
PACS numbers: 42.55. ± f, 42.62. ± b, 52.57. ± z

DOI: 10.3367/UFNe.0181.201104m.0434

High-power lasers and their applications
in high-energy-density physics studies

S G Garanin

1. Introduction
Work on the development of high-power lasers was initiated
at the All-Russian Research Institute of Experimental
Physics (ARIEP or VNIIEF in Russ. abbr.) in 1963 by the
scientific supervisor Yu B Khariton. These studies were
headed by S B Kormer and G A Kirillov. Active experi-
mental investigations in this field were started in the mid-
1960s. In 1965, N G Basov proposed to Yu B Khariton that
collaborative studies be carried out on the possibility of the
development of lasers emitting the maximum achievable
output energy.

This proposal was based on the idea of using extremely
high-power optical radiation accompanying the explosion of
a nuclear charge for pumping lasers. However, the emission
temperature of a shock wave in air produced by a nuclear
explosion does not differ substantially from the emission
temperature of a shock wave in noble gases excited by a
standard explosive. This simpler and real pumping method
was proposed for joint investigations by researchers at the
Lebedev Physical Institute, Russian Academy of Sciences
(LPI or FIAN in Russ. abbr.) and ARIEP.

In December 1965, the first explosion experiment on
lasing in ozone was performed, and in December 1966, lasing
was obtained inCF3I. In 1970, an important stage in the study
of explosion photodissociation lasers (EPDLs) was com-
pleted, when a megajoule laser emitting � 100 ms pulses was
built in cooperation with LPI and the State Optical Institute
(GOI in Russ. abbr.).

The successful development of work in this area gave an
impetus to the construction of laser facilities at the Russian
Federal Nuclear Center in Sarov (RFNC±ARIEP) for study-
ing high energy density physics, including investigations in
the field of laser fusion. The natural question arises: Why did
this area begin to develop so rapidly at the nuclear center,
where the main field of research was nuclear weapons
development?

Physical processes proceeding during the explosion of a
thermonuclear charge occur at high energy densities. And
although such high energy densities cannot yet be achieved
under laboratory conditions, it is possible to improve the
understanding of the physics of these processes by refining
theoretical models for simulations and testing them in
laboratory experiments. An advantage of laser studies is the
possibility of performing repeated experiments by using the
developing precision diagnostics. This allows one to study
individual phenomena proceeding in plasmas at thermo-
nuclear temperatures.

The use of a laser to ignite a thermonuclear fuel was first
proposed by Basov and Krokhin [1]. More recently, paper [2]
by American scientists was published. The first successful
experiments with spherical targets were performed at the
Kal'mar facility at LPI [3]. These investigations initiated the
development of laser facilities for studying the physics of
inertial thermonuclear fusion.

At present, two basic schemes for compressing thermo-
nuclear targets are considered, which take advantage of
either direct or indirect irradiation. In both, the external
surface of a spherical shell filled with a thermonuclear fuel
[for example, a deuterium±tritium (DT) mixture] is exposed
to laser radiation producing the evaporation of the shell,
thereby building up the ablation pressure. Under the action
of this pressure, an unevaporated spherical piston com-
presses the fuel up to the required density r and heats it up
to the needed temperature T.

In the direct irradiation scheme, the shell is evaporated
directly upon laser irradiation of the target. In the indirect
method, the thermonuclear fuel is compressed by X-rays
produced by the laser radiation heating of a special
spherical or cylindrical capsule surrounding the thermo-
nuclear target.

In fact, the principle of inertial plasma confinement is
realized in such targets, including the existence of a com-
pressed fuel for the time t required for compressed plasma
unloading. During this time, it is necessary to create
conditions for igniting the target, i.e., conditions under
which the thermonuclear energy release exceeds the energy
deposited on the target. Taking into account that t � R=cs,
whereR is the radius of a compressed core, and cs is the speed
of sound, we can arrive at the ignition condition in the form
rR5 0:3 g cmÿ2 for T5 10 keV.

Work on developing single-pulse lasers for studying
various aspects of laser fusion was started in 1972 on the
initiative of Yu B Khariton, S B Kormer, and G AKirillov at
the RFNC±ARIEP, where high-power Iskra-4 [4], Iskra-5 [5],
Luch [6], and Femto [7] laser facilities were built.

2. High-power photodissociation iodine lasers
for laser fusion studies
Interest in a photodissociation iodine laser as a driver for laser
fusion appeared after the publication of paper [8] in 1971. The
possibilities of applications of iodine lasers for these purposes
were also studied by Russian [9±11] and foreign [12±14]
scientists.

In 1979, a high-power Iskra-4 single-channel iodine laser
facility was built at ARIEP, which emitted 2000-J, 0.1±0.3-ns
pulses. The facility was equipped with a system dividing the
laser beam into four beams for irradiating thermonuclear
targets in the tetrahedral symmetry. In the mid-1980s, this
facility was the world's highest-power (10 TW) single-channel
laser.

The successful solution to the problem of developing and
starting the Iskra-4 facility made it possible to begin the
development of a considerably larger and higher-power
Iskra-5 photodissociation iodine facility, which was started
at the end of 1989 and still operates. This facility consists of
12 laser channels emitting� 0:25-ns pulses with a total output
energy of up to 30±40 kJ. Pump flashlamps and electric-
discharge sources were powered by a specially built system of
capacitive energy storage providing a total energy storage of
up to � 65 MJ [15].
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The target camera of the Iskra-5 facility is equipped with
12 unique three-component mirror±lens focusing systems
[16]. The main experiments in the 12-channel irradiation
regime were performed with 0.3±0.4-ns pulses with the
output energy of 9±10 kJ. At present, this facility provides
the coupling of 0.5±0.6-ns, 2.4±3-kJ second-harmonic pulses
into the interaction chamber [17].

3. Investigations at the Iskra-4 laser facility
Investigations performed at the Iskra-4 facility were mainly
devoted to the direct drive targets in the exploding-shell mode
(see also, for example, Ref. [18]). This mode is characterized
by a low volume compression degree �d � 100� and a weak
sensitivity to the shell converging asymmetry [19]. In this case,
the neutron yield N is sufficient for the reliable detection of
neutrons, which makes it possible to analyze a complete set of
experimental data.

To reach such a compression regime, the laser pulse
duration should be tL 4 0:3 ns, and the laser power density
on the target surface should be IL � 1015W cmÿ2. These
irradiation parameters were attained in experiments.

For this laser power density at a wavelength of 1.315 mm,
the pressure produced by laser radiation (the ponderomotive
pressure) is comparable to the thermal pressure of plasma,
which leads to the formation of a density jump at the point
corresponding to the critical plasma density (see, for
example, [20±22]). Under these conditions, the classical
inverse bremsstrahlung absorption of laser radiation
decreases, and the role of nonlinear mechanisms resulting
in the generation of `hot' electrons and fast ions in a laser
corona becomes dominant.

In experiments [23, 24], spherical glass targets 120±
240 mm in diameter, with the aspect ratio As � R0=DR (the
ratio of the initial radius to the shell thickness) ranging from
30 to 100, and the initial pressure PDT � 10ÿ30 atm of the
DT mixture were utilized. Figure 1 shows the absorption
coefficient ka and the fraction kf of absorbed energy
transferred to fast ions as functions of the laser radiation
intensity.

These experiments were analyzed by constructing the
models of radiation absorption and generation of fast
particles, which took into account the above-mentioned
effects in the SNDP one-dimensional radiation gas dynamics
code [25, 26] and gain satisfactory agreement between
experimental and calculated coefficients ka and kf (see
Fig. 1). The density rf of the compressed DT gas, determined
both from the size of a compressed core measured with a
pinhole camera and from the line emission of neon added to
the DTmixture, was also consistent with the calculated value.
In this case, the maximum value of rf was about 1 g cm

ÿ3 [23].
Although measurements of the target energy input and

volume compression were consistent with calculations, the
experimental neutron yield, amounting to 104ÿ106, was 10±
100 times lower than the yield predicted by the development
of calculations. This discrepancy is mainly explained by the
development of hydrodynamic instabilities and turbulent
mixing caused by the nonuniform irradiation of a target.

After modernization of the Iskra-4 facility to generate the
second-harmonic radiation, a series of experiments on
compressing high-aspect-ratio shells with As > 200 was
performed. The stable generation of thermonuclear neutrons
was obtained in a strongly converging shock wave with the
record high yield of 6� 107 neutrons per pulse.

4. Investigations at the Iskra-5 laser facility
Experimental investigations at the Iskra-5 facility [27±41]
were mainly concerned with the indirect drive targets
consisting of a spherical copper box 1.3±4 mm in diameter
with a glass capsule, containing the DT gas, located at the
center of the box. The efficiency of coupling laser radiation
into the box was verified in a series of experiments on targets
with a reversed corona [29]. In these experiments, a hot
plasma with a record high ion temperature of about 12 keV
was obtained. The neutron yield reached� 1010 DD neutrons
per pulse.

An important stage of investigations covered the X-ray
field characteristics inside the box, the field spectrum, the
effective temperature, and the symmetry properties of
irradiation of the central target. For this purpose, the
parameters of the central capsule were varied: its diameter
was changed from 270 mm to 0.9 mm, the thickness was
changed from 1 to 40 mm, and the initial pressure of the DT
gas was changed from 3 to 50 atm. Experiments and
calculations revealed that the inhomogeneity of the X-ray
flux on the capsule surface did not exceed 2±3% for the ratio
of the box radius to the central capsule radius in the range
from 5 to 10.
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Figure 1.Dependences of the absorption coefficient ka (a) and the fraction

kf of absorbed energy in fast ions (b) on the laser radiation intensity (*Ð

experiment at the Iskra-4 facility, and *Ðcalculations).
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The recording of the spectrum of X-ray radiation
generated by the box walls [37±39] showed that the spectrum
is nonequilibrium. According to the absolute measurements
of the X-ray energy, the X-ray flux irradiating the glass
capsule surface corresponds to the effective temperature of
160±170 eV.

To analyze the experiments, it was necessary to develop
one-dimensional and two-dimensional radiation gas
dynamics codes. Methods were developed for calculating the
generation and transfer of X-rays in a laser plasma by using
the spectral-diffusion approximation and the kinetic equation
method. The validity and accuracy of both the physical
models and developed algorithms and calculation programs
were verified in experiments.

Figure 2a presents a camera-obscure photograph of the
X-ray emission of the central target, which demonstrates the
high degree of symmetry of the compressed region, thus
confirming calculated estimates. The high degree of symme-
try made it possible to detect the density of the compressed
DT gas in experiments at the level from 0.8 to 1.1 g cmÿ3 [31,
33]. Measurements of the shell convergence time tgg per-
formed with an X-ray streak camera gave the estimate of the

typical shell removal velocity, whichwas about 3� 107 cm sÿ1

for a shell thickness of 5±7 mm.
The neutron yield changed from 107 to 1010, depending on

the shell parameters and experimental conditions. For a
target 280 mm in diameter with a shell 5 mm in thickness, the
neutron yield was at a level of about 3� 109, which
corresponds to the DT gas temperature of 2.5 keV measured
by the time-of-flight method.

A comparison of experimental data with calculations
based on the one-dimensional SNDP code showed that the
neutron yield was well described within the framework of
spherically symmetric calculations (Fig. 2b) for the degrees of
a gas volume compression up to 103. At higher compression
ratios, the neutron yield was lower than that predicted by
spherically symmetric calculations, which can be explained by
the influence of turbulent mixing.

The high symmetry of the X-ray field made it possible to
perform theworld's first experimental studies on the influence
of a radiation asymmetry on the dynamics of thermonuclear
targets and the generation of neutrons in them. The influence
of asymmetry in the initial geometry of targets [36, 40, 41] and
in the X-ray flux on the target surface was investigated.

The asymmetry of the X-ray field was varied by using an
additional hole in the box and displacing the spherical capsule
in its direction.

A comparison of experimental results with gas dynamic
calculations of the compression of central capsules with the
help of theMimoza-ND program [42, 43], with the target and
X-ray parameters corresponding to experiments (Fig. 3),
demonstrates the qualitative and quantitative agreement
between experiments and calculations in a wide range of
varying X-ray field asymmetry [36, 44].

5. Ignition of a thermonuclear target
The key issue of laser fusion is the question about the
minimum laser energy EL required to ignite a laser thermo-
nuclear target. It was shown in Ref. [45] that the optimistic
estimate of EL points to 500 kJ for a nanosecond laser pulse.
More detailed information can be obtained with the help of
gas dynamic calculations making allowance for combined
physical processes determining the target compression
dynamics.

Calculations were performed using the SNDP code taking
into account the following physical processes [46]: gas
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Figure 2. (a) Camera-obscura photograph of a central target obtained in a
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dynamic processes, inverse bremsstrahlung absorption of
laser radiation, electron and ion heat conductions, electron±
ion relaxation, X-ray radiation transfer in the nonequilibrium
spectral diffusion approximation, plasma ionization kinetics
in the average ion approximation [47], and the kinetics of
thermonuclear reactions with due regard for the transfer of
a particles in the multigroup, restricted-flow diffusion
approximation [48]. In calculations, the equation of state in
the average ion approximation taking cold pressure into
account was used [49]. The physical models constructed in
this program were confirmed in experiments at the Iskra-4
and Iskra-5 facilities, as shown in Sections 3 and 4.

The calculated optimization of the target design demon-
strates that a 500-kJ laser pulse can ignite a thermonuclear
target representing a plastic spherical shell � 1:5 mm in
diameter with � 30-mm-thick walls. A 25-mm-thick DT ice
layer was frozen on the internal surface of the shell. To
provide the isentropic compression, the laser pulse is profiled:

P�t� � P0

�
t

t0

�2:8

for t < t0 ;

P0 for t0 < t < t0 � Dt ;

8<:
where P�t� is the laser radiation power conveyed to the target,
t0 � 8:6 ns, Dt � 1:48 ns, and P0 � 1:34� 1014 W (these
values were selected in accordance with the shell radius and
mass). Calculations show that in this case the gain coefficient
of the target (the excess of the thermonuclear energy over the
deposited laser energy) is about 10. The yield of thermo-
nuclear neutrons reaches 2� 1018 neutrons per pulse, the
volume compression of the thermonuclear fuel is about 104,
and the density of the DT mixture at the instant of maximum
compression is about 100 g cmÿ3.

The nonuniform irradiation of the target, the deviation of
the shell symmetry from spherical, and the different thickness
of the DT ice layer cause the violation of the one-dimension-
ality of compression, thereby increasing the energy required
for a target ignition. These factors can be conditionally
divided into two groups according to the spatial scale.
Large-scale inhomogeneities include perturbations with a
wavelength of �0:1ÿ1�R0, where R0 is the initial radius of
the target, while small-scale inhomogeneities correspond to
perturbations with a wavelength shorter than 0:1R0.

The influence of large-scale inhomogeneities has been
studied in many laboratories in Russia and abroad (see, for
example, preprint [50]). We will analyze this influence based
on two-dimensional Mimoza-ND calculations comprising
the same thermonuclear target for which the results of one-
dimensional calculations were presented above. The variation
of the laser radiation intensity along the target surface can be
written out in the form

I � I0
�
1� al Pl �cosY�

�
;

where I0 is the laser radiation intensity averaged over the
target surface,Pl �cosY� is the Legendre polynomial, and al is
the perturbation amplitude. The influence of the inhomo-
geneity on the target ignition is characterized best of all by the
ratio of the thermonuclear energy released during laser fusion
and obtained in two-dimensional calculations to the energy
produced in one-dimensional calculations. The dependence
of this parameter on the perturbation amplitude al for two
harmonics with l � 2 and 10 testifies that the close perturba-
tion levels for both harmonics cause an approximately equal
decrease in the released energy (Fig. 4). Note that the energy

release decreases by half when the irradiation inhomogeneity
amplitude reaches 5%, and the neutron yield is virtually
absent when the inhomogeneity amounts to 9%. These
investigations suggest that, when the volume compressibility
factor reaches 104, large-scale inhomogeneities with the
amplitude on the order of 3% do not affect the compressi-
bility and combustion dynamics of a thermonuclear fuel.

The presence of small-scale inhomogeneities leads to the
efficient development of gas dynamic instabilities and
turbulent mixing. Unfortunately, it is impossible at present
to perform direct simulations of the influence of these effects
on the compression dynamics of the target and its ignition.
Although many experimental and theoretical studies are now
underway, it is not clear so far how much the laser energy
should be increased to compensate for energy losses caused by
instabilities.

6. Megajoule laser facility
Experiments at the Iskra-5 facility revealed its restricted
possibilities. In particular, the neutron yield for a laser
energy of about 30 kJ is insufficient for studying all the
regimes of thermonuclear target compression. In 1996,
RFNC±ARIEP proposed building a megajoule laser facility
[51] for experiments on the ignition of a nuclear fusion target.
In addition, this facility would be used for studying the
problems like the X-ray energy transfer in closed volumes,
the spectroscopy of hot dense plasmas, the spectral measure-
ments of the X-ray absorption coefficients in equilibrium
plasma, the radiative gas dynamics of asymmetric flows, the
determination of the equations of state of matter in the
pressure region from 10 to 100 million atm, and the
development of hydrodynamic instabilities and turbulent
mixing on contact boundaries.

Analysis of different possible designs of such a facility
showed that the technology of neodymium lasers, which was
considerably developed in the 1970s±1980s, provided the best
opportunities for increasing the efficiency of the facility and,
therefore, for reducing its dimensions. A characteristic
feature of such facilities was a multipass (four-pass) power
cascade with a sectioned aperture and active rectangular
phosphate glass elements (so-called slabs). This design
provides a significant increase in the amplifier efficiency and
reduces the number of intermediate amplification cascades.
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At the first stage, a four-channel Luch neodymium facility
was built at RFNC±ARIEP for testing and working out basic
scientific and technical solutions [52]. The optical scheme of
the Luch facility channel is mainly similar to those of the NIF
(National Ignition Facility) [53] and LMJ (Laser MeÂ gajoule)
facility [54]. The laser efficiency is increased by utilizing an
amplification scheme in which a laser pulse passes four times
through active laser elements (neodymium slabs), thereby
increasing the extraction of energy stored in them. In
addition, laser channels are combined in blocks pumped by
a common pumping system containing xenon flashlamps,
which also increases the laser efficiency. The amplifying stage
of the Luch facility includes two power amplifiers, each of
them containing nine neodymium slabs. The laser beam cross
section is a 20� 20-cm square. To suppress self-excitation in
the laser channel, the second and third amplification passages
are separated by a Pockels cell, and the laser beam quality is
improved by means of a special adaptive system.

It was shown in Ref. [55] that the radiation resistance of
domestic optical elements in the facility channel, specifically,
Nd-phosphate glass slabs [56], provides an operation with
mean output energy densities of up to e � 10 J cmÿ2.
Calculations of the laser pulse amplification showed that, to
achieve such a level of e, the gain should be g � 0:04±
0:05 cmÿ1; in this case, the output energy of one channel
should be 3±3.5 kJ. Experiments [57] demonstrated that
amplifiers of the selected design provide the required value
of g. These results and the required operation regimes
obtained in all systems of the facility made it possible to
achieve in experiments the expected output energy of 3.3 kJ
per channel (Fig. 5) [58].

A specific feature of the capacitor bank of the Luch
facility with the 4.7-MJ energy storage at a voltage of 24 kV
is that reversely switched semiconductor dynistors [59] with
very high commutation parameters were utilized for the first
time in world practice in a high-power laser.

The experimental results demonstrated the validity of the
chosen scientific and technical solutions. Further studies
aimed at improving the main systems of the facility,

including the development of a large-aperture Pockels cell
with plasma electrodes [60], the development of manufactur-
ing technology for Nd slabs with enlarged apertures [61], and
the application of new operation algorithms for an adaptive
system [62], made it possible to formulate the concept for
building a laser facility emitting � 2:8 MJ, 3±5-ns pulses at a
wavelength of 0.53 mm.The laser beamaperture is 40� 40 cm,
and the number of amplification channels reaches 192. At
present, the technical design of this facility is being developed
at RFNC±ARIEP.

Along with studies of laser radiation amplification, the
Luch facility is also employed for investigating the behavior
of matter under experimental conditions. In particular, an
experimental method for studying shock compressibility is
being developed. Figure 6a shows the principal experimental
layout, and Fig. 6b presents the PÿU compressibility
diagram obtained for lead. Notice that the pressure reached
in laser experiments exceeds 50 Mbar.

7. Petawatt laser complex
Recent years have witnessed considerable progress in the
development of solid-state femtosecond lasers. Subpetawatt
and petawatt laser facilities emitting 100±500-fs pulses have
been started at leading laser laboratories (see, for example,
Ref. [63]). Such output power levels in a focused beam
provide a power density of up to 1018ÿ1022 W cmÿ2.

The appearance of a new tool led to the development of a
number of new research avenues, such as the generation of
fast electrons and ions, including proton beams, the genera-
tion of hard X-rays, and the initiation of nuclear reactions.
The possibility of a `fast' ignition of a thermonuclear target
simultaneously irradiated by nanosecond and femtosecond
pulses is considered.

At present, two main approaches for achieving petawatt
laser powers are being considered. In the first method, a
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femtosecond laser pulse with an energy on the order of 1 nJ is
stretched up to a few nanoseconds by means of a dispersion
optical system (a diffraction grating called a stretcher). Then,
the pulse can be amplified by well-known methods. After
obtaining the required energy, the pulse is compressed in time
with the help of another optical system (a compressor), also
consisting of diffraction gratings. If the laser pulse spectrum is
not distorted during amplification, the pulse duration can be
shortened to its initial value.

However, a neodymium phosphate glass amplifier dis-
torts (narrows) the laser pulse spectrum, and the output pulse
of such petawatt laser systems has a 0.5±1-ps duration.

Another system is based on the employment of parametric
amplifiers with a considerably broader amplification band.
The idea of such a laser system applied to lower radiation
power levels was probably first formulated by Soviet
researchers more than 25 years ago [64]. However, only at
present, after the creation of femtosecond lasers emitting 10-
fs pulses and nonlinear crystals with apertures of up to 40 cm,
has the realization of this idea for generating record high,
multipetawatt powers become possible [65].

Such a system was realized at the Luch facility in
collaboration between researchers at RFNC±ARIEP and
the Institute of Applied Physics, Russian Academy of
Sciences (Nizhny Novgorod). Parametric amplifiers in this
system are based on large-aperture DKDP crystals. At
present, 1 PW of output power is being achieved [7]. The
output energy of the facility is about 50 J for a compressed
pulse duration of about 45 fs and a beam diameter of 7.4 cm.

8. Conclusions
The laser stand base built at RFNC±ARIEP is unique. It is
the property of the scientific community in Russia and is open
for investigations in the field of high-energy-density physics
for researchers from different scientific institutes in Russia.

The creation of high-power laser facilities at RFNC±
ARIEP for investigations in the field of high-energy-density
physics facilitates the development of technologies in the
fields of laser science, optics, pulsed power, and measure-
ment techniques.

References

1. Basov N G, Krokhin O N Zh. Eksp. Teor. Fiz. 46 171 (1964) [Sov.

Phys. JETP 19 123 (1964)]

2. Nuckolls J et al. Nature 239 139 (1972)

3. Basov N G et al. Pis'ma Zh. Eksp. Teor. Fiz. 26 581 (1977) [JETP

Lett. 26 433 (1977)]

4. Kormer S B Izv. Akad. Nauk SSSR Ser. Fiz. 44 2002 (1980)

5. Annenkov V I et al. Kvantovaya Elektron. 18 536 (1991) [Sov. J.

Quantum Electron. 21 487 (1991)]

6. Beznasyuk N N et al. Trudy RFYaTs ±VNIIEF (3) 232 (2002)

7. Andreev N F et al. Pis'ma Zh. Eksp. Teor. Fiz. 79 178 (2004) [JETP

Lett. 79 144 (2004)]

8. Gensel P, Hohla K, Kompa K L Appl. Phys. Lett. 18 48 (1971)

9. Basov N G et al. Kvantovaya Elektron. 6 (18) 116 (1973) [Sov. J.

Quantum Electron. 3 524 (1973)]

10. Gaidash V A et al. Pis'ma Zh. Eksp. Teor. Fiz. 20 243 (1974) [JETP

Lett. 20 107 (1974)]

11. Kormer S B Izv. Akad. Nauk SSSR Ser. Fiz. 44 2003 (1980)

12. Aldridge F T Appl. Phys. Lett. 22 180 (1973)

13. Palmer R, Gusinow M IEEE J. Quantum Electron. 10 615 (1974)

14. Baker H J, King T A J. Phys. D 8 L31 (1975)

15. Bezuglov V G et al. Prib. Tekh. Eksp. (3) 100 (1991)

16. Vasil'ev A S et al. Izv. Akad. Nauk SSSR Ser. Fiz. 54 2027 (1990)

17. Annenkov V I et al. Kvantovaya Elektron. 35 993 (2005) [Quantum

Electron. 35 993 (2005)]

18. Storm E K et al. J. Appl. Phys. 49 959 (1978)

19. Bel'kov S A et al. Vopr. At. Nauki Tekh. Teor. Prikl. Fiz. (2) 25

(1990)

20. Attwood D T et al. Phys. Rev. Lett. 40 184 (1978)

21. Silin V P Usp. Fiz. Nauk 145 225 (1985) [Sov. Phys. Usp. 28 136

(1985)]

22. Bel'kov S A et al. Kvantovaya Elektron. 19 1187 (1992) [Sov. J.

Quantum Electron. 22 1109 (1992)]

23. Bel'kov S A et al. Zh. Eksp. Teor. Fiz. 97 834 (1990) [Sov. Phys.

JETP 70 467 (1990)]

24. Bel'kov S A et al. Zh. Eksp. Teor. Fiz. 101 80 (1992) [JETP 74 43

(1992)]

25. Dolgoleva G V Vopr. At. Nauki Tekh. Algoritmy Metody Chisl.

Resh. Zadach Mat. Fiz. (2) 29 (1983)
26. Bel'kov SA et al.Vopr. At. Nauki Tekh.Mat.Model. Fiz. Protsessov

(1) 76 (1990)
27. KochemasovGG, inLaser Interaction withMatter:Proc. of the 23rd

European Conf., Oxford, 19 ± 23 September 1994 (Ed. S J Rose)

(Bristol: IOP, 1995)

28. Bessarab A V et al. Zh. Eksp. Teor. Fiz. 102 1800 (1992) [JETP 75

970 (1992)]

29. Abzaev F M et al. Pis'ma Zh. Eksp. Teor. Fiz. 58 28 (1993) [JETP

Lett. 58 28 (1993)]

30. Abzaev F M et al. Zh. Eksp. Teor. Fiz. 114 155 (1998) [JETP 87 87

(1998)]

31. Bel'kov S A et al. Zh. Eksp. Teor. Fiz. 114 837 (1998) [JETP 87 454

(1998)]

32. Bel'kov S A et al. Laser Part. Beams 17 591 (1999)

33. Bel'kov S A et al. Laser Part. Beams 17 377 (1999)

34. Bel'kov S A et al. Laser Part. Beams 17 385 (1999)

35. Bel'kov S A et al. Laser Part. Beams 17 597 (1999)

36. Bel'kov S A et al. Pis'ma Zh. Eksp. Teor. Fiz. 67 161 (1998) [JETP

Lett. 67 171 (1998)]

37. Bessarab A V et al. Fiz. Plazmy 20 90 (1994)

38. Bel'kov S A et al. Kvantovaya Elektron. 21 271 (1994) [Quantum

Electron. 24 253 (1994)]

39. Bel'kov S A et al. Fiz. Plazmy 24 154 (1998) [Plasma Phys. Rep. 24

133 (1998)]

40. Mkhitarian L S et al., in Inertial Fusion Sciences and Applications 99

(Eds C Labaune, W J Hogan, K A Tanaka) (Paris: Elsevier, 2000)

p. 142

41. Mkhitar'yan L S et al. Trudy RFYaTs ±VNIIEF (1) 300 (2001)
42. Afanas'eva E A et al., in Konstruirovanie Algoritmov i Reshenie

Zadach Matematicheskoi Fiziki (Construction of Algorithms and

Solution of Problems inMathematical Physics) (EdsGPVoskresen-

skii, A V Zabrodin) (Moscow: IPM AN SSSR, 1989) p. 277

43. Sofronov I D et al. Vopr. At. Nauki Tekh. Mat. Model. Fiz.

Protsessov (1) 8 (2000)
44. Mkhitarian L S et al. Laser Part. Beams 18 237 (2000)

45. Il'kaev R I, Garanin S G Vestn. Ross. Akad. Nauk 76 503 (2006)

[Herald Russ. Acad. Sci. 76 282 (2006)]

46. Bel'kov SA, Dolgoleva GVVopr. At. Nauki Tekh.Mat.Model. Fiz.

Protsessov (1) 59 (1992)
47. Bel'kov S A et al. Zh. Eksp. Teor. Fiz. 111 496 (1997) [JETP 84 272

(1997)]

48. Bel'kov SA,Dolgoleva GV, Ermolovich VFVopr. At. Nauki Tekh.

Mat. Model. Fiz. Protsessov (1) 51 (2003)
49. Bel'kov SA, Bondarenko S V,Mitrofanov E IKvantovaya Elektron.

30 963 (2000) [Quantum Electron. 30 963 (2000)]

50. Lindl J, Preprint LLNL, UCRL-JC-119015, L19821-1 (1995)

51. Galakhov I V et al. Fusion Eng. Design 44 51 (1999)

52. Sukharev S A Proc. SPIE 3492 12 (1999)

53. Paisner J A et al. Proc. SPIE 2633 2 (1995)

54. Andre M L Proc. SPIE 3047 38 (1997)

55. Arbuzov V I et al. Opt. Zh. 69 (1) 16 (2002) [J. Opt. Technol. 69 13

(2002)]

56. Alexseev V N et al. Opt. Zh. 69 (1) 11 (2002) [J. Opt. Technol. 69 9

(2002)]

57. Voronich I N et al. Kvantovaya Elektron. 33 485 (2003) [Quantum

Electron. 33 485 (2003)]

58. Garanin S G et al. Kvantovaya Elektron. 35 299 (2005) [Quantum

Electron. 35 299 (2005)]

420 Conferences and symposia Physics ±Uspekhi 54 (4)



59. Chumakov GD et al., inProc. of the Xth IEEE Intern. Pulsed Power

Conf., Albuquerque, NM, USA, 1995

60. Andreev N F et al. Kvantovaya Elektron. 34 381 (2004) [Quantum

Electron. 34 381 (2004)]

61. Arbuzov V I et al. Opt. Zh. 70 (5) 68 (2003) [J. Opt. Technol. 70 361

(2003)]

62. Voronich I N et al. Kvantovaya Elektron. 35 140 (2005) [Quantum

Electron. 35 140 (2005)]

63. Kryukov PGKvantovaya Elektron. 31 95 (2001) [QuantumElectron.

31 95 (2001)]

64. Piskarskas A, Stabinis A, Yankauskas A Usp. Fiz. Nauk 150 127

(1986) [Sov. Phys. Usp. 29 869 (1986)]

65. Andreev N F et al. Pis'ma Zh. Eksp. Teor. Fiz. 79 178 (2004) [JETP

Lett. 79 144 (2004)]

PACS numbers: 07.55.Db, 64.30. ± t, 74.25. ± q
DOI: 10.3367/UFNe.0181.201104n.0441

Research in ultrahigh magnetic
field physics

G V Boriskov, A I Bykov, M I Dolotenko,
N I Egorov, Yu B Kudasov, V V Platonov,
V D Selemir, O M Tatsenko

1. Introduction
The history of the achievements of the All-Russian Research
Institute of Experimental Physics (VNIIEF in Russ. abbr.) in
the field of ultrahigh magnetic field (UHMF) generation and
applications in fundamental physical studies begins in 1952,
when Andrey D Sakharov put forward the idea of magnetic
cumulation as one of the possible methods for achieving a
controlled thermonuclear reaction [1]. He also proposed two
types of magnetocumulative generators of UHMFs (MC-1)
and energy (MC-2) [1, 2]. In the first of them, a special device
produces the initial axial magnetic field flux in the cavity of a
cylindrical metal shell (liner). A converging detonation wave
is initiated in a circular explosive charge surrounding the liner
so that it arrives at the external boundary of the liner at the
instant of time when the initial magnetic field in the liner
achieves a maximum. Under the action of pressure of the
detonation products, the liner collapses to the center,
compressing the initial magnetic flux. If the compression is
rapid enough, the magnetic flux in the cavity is preserved, and
themagnetic field strength on the liner axis increases inversely
proportionally to the squared radius of the liner, achieving a
few megagausses. The chemical energy of the explosive is
transformed into the magnetic field energy through the
kinetic energy of the liner.

Extensive attempts made in many countries to reproduce
UHMFs by the explosive compression of a magnetic flux
revealed unexplainable difficulties in obtaining magnetic
fields exceeding 3 MG, which resulted in the termination of
work in this field.

2. MC-1 cascade generator
A group of researchers at VNIIEF headed by A I Pavlovskii
proposed and realized a number of concepts supplementing
and developing the magnetic cumulation idea and solved the
problem of the reproducible generation of UHMFs.

First, it was proposed to make the shells of the MC-1
generator from a material with a controllable electrical
conduction. Such a material in the initial state is either
completely nonconducting or conducts current only in one
direction. At the required instant, a shock wave is passed
through the material, making it conducting in all directions.
For example, such a material can be produced from closely
packed parallel isolated copper wires glued with an epoxy
compound.

Second, unique solenoids of the initial magnetic field in
theMC-1 generator were constructed in the form of a cylinder
made of a composite material with the internal layer contain-
ing wires forming a multiple (� 500 entry wires), multilayer
(7±13 winding layers) solenoid (Fig. 1). This made it possible
to reliably obtain highmagnetic fluxes and use the solenoid as
a liner: after the passage of a shock wave from an explosive
charge, the wires are connected up to form a continuous
conducting cylinder capturing and compressing the magnetic
flux [3].

Third, because the high initial magnetic flux in the wire
solenoid provided UHMF generation in large volumes, the
X-ray diffraction analysis of the longitudinal cross section of
theMC-1 generator showed that themagnetic field strength is
mainly restricted by the instability of the matter±field inter-
face during the deceleration of the shell by the pressure of the
strengthened magnetic field [4].

Fourth, the cascade principle of magnetic field strength-
ening was proposed, which removed this restriction, stopped
the development of instabilities, and provided the reproduci-
ble generation of multimegagauss magnetic fields [5, 6]. One
or two cylindrical cascade shells made of the same composite
are located coaxially to the shell solenoid. In the initial state,
the cascade shells easily transmit the amplified magnetic field
flux inside, but each time the internal boundary of the liner
can lose its stability, the liner is replaced by a new one, which
compresses the magnetic flux when conduction appears in the
cascade material after the impact of one cascades with the
other.

The MC-1 cascade ten-megagauss magnetic field gen-
erator was developed for many years of research work and
then produced in batches (see Fig. 1) [7, 8]. The basic
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Solenoid Reverse outlet

Figure 1. Appearance of the MC-1 cascade generator prepared for an

explosion experiment. The inset shows a part of the cross section of the

solenoid shell of the MC-1 generator.
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