*g- - 8 oy, kr8r3 (0 -z fcz) - 2};!2,,?1'8 - f udlen) =Y,

(2.17)

for the low-frequency ”damping decrement” and

Voi V_‘;_‘ Lo o ( ) ]/-‘ OL, (®r, +ku,) {i-—- o } (ka2 (0pkkw)  \ _ ~  (2.18)
Trs o P 26203, ,'*“ g Ko, (1 —upje) k21 o3 oxp ( 20y (1 —upfe?) =T

13

for the high-frequency "damping decrement,” we obtain an equation for the frequency and for

the growth rate

{krgl . 1 1
2 522 1 —
KL+ Birs, m"Be[ Aogto—kuti(yt3) | A%—-—(w-—ku)«d(vﬁ»ﬂ 0 (2.19)
2+ 3) — oy kv, Im |1 + L]0 .20
s 16::22 Ayt o — ku - £ {p-+ 1) Awy — {o&— Ku) -+ i (7 Pe)

Here
l?* = rD mL.’ ?<(¥3;

Am.,..-m{mamms —of — 3} Y momwp(i+ fczrs)

The growth rate y defined by Eq. (2.20)is maximal in the case ¥7+<€ ®, under decay con-
ditions [14]:
Awg (k) = 0 (kg) — kyu. (2.21)
In this case
6 {ky) == kavs, (2,22)
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(kd l‘.E')2 ﬁ)okd Vg ’}_‘_ Vs
ES 16k?i]'De §++?8 §++Ys (2.23)

The instability threshold is determined from (2.23) at y = 0:
v, (1—kufkp) (kdub)" Op (Op, 4-k,u,) (1 — w/k3e?) @, +k,u,)?
4M uT =16 V—- o700 { |/ e - exp | — ——* d :,2
mekd "D 1 —ulfc?) 2k or, (t — uBfe2)
kgu, (1 —Vl — ub/cz) — O, u2c? (2.24)
’ ug V1— ug/c2

(ki = ky -+

is the Lorentz-transformed wave vector k).

At not too high-temperatures, when

2,
vs

the threshold is minimal for perturbations propagating along the current-velocity direction:

k,u
k

=1,
du

In this case ku, >0 , the contribution of the beam to ¥4 is small in the experiment, and the
threshold is given by (E, |[u| k):

By AN 2.25
W-SV?;(“—)TO’ (2.25)

s

from which it is seen that the current lowers the parametric-instability threshold.

On the other hand, if the current velocity is small compared with the ion-sound velocity,
u/vg<<1, then the beam exerts anoticeable influence on the threshold of the parametric in-

stability, and the minimum of the threshold is reached at kmuy/ksu, = —1, |k, | 22 04
‘ — oy (ku, —® 2. / (0, — k)2
IE VNN SIS BN A BV
T o “)L,‘I"d_rDb“ —uzle®) w? Kk 2%k T, (1 — udfc?)

Figure 20 shows the results of a numerical calculation, which illustrates the dependence of
the threshold (2.26) on the beam velocity up. The calculations were made for a demsity ne =
10%* cm~®, which is critical for laser radiation of frequency wo = 1.78-10'% sec™®. At kqup
< wLe and kgup > wy,,, respectively, the beam raises and lowers the values of the pump field
intensity.

On the other hand, in the absence of a pump field (Eo, = 0) the electron beam can excite
Langmuir waves if its density is low enough [38]:

m h%T (“’Le -+ ku,)?
eXpP|\ ™D

, -2 Vei e >
242 va

(2.27)
2 nVne o, I“)L ‘H‘“bl

In the presence of an alternating electric field, the condition on the beam density becomes
less stringent:

m K3 (o, +ku,)
Etz) ) L va P [#], (2.28)

v, (
ny, > —{1—— = ————————— X 2
b> 2\ E’?hr ) 2ne? ngImLe'jf"kubl 2k2va
i.e., even in weak laser radiation, when there is no parametric instability (Eo?/Ethr> < 1),
the field lowers the threshold of the excitation of the Langmuir waves by the electron beam.

3. Effective Collision Frequency in Combined Action of an

Electron Beam and a Laser Beam on 2 Target Plasma

To illustrate the singularities due to the onset of the turbulent stage, we consider
here a simple example that demonstrates the possibility of estimating the effective collision
frequency, which characterizes the rate of absorption of the energy of the electromagnetic
field by the plasma particles. We use the fact that one of the saturation mechanisms of the
parametric instability investigated in Sec. 2, wherein the pump wave breaks up into a Lang-
muir wave and sound, can be the nonlinear shift of the frequency of the natural oscillations
of the plasma [39]:
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Fig. 20. Threshold of parametric instability
(decay of the pump wave into a Langmuir wave and
sound) vs the beam velocity up. The dashed
line shows the threshold in the absence of a
beam (up = 0, np = 0). qo = Ethr’/%T, [W/cm?];
n = 10%% cm 3, = 500 eV; np/ne = 10°. The
values of qo along the vertical axis are 10°
times larger than those indicated.

ubﬂﬂ mnﬁwc

o, (k) = o, (1+ —g-lﬂr%’) + 0 (K), (2.29)

where the shift 8o (k) is defined by the relatiom [40]:

@ r W _(k ’
am(k)=-i(d_“_££%f. (2.30)

"Here We(k) 1is the spectral density of the Langmuir-noise energy and is connected with the
spectral density of the ion-sound energy by the relation

We(k)=%6<k'j’) %EW (k). (2.31)

kr

Since the frequency shift 8w (k) is negative [see (2.35)], it is clear from (2.29) that the
frequency of the natural oscillations of the plasma decreases(wp(k)<:mp(k)) and consequently,
the frequency shift causes an increase of the threshold wave number kp, defined from the
decay condition

m;(1+2 Kt ) = kb (2.32)

This can eliminate the instability if the instability threshold increases withincreasing k.
In the case of a plasma with a beam, when the instability threshold is given by (2.26), this
is precisely the situation we are dealing with in view of the strong (exponential) dependence
of the beam terms on k. We therefore take here the nonlinear frequency shift to be the
mechanism that saturates the parametric instability of the plasma with the beam.

The condition for the elimination of the instability (y = 0) leads to the equation

E? T, () ¥ ()
4une'nTe =16 ok, 7, ’ (2.33)
where the wave number kp is defined by the condition
oy — oy (14324272 )—-ém(k ) — ks = 0. (2.34)

[here and below y = y;is defined by relation (2.18).] The frequency shift of the natural
oscillations with k = kyp is then

E2
S0 (k) = LEW’ (2.35)
Eq N
where — = S(m”dVV (£) is the total energy density of the Langmuir noise.
Recognizing that yg(km)/kmvs = vg(kq)/kqvs, we obtain from (2.33)

Y (km) = P12, (2.36)

? is the excess above threshold and satisfies the condition

where p? = Eo®/Ethr

21, (ky)

et

<pP<1.

Here
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d“b (1 — Vl —u /,.2) — (031112)/(:2

ki=ks 4 u,
up Vl — ug/cz

, Wy ” —_ kd'

Equation (2.36) determines the energy density of the Langmuir oscillations Ea/87, inasmuch
as from (2.34) we get, taking (2.35) into account,

1 oL W,—wp . 3 B, 1" oL,
’“m—m;'{[;i—eJrﬁ W, T MR T, | " op ) (2.38)
Under conditions when the excess above threshold p is not too close to unity, so that
(1 —py| g Zrelts —0n) O
2y (k ) kngTb kv,
the energy density of the Langmuir noise is low:
3 (00—-'(1)1)
16x nuT <6 (2.39)

and ‘from (2.36) we obtain, taking (2.38) and (2.39) into account,

o, (kdub——mL) 8k (2.40)
—_ __f__k2e—.i_k— = [ - (1 _— pZ)]
a’T, d 27, (k)
where
E} mii Wy —0y _l/z
M:W[:’Ej% o, . (2.41)

Substituting in the obtained equation the expression for &k, we get the stationary energy
density of the Langmuir noise:

E? I s ) Ve - (2.42)
ST, = W, [ i 6 ,,] b In T (1 -] -

o, g, Uegity — @, )

Taking into account relation (2.31) between the spectral energy densities of the Langmuir
and ion-sound noises, we obtain

Ez 1 kry, \2 ]’12 Vei o] E‘é
Vkn) g =15 (krj) O g =P g W (2.43)

We then have for the stationary energy density of the ion-sound noise

E: —§ ve‘L '_“D /2 k2 2 (T—ub/cz) ‘J'V -1 (2 44)
SanuT', =4 xS b [P_—l— ] ‘”Le‘.’" b OL,) Pt [ b(kd) M=p )] '

i P

Knowing the energy density of the noise, we can obtain the effective collision frequency,
defined by the relation

2 2 ~ ~
w, _n o ¢ gk (krgPoel O, W (k { Y- Vi } (2.45)
Yef = AT 5 T = ‘Z‘Zg"&(zn)“ 7 N G e Ga— e R

Taking into account relation (2.31) between the spectral densities of the Langmuir and ion-
sound noises, and also the fact that Wg(k) has a maximum near the wave number k = kp, which
is defined under decay conditions by (2.34), we obtain from (2.45)

f——V(knJ Eé _ (2.46)

Substituting Eg® in the obtained relations, we get
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2 'r, “’.ii Wy — Oy, i kd%%‘b (1 —udfe? v, )
v = V 2= ook, [? M ] o, Uy —op) {21?1, ig 4P (2.47)
It is seen from the obtained expression that the effective collision frequency depends little
on the excess above threshold and increases with increasing thermal scatter in the beam:

Vef sz%b. At an electron temperature Te = 500 eV and a density ng = 10®' cm™®, the effective
collision frequency vef = 10*° sec™' exceeds the Coulomb collision frequency vej = 10'2 sec™
by one order of magnitude if np/ne = 10™°, p*® = 0.9, |kdup — wLeI:v kqvrp (the beam velocity
needed for this purpose is up = 10'° cm/sec at a thermal scatter vyy/up = 0.05).

To summarize, under certain conditions a relatively weak current and relatively weak
beam, acting as 'catalysts" of sorts in a plasma are capable of lowering substantially the
threshold of parametric instability, and this can lead to a more effective absorption of the
laser energy [see, e.g., Egqs. (2.25) and (2.26)]. This conclusion does not contradict ex-
periments in either the microwave band [41] or in the laser band in the case when a CO; laser
is used to heat the plasma in a plasma focus [42].

On the other hand, as is seen from (2.28), the combined action of electromagnetic radia-
tion and of an REB on a plasma can greatly increase the efficiency of absorption of high-
power REB in a target (cf. [5]) without the intolerable heating of the plasma of this target
by the reverse current.

4. Gasdynamics of Cumulative Compression of the Target

and Transport Processes

After the REB and PLR are absorbed in the corona, the plasma heating should be accom-
panied by an expansion of the coronma. In the case when the electron thermal conductivity
encompasses the entire region in which the REB is absorbed and the corona expands, we can ob-
tain the hydrodynamic equations that describe the time variation of the plasma temperature
and of the ion density, in the form

T =1,4-107%" A7 (gy1))™ keV, (2.48)
ny= 3.1010g} ezl A, (2.49)

where t is the time; A, atomic weight of the target material; Z, charge; and q, and T,, re-
spectively, flux density and REB pulse duration. From (2.48) and (2.49) it is easy to esti-
mate, e.g., the temperature and pressure near the region where the REB is absorbed in the
plasma at beam parameters of the same type as obtained in our plasma focus: temperture T
~5 keV and pressure P =~ 10° atm. At a plasma-focus beam energy of the order of 1 MJ (which
calls for the use of a capacitor bank or an inductive storage rated 5 MJ) the corresponding
values are of the order of 40 keV and 10*° atm, respectively.

It should be noted that when account is taken of the possible existence of abrupt density
gradients in our plasma during this heating stage, and also when account is taken of the re-
sults of Secs. 2 and 3, it can be assumed that ion-sound oscillations will build up in the
plasma. It is therefore necessary to examine the results of a possible modification of the
calculations presented above for the plasma heating, with allowance for the data of [43-45].
It was obtained there that the thermal conductivity coefficient in such a plasma changes by
a factor a: (me/Mji)'/*<a 6£(me/Mi)1/“. It is clear that this circumstance may relax the
requirements imposed both on the laser when used for preliminary heating of the target in the
thermal-wave regime, and with respect to the beam that produces the principal heating; it may
lead also to an increase of the transfer coefficient n in the corona.

In fact, the energy released at n ~ ner is transformed into a flux of heat-conduction
electrons directed both towards the center (—qi) and towards the corona (qe¢). In accord with
this physical fact, the maximum of the electron temperature is located near the critical den-
sity. ‘

As shown by analytic and numerical investigations [2], at laser-radiation flux densities
q v 10*2-10'“ W/cm® the plasma region with density p ~ por is directly adjacent to the hydro-
dynamic discontinuity, i.e., to the jumplike transition from the corona to the dense and cold
layer of the target material. The energy flux fed to the discontinuity, q¢ < qr, is trans-
formed into a hydrodynamic energy flux directed towards the coroma and into work consumed in
acceleration in the direction of the center of the dense and cold layer of matter. The last
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quantity is the useful part of the total energy supplied, and after the end of the laser
pulse it remains in the form of kinetic energy Tkip or in the form of energy of motion of
the nonevaporated part of the target towards the center, Calculations performed for a thin
spherical shell have yielded a maximum ratio nl@X = Tkin/4qTTo ~ 41% for the case of classical
thermal conductivity (1o is the duration of the laser pulse). However, since the heat sup~
plied to the discontinuity is qt < g, the maximum hydrodynamic efficiency is n = Tkln/qL

< n?ax and amounts, according to numerical calculations, to n =~ 10-20%.

On thé other hand, in the casé}of anomalously low thermal conductivity in the corona
the greater part of the energy absorbed near the critical density will obviously be trang-
formed into the work required to accelerate the dense cold matter towards the center,

The necessary condition for any conceivable scheme of pulsed controlled thermonuclear
fusion to be effective is that a high final density of the thermonuclear fuel be reached.

As shown by a numerical experiment [2], it is necessary to have a sufficiently high
average density p v g/cm®, i.e., to attain a degree of compression™~10®, The general rela-
tion that determines the magnitude of the compressmon {pg and po are the final and initial
densities, respectively) is of the form 8§ = (Tkin/E herm)lly— , where Efjarp is the initial
thermal energy of the compressed matter, and y is the adiabatic exponent, Up to the present,
three schemes that lead to high compressions have been theoretically investigated. The sim~-
plest version is to compress the matter with the aid of a heavy shell. In this case the ab-
sorbed energy is transformed during the first stage into the kinetic energy of an external
spherical layer whose mass M is much larger than the mass m of the compressad material con-
tained inside the shell. It is easily seen that in this scheme the compression is given by
§ v (M/m)*/Y~'. This method is of interest only to investigations of the physics of the com~
pression and cannot be used to attain high amplification coefficients, since the condition
M>=>m must be satisfied, and this llmlts strongly the mass of the thermonuclear fuel and con-
sequently of the thermonuclear yield.

Another well-known scheme of initiating a thermonuclear reaction is to compress and heat
homogeneous spherical targets by a radiation pulse or REB that increases strongly with time.
The physical idea of this method is to choose a pressure pulse of such form, that the com~
pression and heating of the medium takes place.in the absence of shock waves, i.e., in the
ultimate isentropic regime. As a result, it becomes possible in principle to attain ultra-
high compressions § 10°. This scheme, however, imposes very stringent requirements on the
pulse waveform.

The optimum mentioned above can be reached also by using hollow shell targets, consti~
tuting an assembly of spherical layers of substances having different physical properties.
The degree of compression of matter in targets of this type is determined principally by the
geometric factor R/A, where R is the outside radius and A is the total thickness of the shell,
and depends little on the temporal waveform of the pulse.

A detailed physical and numerical analysis has shown that the thermonuclear system is
effective only if the spatial distribution of the target plasma parameters ahead of the flash
is such that the thermonuclear burning begins at the center of the target and propagates to-
wards the periphery. This means that at the instant preceding the thermonuclear flash there
should exist in the center a core heated to the temperature To > 10 keV and having a density
that ensures a high degree of burnup of the thermonuclear fuel in it. If we denote the radius
and density of the core by Ro and po, respectively, then the thermonuclear energy released
in it is determined by the parameter yo = poRo. If at yo~ 1 g/cm® the temperature is To

3 1 keV, then the degree of burnup is ~ 1. We note that at To =~ 10 keV the total reserve
of thermonuclear emergy in the DT mixture is 300 times larger than the thermal energy. How-
ever, inasmuch as only several percent of the total energy absorbed in the corona is trans-
ferred in principle to the center of the target, burnup of only the central core cannot en-
sure a high amplification coefficient of the system as a whole. Therefore, the mass of the
core should amount to only a small fraction of the total mass of the thermonuclear fuel. On
the other hand, the total energy released as a result of the thermonuclear flash at the cen-
ter should be high enough to cause a thermonuclear detonation that involves the total mass
of the fuel. Thus, the initiation problem reduces to separation of the center at an optimal
ratio of the central mass and the main mass.

The total efficiency of the system is determined by the ratio of the average density to
the total mass of the thermonuclear fuel in the target. The product pR for the target as a
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whole should be close to unity. The reason is that the burning of the system is effective
if the « particles are strongly decelerated in the thermonuclear fuel. We note that the
total capture of a particles and neutrons takes place at pR = (.15 and pR = 8, respectively.

New possibilities are offered by the use of a plasma focus to realize the schemes indi-
cated above. In fact, first, it must be borne in mind that approximately half the energy of
the plasma focus bank goes over into kinetic energy of the collapsing current sheath., Usually
only a small part of this energy (=10%) goes over into thermal energy of the plasma during
the instant of the first compression. It is easy to calculate, however, that in the case
when a cylindrical target placed at the center along the chamber axis is used, the energy
flux to the surface of this cylindrical target, with diameter $1 mm, amounts in our case to
10'? W/cem®, and if the storage bank has an energy~ 1-5 MJ, values of the order 10*“ W/cm?
can be obtained within a time of action of the order of several nanoseconds. This means that
one can count on pressures of the order of 107-10° atm; by suitable choice of the composition
and shape of the targets, this will make possible target compression to densities of the order
of 10 g/cm®. This figure can be increased by a special choice of the shape of the density
profile, as shown by numerical calculation [46].

Next, inasmuch as the magnetic fields in the plasma focus are of the order of 1 MG, and
at a bank rating 5 MJ this value can increase to about 10 MG, the requirement stated above
concerning the total capture of the « particles is decreased by at least one order of magni-
tude. This condition means that in such a scheme one can work with cylindrical targets of
relatively small diameter.

It is also clear that the magnetization of the electronic thermal conductivity improves
the burning conditions for this cylindrical target. In contrast to the burning conditions
of spherical laser targets, where the reactions are initiated only at the center, in our case
burning due to capture of a particles and neutrons can be maintained by a relativistic elec-
tron beam.

We note that by virtue of the rather high symmetry that experiment yields for the com-
pression of the plasma in the plasma focus, the instability of the compression of cylindrical
targets is determined only by the precision with which they are produced.

Thus, the combined action of PLR and REB on thermonuclear targets uncovers many new pos—
sibilities of both plasma heating and the design of the targets themselves. The system energy
requirements are less stringent than in the classical schemes of pulsed controlled thermonu-
clear fusion based on PLR or on REB. In particular, with plasma-focus bank emergy 4°10* J
and using solid targets of special constructions, one can hope to obtain a neutron yield up
to 10*? neutrons/pulse. Increasing the plasma-focus bank (and consequently also the REB)
leads to an increase in the neutron yield approximately in accord with the similarity law
that holds in laser thermonuclear fusion [1]. The latter, however, can be attained by simpler
means compared with pure laser methods.

It is clear, however, that to determine all these possibilities it is necessary to in-
vestigate experimentally the combined interaction of PLR and REB with a plasma and on zccel-
eration of shells in a plasma focus, as well as theoretical investigations aimed at deter-
mining the optimal systems of corona heating and burning of cylindrical targets with compli-
cated composition.

In conclusion, the authors thank V. P. Novikov for help with startup of the laser, and
V. T. Tikhonchuk and Yu. V. Bychenkov for a discussion of the results of Secs. 1~3.
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