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Abstract

This paper is devoted to the question of the conversion of nuclear energy into the energy of coherent optical radiation. The
two possible ways to convert nuclear energy into laser radiation are discussed: direct and combined nuclear pumping. The
concept of using laser gas active media capable of working with both direct and combined nuclear pumping is considered.
The results of an investigation by Kazakh scientists on nuclear pumped lasers active media on bound-bound atomic

transitions are presented.
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INTRODUCTION

The idea of converting the energy of nuclear reactions into
laser radiation appeared immediately after the first optical
quantum generators were introduced (Herwig, 1964). The
high specific power and compactness of nuclear energy
sources, along with other advantages compared with the
other traditional methods for ionization and excitation of
active laser media, have sufficiently stimulated the interest
in the creation and study of nuclear-pumped lasers. Extensive
opportunities for the application of nuclear-pumped lasers,
especially in the cases where powerful lasers have to be
placed on stand-alone remote platforms, have also stimulated
research activities in this area.

There are two possible ways to convert nuclear energy into
laser radiation: direct and combined nuclear pumping (CNP).
Direct nuclear pumping (DNP) is a method of converting nu-
clear energy, in which the energy of nuclear reactions is di-
rectly transferred to be employed in the ionization and
excitation of buffer gas atoms and molecules, and is then,
within a sequence of plasma-chemical processes, trans-
formed into population inversion and coherent radiation.
During CNP, the energy of nuclear reactions is spent for pre-
ionization of an active laser medium followed by electric dis-
charge pumping; so electrical energy can be generated in the
same nuclear reactor.
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The aim of this paper was to summarize research results
related to the conversion of nuclear energy into the energy
of coherent light radiation, both by DNP and CNP, as well
as to provide information on research activities in this field
being performed in Kazakhstan.

There are two possible conventional ways to utilize the
energy from nuclear reactions for the ionization and exci-
tation of active media in lasers: by employing surface or
volume sources of charged particles (see Fig. 1).

The surface sources are solid coatings of laser tubes’
internal surfaces emitting charged reaction products for
laser medium excitation or ionization under the influence
of neutron flux or due to radioactive decay (where FF,, and
FF, are heavy and light fragments of fission):

U 44 n' — FF,(65MeV) + FF,(97 MeV), e

7B 45 n' —;5 Li(0.855 MeV) 4+, He*(1.495MeV),  (2)

JLi® 4o n! —; H3(2.73MeV) +, He*(2.05 MeV), 3)

Po’!? — He*(5 MeV) + Pb™. @)
The cross-sections of such reactions for thermal neutrons are

sufficiently large and comprise 582 barns (U**%), 3837 barns
(B'?), and 945 barns (Li%).


mailto:batyrbekov@nnc.kz
https://doi.org/10.1017/S0263034613000098

674

Gas mixture + He®

(a)

P
a4 «—
TN
T T
n ! }: 3
—_
1P PR
—_—
1
- P -

E. G. Batyrbekov

(b) U.0; Gas mixture
. £
" A ff : 74 lI .
RLANEE N
- !
I F
D — ‘_
1 X
L'__'_"'""l_—’_'_'_“

Fig. 1. Volume (a) and surface (b) sources of charged particles.

Lasing at CO, He-Hg, Ar-Xe, He-Cd, and other laser
media has been employing surface sources (Batyrbekov,
2008a). However, significant energy loss (>50% of the
energy released in nuclear reactions) due to the geometrical
factor and the passage of particles through the source itself
decreases the overall system efficiency. Surface sources are
inefficient at high pressures and at large volumes of laser
active media, since the penetration depth for fission frag-
ments in a laser medium is limited in this case, causing het-
erogeneous ionization of the active medium. Unevenness of
active medium ionization leads to a temperature gradient
along the diameter of the laser tube, and as a consequence,
unevenness of the density of the gas active medium. As a
result, a wide angle or focusing lens can appear depending
on the ratio of the mean free path of the charged particles
and the laser tube diameter, which adversely affects the
lasing conditions (Batyrbekov et al., 1994a). Despite this,
the surface sources are used quite often for nuclear pumping
of lasers, especially in the case where it is necessary to avoid
the presence of a charged particles volume source in a laser
active medium to eliminate the negative effects on population
inversion kinetics.

Volumetric sources of charged particles are introduced
homogeneously into gaseous working media of lasers. UFg
can be used as the source; the fission reaction in this case re-
sults in high-energy fission fragments for excitation and ion-
ization of the laser medium. However, UFs has some
negative features, such as strong deactivation of the excited
states, a large capacity for absorption of electrons with nega-
tive ions formation, chemical activity of atomic fluorine, etc.
The gas isotope He® that emits protons and tritium after neu-
tron capture can be used most effectively for this purpose:

JHe® +on!' — H}(0.19MeV) 4, H'(0.57 MeV). (5)
The cross-section for this reaction is sufficiently large, about
5,400 barns, and the reaction is very successfully used for
lasing in certain active media (He3-Xe, He3-Cd, He3-Zn,
and others) where He® plays the role of a buffer gas, assuring
a uniform volumetric excitation of the active medium.
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Volume and surface sources of charged particles can both
be used simultaneously. For example, the joint use of He’
and U,O; at the optimum ratio of the laser tube diameter
and the active medium pressure provides a more uniform
energy distribution in the gas and eliminates the “gas lens”
problem. Moreover, arranging the charged particles surface
source in staggered order along the laser tube eliminates
the problems resulting from distortion of the beam direction-
ality along the laser axis (DeYoung et al., 1989).

PECULIARITIES OF NUCLEAR PUMPED
LASERS ACTIVE MEDIA

The only type of laser with successfully implemented nuclear
pumping is still the gas laser (DeYoung et al., 1989;
Mis’kevich, 1991; Miley, 1993; Batyrbekov, 2008a). The
use of nuclear energy for pumping liquid and solid-state
lasers is limited by the radiation damages problem. At the
same time, the gas lasers have features. First, only gas
lasers can be transparent in the wide spectral range (from
the vacuum UV region to the far-infrared region of the spec-
trum), and as a consequence, they have a large working range
of wavelengths. Second, the operating levels in the gas are
the levels of almost isolated particles (atoms, ions, and mol-
ecules), which determines the narrowness of laser transitions
and makes it possible to achieve a high monochromaticity of
laser radiation. Third, the gas atmosphere has much lower
density and higher optical homogeneity, so the losses for dif-
fraction and scattering are minimal in it, making it easier to
reach the diffraction limit. Gas laser emission has the
lowest divergence compared to the liquid and solid-state
lasers. However, the relatively low density of gas environ-
ments requires sufficient extension of the lasers to meet the
amplification conditions, which is not always feasible at
the excitation by nuclear reactor energy. Utilization of a
multiple-pass resonator makes it possible to eliminate this
disadvantage, but introduces additional negative reactivity
and some technical difficulties.

There are some publications covering the study of possible
applications of solid-state lasers nuclear pumping. In
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particular, the possibility of using a nuclear-excited lamp for
pumping solid-state laser is shown (Miley, 1993; Prelas,
1995; Batyrbekov, 1993a). The possibility of using a mixture
of alkali metals with He® as an active medium of the nuclear-
excited plasma is considered. In particular, the coefficient of
nuclear energy conversion into radiation of Na,* excimer
molecule can theoretically reach 40%. To resolve the pro-
blem of radiation damage in solids, it was proposed to use
optical fibers to take nuclear-induced lamp radiation away
from the radiation field of the nuclear reactor. Studies with
solid-state converters, pumped by radiation from a DNP
laser, were performed by All-Russian Scientific Research In-
stitute of Technical Physics, Snezhinsk (VNIITF) (Magda,
2007).

A series of works on the possibilities to use liquids as an
active medium in nuclear pumping lasers have been pub-
lished by the Institute of Physics and Power Engineering, Ob-
ninsk (IPPE) (Dobrovolskiy et al., 2003; Kabakov et al.,
2007). In one of the options, it was proposed to use inorganic
liquids activated by rare earth and actinide elements as the
active medium. However, until now there has been no infor-
mation about obtaining lasing by direct pumping in liquids.
Thus, the most promising is the study of gaseous media as
active media for nuclear-pumped lasers.

DIRECT NUCLEAR PUMPED LASERS

The first experimental confirmation of the possibility to
create a laser with DNP came in 1975, when MacArthur
and Tollefsrud succeeded in lasing on vibrational transitions
of the CO molecule with A = 5.1-5.6 um using U, coatings
and a fast pulse reactor of the Sandia-II pool type (McArthyr
& Tollefsrud, 1975). Soon, there were reports on lasing with
DNP in He-Xe (Fuller et al., 1975) and Ne-N, (De Young,
1976) mixtures.

There are currently more than four dozen lasers capable of
operating in excitation by the energy of pulsed nuclear reac-
tors and emitting in a wide spectral range from 391 nm to
5.6 um (Batyrbekov, 2008a).

The geography of the studies has also expanded. While in
the 1980s lasers with DNP were studied only in the Soviet
Union and the United States, Germany (De Young, 1976;
Adonin et al., 2006; 2009; Krucken et al., 2007), China
(Han-De et al., 1993; Chengde et al., 2007), Japan (Hayashi-
da et al., 1991; Kakuta et al., 1998; Obara & Takezawa,
2007), Brazil (Campus & Shaban, 1997a, 1997b), and
other countries are active in this area today.

The Direct Nuclear Pumped Lasers Program (lasers with
DNP) has being successfully developed in the United
States of America for many years, with the participation of
scientists from Sandia and Los Alamos National laboratories,
University of Illinois, Missouri, North Carolina, and others.
In the former Soviet Union, the studies of direct nuclear
pumped lasers were performed in All-Russian Research Insti-
tute of Experimental Physics, Sarov (VNIEP), VNIITF,
Moscow Engineering Physics Institute (MEPI), IPPE,
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Institute of Nuclear Physics of National Nuclear Center of
the Republic of Kazakhstan (INP NNC RK), Institute of
Atomic Energy of National Nuclear Center of the Republic
of Kazakhstan (IAE NNC RK), etc. The first lasing with
DNP was achieved in Arzamas-16 (Sarov) in May 15,
1973 (Melnikov et al., 2007), two years before the first an-
nouncement made by U.S. scientists, but considering the se-
crecy of the research the first publication on this topic
appeared only in 1979 (Dovbysh et al., 1979a; 1979b). 1t
was the He-Xe laser with the following parameters: wave-
length 2.6 um, efficiency ~0.45%, average radiation power
~25 W, pulse energy ~60 mlJ.

All currently existing direct nuclear pumped lasers can be
classified into three main groups: vibrational transitions of
molecule lasers; metal vapor ion lasers; and lasers based
on neutral atom transitions. It should be noted that this corre-
sponds to the traditional classification of gas lasers into mol-
ecular, ion, atomic, and excimer lasers. Lasing with DNP on
excimer molecule transitions has not been obtained so far.

DNP LASERS ON VIBRATIONAL TRANSITIONS
OF MOLECULES

The characteristic feature of lasers on molecular vibrational-
rotational transitions due to the small difference in energy be-
tween the working levels is lasing in the mid- and far-infrared
range. The typical example of this laser class is CO laser op-
erating on vibrational-rotational transitions in the main elec-
tronic state within the 5-6.5 um wavelength range. A high
efficiency, a high output power, and the ability to work in
continuous and pulsed modes with different methods of
achieving inversion (pumping by an electric beam and elec-
tric discharge, gas-dynamic pumping and chemical pump-
ing) naturally stimulated interest in developing CO laser
with direct nuclear-pumping.

As is noted above, the laser on vibrational transitions of a
CO molecule was one of the first lasers with DNP (McArthyr
& Tollefsrud, 1975). However, in contrast to other methods
of excitation, in the case of DNP it was not possible to
achieve a high efficiency of input energy conversion into co-
herent electromagnetic radiation. The maximum experimen-
tal values of output energy 0.1-0.3 mJ and efficiency
0.1-0.3% from the energy delivered into the gas were ob-
tained at 50 ms duration of generation. Moreover, a high
lasing threshold (Dyesn = 5 X 10" n/cm?s), pressure
limits, and strict requirements for active medium cooling
(laser was operated at 77 K temperature and 100 mTorr
active medium pressure) made the direct nuclear pumped
CO-laser not interesting in terms of practical applications.
A detailed analysis of CO molecule excitation processes
was provided in Gudzenko et al. (1978) taking into account
the function of electron distribution in conditions of nuclear
pumping. According to calculations there, the maximum ef-
ficiency of the CO laser with DNP does not exceed 0.5% of
the energy deposited into gas, which is consistent with the
experimental results.
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Attempts to obtain lasing on vibrational-rotational tran-
sitions of the CO, molecule with DNP by analogy with the
CO laser were not successful (Batyrbekov, 2008a). A de-
tailed explanation of this fact is given in Andriyahin (1972)
based on the calculation of the electron distribution function
in nuclear-induced plasma of a molecular laser. Kinetics of
the CO, laser with DNP showed that with the compositions
of the mixtures, which are traditionally used in electric-
discharge CO, lasers, the amplification factors on the vibra-
tion—rotation systems of the CO, molecule are too small to
achieve lasing, primarily due to the significant difference
of excitation mechanisms in these two systems. According
to Hasan (1980), the CO, laser with nuclear pumping can
operate at low pressure and low concentrations of CO, and
N,. Under these conditions, the CO, laser with DNP is not
effective, and its conversion to other scales is not possible.

Although a dense He-N, mixture was proposed as an
active medium for lasers with DNP in 1980, lasing was
achieved only in 1996 primarily due to effective population
of the B-states N3 in the processes of helium molecular
ions recharging on nitrogen molecules. In Grebyonkin &
Magda (1991), lasing on the B-X transition (0-0) of a nitro-
gen molecular ion with A =391 nm has been reported. To
our knowledge, this is the shortest-wavelength laser with
DNP. The experiments were performed on the pulsed nuclear
reactor EBR-L with a thermal neutron flux of ~10'7 n/cm?s
with 250 microseconds pulse half-width. The mixture of
He-N,-H, was used as the laser active medium. It was poss-
ible to achieve laser radiation by selective population of the
lower laser level N3 (X).

Metal Vapor DNP Ion Lasers

Current DNP ion lasers are lasers in which transitions be-
tween the energy levels of metal ions are used as working
transitions. This group includes lasers on atomic transitions
of Hg", Cd™, and Zn" ions. The characteristic feature of
this group is the many resonances between the levels of ex-
cited buffer gas atoms and the levels of metals ions (since
ionization potentials of metals atoms are quite below the ion-
ization potential of He atoms). Therefore, the upper working
level is populated at collision processes with excitation
energy transferred from metastable helium atoms to metal
atoms, followed by ionization of this atom and ion excitation.

These lasers do not require exact resonance of excited He
atoms and excited metal ions (M*)*, like in the case of
He-Ne lasers, since the energy excess is carried away by
the electron. The ionization process with recharging can
also provide population of the upper working levels.

An advantage of metal vapor ion lasers that attracts much
interest of researchers in these lasers is the wide range of wa-
velengths and relatively low threshold of lasing. The He-Hg
laser with wavelength A = 615 nm (Akerman, 1976; Aker-
man & Miley, 1977) was the first laser with DNP in the vis-
ible range. A laser radiation with wavelength A = 441.6 nm
achieved in the He*-Cd laser (Dmitriyev et al., 1980; 1982)
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has been for a long time the shortest one for direct nuclear
pumped lasers. However, there are many technical difficul-
ties imposed by metal vapor lasers due to the high tempera-
ture for metal evaporation, corrosion issues and increased
requirements on the purity of the used gases. The highest ef-
ficiency rates achieved for metal vapor ion lasers with DNP
are as follows: He-Hg 107%% (Akerman, 1976; Akerman &
Miley, 1977); He-Cd 0.5% (Dmitriyev et al., 1980); He-Zn
0.06% (Dmitriyev et al., 1982) of the input in gas energy.

DNP Lasers on Neutral Atom Transitions

The typical example of this class of lasers is the He-Ne laser
on atomic transitions of neon with A = 632.8 nm. However,
the low output characteristics of the He-Ne laser have limited
the possibilities for its application. The He-Ne laser is used
mainly in laboratory conditions and, as a rule, for adjustment
purposes.

There is a report available on the creation of a He-Ne laser
with DNP (Carter et al., 1980). The paper reported that a con-
tinuous laser on the transition of 3p’[3/2],-5s[1/ 219 neon
atom with 632.8 nm wavelength was achieved. The measured
value of a small-signal amplification factor in the mixture of
He®:Ne = 5:1 at 300 Torr pressure and ® ~ 6 x 10" n/cm?’s
was 9.81 dB/m. The laser threshold when using the resona-
tor with low Q-factor (50% loss per pass) was obtained at
® ~2x 10" n/cm’. Attempts of other authors to confirm
this result have failed (Prelas & Schlapper, 1981; Krucken
et al., 2007). In particular, in experiments conducted in the
active zone of the stationary nuclear reactor WWR-K at the
flows exceeding neutron fluxes for more than two orders of
magnitude used in Carter et al. (1980), generation has not
been achieved even at high Q-factor of the resonator.

In 1990, several research groups simultaneously reported
on generation with DNP on atomic neon transitions (Hays
& Hebner, 1990; Kopai-Gora et al., 1990; Grebyonkin &
Magda, 1991; Sinyanskiy, 1995). The lasing was obtained
on the transitions 3p’[1/2]p-3s'[1/2]; Nel with A=
585.2 nm wavelength (“yellow” neon laser) and 3p[l/
21;-3s[3/2]; and 3s[3/2], Nel with A=724.5 and
703.2 nm wavelengths (“red” neon lasers), respectively.

The maximum output characteristics of 40 and 9 mJ and
140 and 30 W with an efficiency of 0.16 and 0.02% were ob-
tained for the “yellow” and “red” lasers, respectively. Low
threshold characteristics 1.5 x 10'® n/cm?s) have been re-
ported in Miley and Shaban (1993), which corresponds to
the capabilities of existing stationary nuclear reactors. How-
ever, there is still no experimental confirmation of continu-
ous lasing with DNP in the conditions of the stationary
nuclear reactor.

Detailed studies of the kinetics of laser active media based
on 3p-3s Nel atom transitions pumped by the weak source of
external ionization were first conducted by the staff of the
Laboratory of Nuclear Power Installation Physics (LNPIP)
of the INP NNC RK (Batyrbekov, 1990; 2008b; 2008c;
Batyrbekov & Danilychev, 1992; Batyrbekov et al., 1990;
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from the flow of thermal neutrons.

1991; 1994b). Spectral studies of an neon plasma were per-
formed in the central channel of the stationary nuclear reactor
and in the laboratory using a-particles. The spectral research
made it possible to study the effectiveness of population for
the upper 3p levels of the neon atom, the processes in the
bulk and intermultiplet relaxation of the working laser
levels at ionization of the mixture by the products of nuclear
reactions. The effect of He and Ne on the effectiveness of
neon 3p levels population was studied. It was shown that
neon 3p levels population effectiveness in the process of dis-
sociative recombination depends on the degree of vibrational
excitation of Ne5 ions.

The subthreshold spectral diagnostics of nuclear excited
plasma made it possible to measure the rate constants in
the key processes and to understand the mechanisms of in-
verse population. As seen in Figure 2, the threshold values
of thermal neutrons fluxes, that is, the flux at the condition
of 0p = Olampl = P — Olaps =0 (Where Olymp 1s the small
signal amplification factor, P is the coefficient of useful
losses, and o, is the non-resonant absorption of laser radi-
ation) are Ogpresn ~ 4 x 10'*, 7x 10", and 8 x 10'* n/cm?s,
respectively, for the transitions with A = 585.2, 703.2, and
724.5 nm. The obtained values confirmed previous findings
that lasing at the flux typical of currently existing stationary
nuclear reactors is not possible.
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Fig. 3. Dependence of laser radiation density (4,5,6) and efficiency (1,2,3)
for A =585.2 (1,4), 703.2 (3,6), and 724.5 (2,5) for the mixtures: He (3
atm) + Ne (30 Torr) + Ar (9 Torr) (1,5), Ne (1 atm) + Kr (20 Torr) (2,4),
Ne (1 atm) + Kr (40 Torr) (3,6).

The design values of laser radiation and the efficiency of
lasers on Nel transitions, such as the functions of thermal
neutrons flux value, are shown in Figure 3. The calculations
performed for the flux typical of pulsed nuclear reactors are
in good agreement with the experimental results.

Lasing with DNP was also obtained on the atomic tran-
sitions of other noble gases: Ar, Kr, and Xe. The active
laser media are of interest in terms of practical application
with significant efficiency at low pumping powers. The mix-
tures of gases (He, Ne)-Ar-Xe with A = 1.73, 2.026, and
2.65 um wavelength 5d-6p transitions of xenon atom are re-
ferred to such media.

Lasing with DNP on xenon atom IR transitions was
achieved for the first time in 1975 in the University of Florida
in collaboration with the Los Alamos National Laboratory
(Fuller et al., 1975). Lasing was produced at the transition
5d [7/2]5-6p[5/2], Xel with A =3.508 um wavelength in
the He-Xe mixture. The products of nuclear U*¥(n,f)F reac-
tion were used as the pumping source.

Since it was one of the first demonstrations of lasing with
DNP, relatively low output characteristics (efficiency of
~0.01%) and high threshold (~3x 10" n/cm?s) have
been achieved. To date, the maximum output power W~
2600 W (Koshelev er al., 1990) and the efficiency 1=
2.2-3% (Grebyonkin & Magda, 1991; Alford & Hays,
1990) were obtained at the transition 5d [3/2],-6p[3/2],
Xel with A = 1.732 um wavelength. The low threshold flux
of thermal neutrons (3.7 X 10" n/ szs) was detected by
Voinov and co-workers (Koshelev et al., 1990) for the tran-
sition 5d[3/ 2](1)—6p[3 /2] Xel with L = 2.026 pm wavelength,
which indicates the possibility of achieving a continuous
steady-state generation in the conditions of the stationary nu-
clear reactor. In total, lasing was achieved at six atomic 5d-6p
xenon transitions (Fig. 4).
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A significant contribution to the understanding of the
kinetics of physical-and-chemical processes occurring in
xenon plasma was made by Kazakhstani scientists. The
staff of the LNPIP performed comprehensive studies
of nuclear-induced plasma of xenon mixtures with noble
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gases (Batyrbekov, 1987a, 2008a). Using the results of the
spectral investigations, mathematical simulation of the main
plasma-chemical processes in nuclear-induced plasma of
He-Ar-Xe and Ar-Xe laser mixtures has been performed.

In collaboration with the University of Illinois, for the
first time we have achieved lasing at the transition 5d [3/
21:-6p[3/2]; Xel with A =1.732 um wavelength pumped
by the products of the B'(n,a)Li’ nuclear reaction (Batyrbe-
kov, 2008d; 2009; Batyrbekov et al., 1993b; 1995; 1994c¢).
The experiments were performed at the TRIGA reactor in
the University of Illinois. TRIGA is a pressurized water-type
reactor capable of operating either in stationary or pulsed
(high pulse repetition frequency) modes. The experiments
were performed at the reactor in the pulsed mode with the fol-
lowing parameters: peak power 1600 MW, peak value of
thermal neutrons flux 2.5x 10" n/cm?s, and half-height
neutron pulse duration 12.1 ms. The scheme of the exper-
iment is shown in Figure 5.

The oscillogram of the laser signal and neutron impulse is
shown in Figure 6. A resonator with dielectric mirrors with
reflection coefficients of 99.9 and 90.0% at 1.732 um wave-
length was used in the experiments.

The lasing was produced by a thermal neutron flux of 7 x
10" n/Cm?s, which corresponds to the specific pumping
power of 2.6 W/cm®. When using the resonator with
“zero” losses (99.9%) the value of the threshold thermal neu-
trons flux is 1 x 10'* n / cm?s or 0.44 W / Cm?® , which agrees
well with the experimental results of other researchers who

Reactor core

IR-detector e

Mirror >

Fig. 5. The scheme of the experiment at the TRIGA reactor (USA).
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Fig. 6. The oscillogram of generation and neutron impulses. Temperature
change of the gas medium (right scale). (1) generation; (2) neutron impulse
(maximum power 523 MW).

used U** fission fragments as a pumping source (Grebyon-
kin & Magda, 1991), and indicates weak dependence of the
mechanism of inverse population on the source of primary
ionization (Batyrbekov, 2008d).

The relatively high efficiency of lasers on atomic tran-
sitions of neon and xenon with DNP stimulated interest in
finding new collisional lasers employing the allowed
bound-bound (stimulated transition cross-section o~
10~ 2-10""em?) electron transitions.

Scientists in Kazakhstan have attained significant progress
in this area (Batyrbekov et al., 1987b; 1987¢; 1987d; 1988;
1997). We showed that the triplet transitions of the mercury
atom are promising for lasing in the visible range. In particular,
the high efficiency of population of 7°S; upper working
level of the mercury atom was revealed in dissociative
recombination of molecular ions formed in the following
reaction chain:

Xe + ff — Xet +ff +e, 6)
Xet +2Xe — Xef + Xe, (7)
Xej + Hg — Hg' + 2Xe, ®)
Hg"™ + 2Xe — XeHg™' + Xe, )
XeHg" + Hg — Hgj + Xe, (10)
Hgi +e — Hg(7°S;; 7°P) + Hg. 11)

The measured factor of nuclear energy conversion into radi-
ation at the mercury triplet lines is close to the quantum one,
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which shows the high selectivity (6 = 0.8 £ (0.2) of the process
(probably by cascade transitions from the 7°P level). To obtain
inverse population, it was proposed to use H, or D, selectively
depleting the lower working 6P-states. The rate constants for
the key processes involved in the formation of inverse popu-
lation were measured (Batyrbekov et al, 1987b; 1987c;
1987d; 1988). The calculations of the main plasma com-
ponents, threshold and output characteristics of laser radiation
indicated the possibility of lasing with DNP at triplet tran-
sitions of the mercury atom.

Figure 7 shows the calculated values of the amplification
factor excluding the coefficient of useful losses on the reso-
nator and non-resonant absorption of laser radiation. It can be
seen that the rated value of the threshold thermal neutrons
flux is Dypresh = 1.5 % 10'* n/Cm?s for the optimal mixture
He? (2 atm)-Xe(1 atm) Hg(7 Torr)-H,(40 TTrr) for A =
546.1 nm, in terms of the maximum amplification factor.

These conclusions were outstandingly verified in VNIITF
(Bochkov et al., 1992). They have achieved generation in the
He-Xe-Hg-H, mixture excited by the products of the
u»s (n,f)F nuclear reaction at the 7381-63P2 transition with
A =546.1 nm. In particular, the threshold value was
Drresh = 5% 10" n/Cm?s for the optimal mixture of
He(119TTrr)-Xe(119 TTrr)-Hg(6.8 TTrr)-H,(58.9 TTrr) ex-
cited by the products of the U**>(n,f)F nuclear reaction. The
small difference between the theoretical and experimental
values of the H, optimal content can possibly be explained

o =wﬂ-aab5.10'3 crr’!
2 r

F, 10" nems )

Fig. 7. o= o— P — 0, value versus the flux of thermal neutrons @, for the
L = 546.1 nm (1), 435.8 nm (2) transitions for the mixture: He® (2 atm) + Xe
(1 atm) + Hg (7 TTrr) + Hy(40 Torr), He® (2 atm) + Xe (1 atm) + Hg (7
TTir) + Hy(33 Torr).
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by the need for additional cooling of the secondary electrons
in the experimental conditions (Bochkov et al., 1992). Gases
of the same purity used in the experiments have a significant
impact on the energy parameters of the laser (Korzenev et al.,
2008). In the above kinetic model of the laser, impurities in
the active gas mixture were not taken into account.

This is the first and until now the only laser with DNP
evolved under the classical sequence of events, that is, pre-
liminary experimental studies, the study of the inverse popu-
lation mechanism, the creation of the kinetic model,
calculations of plasma parameters, the conclusion on the
possibility of generation, and only after all these — exper-
imental confirmations — generation. In all other lasers
with DNP, transitions verified with other sources of hard ion-
ization, such as an electron beam, were used as laser tran-
sitions (Fedenev et al., 1995).

COMBINED NUCLEAR-PUMPED LASERS

Employing electric discharge for the pumping in lasers with
CNP, when the energy of nuclear reactions is spent only for
ionization of the laser active medium, it is possible to achieve
high power transferred into the active medium — several
orders of magnitude higher than in the case of DNP at the
same flux of thermal neutrons. The increase in power deliv-
ered to the laser active medium makes it possible to achieve
lasing with a shorter wavelength and at the transitions with
“short life” upper laser levels, as in the case of excimer
molecules.

When the neutron flux of the stationary nuclear reactor is
used to stabilize the discharge, no problem related to separ-
ating foil mechanical strength appears; such problems are
typical of discharge lasers stabilized by electron beams.
The sources of ionizing particles are arranged in the working
volume of the laser, and the penetrating power of neutrons
through the walls of the laser chamber is high. Accordingly,
the structural strength imposes no restriction on the pulse rep-
etition rate. Volumetric ionization sources such as He® or
Z5UFg in the working gas would homogeneously ionize
large volumes of working mixtures (tens to hundreds of
liters) at high pressures. The continuous ionization of the
working mixture in the nuclear reactor eliminates the need
to harmonize the ionizer pulse with the pulse of discharge
and facilitates accumulation of negative ions useful for dis-
charge stabilization (increase of volume discharge time
and, consequently, the value of energy deposited in the
volume discharge). The negative ions and electrons are con-
tinuously present in the reactor plasma in the maximum poss-
ible (for the given ionization rate) concentration.

As in the case of DNP, the lasers with CNP can be subdi-
vided in accordance with the traditional division of all gas
lasers into molecular, atomic, and excimer lasers. Lack of
information about lasing on transitions of metal vapor ions
for CNP is primarily due to technical difficulties in maintain-
ing the required temperature control of the active medium
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and, correspondingly, optimal concentration of the metal
vapor.

There are other proposals for a CNP. In particular, Prelas
and co-workers suggested using a nuclear pumped source
of UV radiation for pumping of active laser media. However,
there is no information about lasing with this way of CNP
(Andriyahin et al., 1969).

CNP Lasers on Vibrational Transitions of CO, and
CO Molecules

Utilization of pulsed nuclear reactor for lasers active media
ionization was first proposed in 1969 (Andriyahin et al.,
1969). Doubling of CO, laser output power was achieved
by the proton beams used for laser active medium ionization,
simulating the products of the He®(n,p)T nuclear reaction
(Andriyahin ef al., 1972; 1973). The use of the products of
the B'°(n,0)T nuclear reaction for ionization of the CO,
laser active medium was demonstrated by Professor George
Miley of the University of Illinois and his co-workers
(Gauley et al., 1971).

The development of the electron beam-controlled laser
pumping electric-ionization method (Basov, 1971; Danilyz-
hev et al., 1976) inspired its implementation in the radiation
field of stationary nuclear reactors. The principle of the
electric-ionization method of excitation can be presented as
follows. Compressed gas is placed between two electrodes
under a voltage. lonizing radiation through the gas creates
conductivity and generates an electric current. The concen-
tration of free electrons in this case depends only on the in-
tensity of ionizing radiation and is independent of the
applied electric field strength.

That is, unlike the gas-discharge laser where the electrons
are not only involved in gas conductivity, but also create con-
ductivity itself by direct ionization, these functions are separ-
ated in electric ionization lasers. Free electrons are generated
by the external ionizer, and the value of the current increases
with electric field intensity, increasing only due to an in-
crease of the electron drift velocity. This helps us to eliminate
some significant deficiencies occurring in gas-discharge
lasers. First, the electric-ionization method removes restric-
tions for working gas pressure and the size of the system.
This circumstance is an essential feature of the
electric-ionization method of energy introduction in the
laser active medium, fundamentally distinguishing it from
other methods of combined pumping. Second, it becomes
possible to achieve the ultimate efficiency of the laser
using the electric-ionization method of pumping. In the
self-sustained discharge, the operating value of the reduced
field strength E/P is determined by the condition of the self-
sustaining discharge, and it is significantly higher than the
optimum one for the excitation of molecule vibrational
levels. Using the electric ionization method of excitation, it
is possible to consider the E/P value optimum when the
energy released in the gas is converted into the energy of
molecules vibration with an efficiency rate close to 100%,


https://doi.org/10.1017/S0263034613000098

Converting nuclear energy

since the conductivity is formed by ionizing radiation. Third,
the electric-ionization method provides a high level of
specific power of the discharge.

Despite the encouraging results obtained in the studies of
electric-ionization lasers with different sources of external
ionization, the issue of feasibility of this pumping method
in the conditions of the stationary nuclear reactor remained
to be addressed.

For this purpose, the INP NNC RK and the Lebedev Phys-
ical Institute of the Academy of Sciences (PIAS) of the
USSR conducted comprehensive studies of nuclear-excited
plasma in the active zone of the stationary nuclear reactor
(Batyrbekov et al., 1979a, 1983). In particular, the probe di-
agnostics of plasma in a CO,:N,:He® = 1:4:5 gas mixture at
10 atm pressure showed that electron concentration in the
mixture is equal to 2 X 10"2/Cm? at 2 x 10" n/Cm?s thermal
neutrons flux (Batyrbekov et al., 1978b). The achieved ion-
ization rate provided the input of power at the level of
~0.5 kW/cm® and evidence for the possibility of the
electric-ionization method of pumping.

Generation with the electric-ionization pumping method
was obtained for the first time in 1976 (Batyrbekov et al.,
1977a; 1977b; 1977c). The generation was produced on
the vibrational transitions of a CO, molecule with ionization
of a CO,:N,:He = 1:4:5 laser mixture by the products of
He3(n,p)T nuclear reactions in the active zone of the station-
ary WWR-K nuclear reactor.

The same research group conducted the study of CO-N,-
He’-induced plasma in the active zone of the stationary nuclear
reactor (Batyrbekov et al., 1979a; 1983) and obtained the pulse-
periodic and stationary generations on the vibrational tran-
sitions of the CO molecule in 1978 (Batyrbekov et al., 1978b).

The output characteristics of the electric-ionization lasers
with ionization of active media by the products of
He3(n,p)T nuclear reactions on the vibrational transitions
of CO, (Batyrbekov et al., 1978a; 1978b; 1983) and CO
(Batyrbekov et al., 1978b; 1982a; 1983) molecules are
shown in Table 1.

CNP Excimer Lasers

Excimer molecules are those molecules existing only in the
excited state. The main state of such molecules is either dis-
sociable or has a very small well on the curve of the potential
energy. Thus, the lower state of excimer molecules is practi-
cally unpopulated, and an inverse population is determined
only by the population of the upper laser level (Rhodes,

Table 1. Output characteristics of CO, and CO CNP lasers

Active laser Output Efficiency Specific output energy
medium energy (J) (%) (J/1 amagat)
CO, 52 6.4 11

Cco 10 12 18
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1979). The interest in these molecules is caused by the possi-
bility to obtain powerful radiation in the VUV, UV and vis-
ible spectral regions and high quantum yields up to 50%
(luminescence of Xe,™ excimer molecules).

Excimer lasers emit in the range from Ar,* molecules radi-
ation with a wavelength of A = (127 £ 4) nm to Znl with A =
(600 = 4) nm. The essential properties of the excimer lasers
include: high efficiency (1-10%), high specific energy (up to
40 J/1 per pulse), and the possibility, due to a wide radiation
band, of smooth laser frequency tuning in the range of
10-100 nm. These advantages of excimer lasers offer the
possibility of their use in communication and location, iso-
tope separation and medicine, laser thermonuclear synthesis
and nonlinear optics.

On the other hand, the short wavelength and very short life-
time of excimer molecules (~ 10 ns) necessitate a high density
of the excimer molecules for lasing, that is, the need for a con-
siderable amount of energy in a very short time. This is due to
the fact that the amplification factor of the laser is proportional
to the square of the laser wavelength and is inversely pro-
portional to the line width of spontaneous transition.

The relatively flat rise front and the long duration of pump-
ing neutrons pulses make practical application of the pulsed
reactors impossible for the pumping of excimer lasers with
emission in the UV spectrum. However, we should note
the unsuccessful attempts made by some researchers to
reach excimer laser radiation (XeF*) with DNP (Body
et al., 1978; Hohl, 1978).

Also, it was proposed in Aleksandrov et al. (1981) to use
the effect of negative ions accumulation in plasma of excimer
lasers working media to reduce the external ionizer power.
Such a reduction of the ionizer power to a level typical of
continuous sources of ionizing radiation (stationary nuclear
reactors, continuous electron beams, radionuclides, etc.) is
necessary for lasers with high pulse repetition frequency.

The first excimer lasing in the steady state nuclear reactor
was achieved in the INP NNC RK together with scientists
from FIAS (Basov et al., 1981; Batyrbekov et al., 1982b; Ba-
tyrbekov, 1994).

Lasing was achieved at the transition of the XeF* molecule
in the 3He-Xe-NF3 mixture. It should be noted that high
specific characteristics were not achieved in these exper-
iments due to the influence of neutrons and gamma radiation
on elements of laser installation, such as a resonator,
capacitors, etc.

The first reactor experiments were done with the
3He:Xe:NF; = 300:1.5:1 mixture at a pressure of 0.9 atm.
Under these conditions, the maximum power density of
discharge energy put into the gas is ~50 J/1. Figure 8
shows the dependence of the threshold of charging voltage
on the battery of reservoir capacitors from thermal neutrons
flux.

The results obtained confirmed the conclusion that the ex-
cimer laser with CNP can operate at low temperatures
(~10'2 n/Cm?s) of thermal neutrons flux. Thus, the ability
to produce an excimer laser with a working volume of tens
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Fig. 8. Dependence of the intensity threshold value on the flux of thermal
neutrons.

of liters and a pulse repetition frequency up to 10 kHz was
demonstrated.

CNP Infrared Laser at Xenon Atomic Transitions

The interest in CNP lasers on the transitions of xenon atom is
primarily due to the record output characteristics of DNP
lasers obtained today on xenon atomic transitions.

The first laser with a CNP on atomic transitions of xenon
was produced in the INP NNC RK (Batyrbekov ez al., 1989a)
at the WWR-K nuclear reactor.

The experiments were performed in three laser units (LU).
Each of the three tested LU had its own design features
defined by its function in the experiment. Aggravating
capacitors were not used in LU No. 2 and No. 3, which al-
lowed working with large (up to 10'* n/Cm?s) neutron
fluxes and high temperatures. In LU No. 1 and No. 3, a
gas mixture was ionized by the products of *He(n,p)T +
0.76 MeV nuclear reaction. In LU No. 2, experiments were
performed with no-helium gas media, so the fission products
of 2U(n,f)FF were used for active medium ionization. A
uniform layer of U-235 oxide was deposited on additional
electrodes with ~10 mg/Cm? density. The temperature of
the laser medium in LU No. 3 was controlled by varying
the “He pressure between the two casings: the external
casing was cooled by reactor water, and the internal side
was radiation heated. The temperature was measured with a
chromel-alumel thermocouple, which was caulked in the
bottom of the inner LU casing and taken out to the reactor
cover through a 10 mm diameter pipe, which was also used
for helium supply and pumping.

Figure 9 shows the dependence of the output laser energy
E (LU No.1) on the voltage U on reservoir capacitors at var-
ious @, thermal neutron fluxes. The minimum value of ther-
mal neutrons flux is @, = 10'" n/Cm?s for laser operation.
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Fig. 9. Dependence of laser radiation output energy (1-3) and efficiency (4)
of the laser on the voltage value on reservoir capacitors for various flows of
thermal neutrons @, (n/Cm?>s): 1, 10''; 2 and 4, 10'%; 3, 10"2.

The decrease of laser output parameters (~15%) observed
in the Figure with an increase of @, from 10'% to 10" n/
Cm?s is associated with deterioration of LU parameters (in
particular, capacitors) as a result of radioactive heating in
the active zone of the nuclear reactor (Batyrbekov, 2008e).

Figure 10 shows the results of laser tests on an Ar:Xe =
100:1 mixture at 2 atm total pressure with ionization by the
products of U3 (n,p)T nuclear reaction (LU No. 2). The
maximum values of specific energy have been achieved at
20 kV charging voltage and 10'* n/Cm?s thermal neutrons
flux. The use of an active mixture on He and a longer pump-
ing time made it possible to increase the laser output par-
ameters for 1.5 orders of magnitude.

E, rel.units
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L
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10 135 20
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Fig. 10. Energy of laser radiation as a function of charging voltage at @, =
3x10" (1) and 10" (2) n/Cm’s.
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The same paper reported on studies of laser operation at
high temperatures of the active medium. It was established
that increasing the temperature of the active medium up to
650°C within the measurement error did not affect the laser
output parameters.

The CNP laser on atomic Xel transitions, unlike the pre-
viously studied CO, CO,, and CNP excimer lasers, employs
as an active medium a mixture of inert gases only; that is, the
problem of active medium degradation does not exist. Lasing
was produced on high electronic transitions allowing oper-
ation at high temperatures (>650°C) of the active medium
(Batyrbekov, 2008f; 2008g).

Lasers with Radioisotope Ionization

The first attempt to create a non-self-sustained electrical dis-
charge laser was made in 1978 (Bigio, 1978), but the use of
low-activity Am>* sources, located on one side of the elec-
trode, did not allow lasing at gas pressures above 0.5 atm.
The creation of a pulsed CO, laser with active medium ion-
ization by plutonium o-radiation was also reported pre-
viously (Lavrenuyk et al., 1983; Glushchenko &
Lavrenyuk, 1986).

Lasing on Xe and Ne atomic transitions with active
medium ionization by o-particles was first achieved in the
INP NNC RK (Batyrbekov et al, 1987¢; 1989bh). The
scheme with transverse excitation with discharge of low in-
ductance capacity through the ionized gap was used in the
laser. Twenty sources of PT?'® were used as the ionization
sources, with 3 x 10'° Bq total activity. For the mixture of
He(1.5 Atm)-Ar(0.5 Atm), the ionization rate was 2 X
10'?/Cm’/s, and the electron density was ne ~2x 10°/
cm’. The unit allowed using UV radiation for ionization
purposes.

Lasing was produced on the Xel 5d-6p transition in the
He-Ar-Xe mixture (>40% of the energy was for A=
1.73 um). The results of the mixture optimization are
shown in Figure 11. The mechanical strength of the chamber
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Fig. 11. Dependence of laser radiation energy on argon partial pressure in the
He—Ar—Xe (5 TTrr) mixture (full pressure of the mixture is 1.8 atm (a) and
xenon partial pressure in the mixture He(1.3 atm)-Ar(0.5 atm)-Xe (b).
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did not make it possible to obtain the maximum output par-
ameters of the laser at pressure rates above 2 atm.

Lasing with A = 595.2 nm on the 3p’[1/2]5-3s'[1/2]; Nel
transition was produced only in the mixture with neon and
hydrogen (Batyrbekov et al., 1989b). The influence of addi-
tives Hy, Ar, D, on the output energy of laser radiation is
shown in Figures 12 and 13. The need for the presence of hy-
drogen in neon mixtures with argon (which, like Hy, is selec-
tively involved in emptying the lower laser level) in addition
to cooling of the electrons involved in dissociative recombi-
nation of molecular ions is explained by the influence of H,
on the degree of vibrational excitation of Ne; molecular ions,

10

05

0 5 10 15

Fig. 12. Dependence of laser radiation energy with A = 585.2 nm on the ad-
ditives Ar (1,2), D2 (3,4), and H2 (5) to the mixtures 190 Torr He+ [75 Torr
Ne + 15 Torr (H, + Ar) (1), 15 Torr (H, + D5) (3), 15 Torr H, (2,4,5)].
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Fig. 13. Dependence of laser radiation energy with A = 585.2 nm on addi-
tives Hy, 1; D5, 3; and Ar, 2 in the mixture of He:Ne:H, = 190:75:10 Torr.


https://doi.org/10.1017/S0263034613000098

684

E. G. Batyrbekov

Table 2. Calculations for the gaseous [-emitters Kr® and A¥* used for volume ionization of laser active media

3.1 3 3

Mixture Laser A, um P, atm S,cm s Ne, CM Ny, M-
Ne:Kr*>:F, = 85:15:0.02 KtF* 0.248 10 8.4x 10" 2.5x%10° 2.5% 10"
He:Ar**:Xe = 100:50:1 Xe I ~2 10 47x10" 3% 10" -
He:Ne:Ar**:H, = 220:30:7:10 Nel 0.585 0.5 10" 10'° -
CO:Ar*? =19 Cco ~5 1 1.2 x 10" 3% 10" -
COK® =19 Cco ~5 1 5% 10" 6% 10" -

which affects the population of the 3p'[1/2], (Kopai-Gora
et al., 1990; Sinyanskiy, 1995) state.

These experiments with radioisotope ionization failed to
obtain lasing on transitions of excimer molecules, although
using UV ionization helped in obtaining lasing on XeF and
Xe(l transitions. This is due to an insufficient degree of ion-
ization of the working medium.

The experiments performed with the excimer lasers with
ionization by radiation of the stationary nuclear reactor
showed that the minimum required value of thermal neutrons
flux is 10'* n/Cm?s, which corresponds to the density of
negative ions n, = 10'°/Cm?® (Batyrbekov, 1994). In order
to produce such a degree of ionization, it is necessary to
have Po?' of ~10'° Bq/Cm? specific activity.

Table 2 presents the calculated S ionization rates and con-
centrations of electrons and negative ions n. and n, during
the use of gaseous B-emitters, K% and Ar42, for volume ion-
ization of electric discharge lasers active media. Some advan-
tages of the proposed continuous volume source of laser
mixtures ionization are the following:

(1) a high homogeneity of gas ionization, even higher
than in the case of using nuclear reactions of the
He3(n,p)T or U?¥ (n,H)F type;

(2) no restrictions on system size and gas pressure, be-
cause the larger they are, the higher the ionization
homogeneity;

(3) the maximum efficiency (~60%) for electric
discharge lasers was obtained for CO-Ar (Mann,
1976).

CONCLUSION

Current progress in the field of direct conversion of the
energy of nuclear reactions into the energy of laser radiation
indicates the possibility of nuclear-excited high-power laser
systems with 0.3—1 MJ per pulse and 0.25-0.3 Hz pulse rep-
etition rate (Batyrbekov, 2008a). Further improvement of the
characteristics of the nuclear-optical converter is primarily
dependent on the achievement of corresponding efficiency
of nuclear energy conversion into laser radiation, that is, it
implies a further search and study of highly productive
active media for nuclear-excited sources of non-equilibrium
optical radiation — direct nuclear pumped lasers. An obvious
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way to increase the efficiency of such a transformation is by
the reduction of the wavelength and the potential of buffer
gas ionization.

The kinetics study of the main plasma-chemical processes
occurring in nuclear-excited laser plasma is of equal impor-
tance. The most promising, in terms of nuclear energy con-
version efficiency, are the atomic recombination lasers on
allowed bound-bound electronic transitions; this is primarily
determined by the low temperature involved in recombina-
tion of molecular ions, secondary electrons in nuclear-
induced plasma and large sections of stimulated transitions.

However, the above-mentioned shortcomings in systems
with direct conversion of nuclear energy into laser radiation
encourage further parallel investigations of lasers with CNP;
the presence of active media capable of working in the con-
ditions of both DNP and CNP also remains very important.

Traditionally, the study of lasers with DNP and CNP was
performed independently by different research groups.
Therefore, the concept developed in Kazakhstan for studies
of the active media for lasers capable of working both with
DNP and CNP is of interest. This approach allows utilizing
the advantages and eliminating the disadvantages of both
the nuclear pumping methods. The need for the simultaneous
use of either DNP or CNP is determined by their various
practical applications.

REFERENCES

ADONIN, A., HoFFMANN, J., JacoBy, J., TurTIKOV, V., ULRICH, A. &
WIESER, J. (2009). Intense heavy ion beams as a pumping
source for short wavelength lasers. Laser Part. Beam 27,
379-391.

AKERMAN, M.A. (1976). Demonstration of the first visible wave-
length DNPL. PhD Thesis. Urbana, IL: Nuclear Engineering
Program, University of Illinois.

AKERMAN, M.A. & MLy, G.H. (1977). A helium-mercury direct
nuclear pumped laser. Appl. Phys. Lett. 30, 409-412.

ALEKSANDROV, A.Y., Basov, N.G. & DaniLycHEv, V.A. (1981).
About possibility of creating eximer lasers with ionization by ex-
ternal low power source. Quant. Electron. 8, 1992.

AvrrorDp, W.J. & Hays, G.H. (1990). Measured laser parameters for
reactor-pumped He—Ar—Xe and Ar—Xe lasers. J. Appl. Phys. 65,
3760.

ANDRIYAHIN, V.M. (1972). Regarding nuclear pumping of lasers
based on molecular gases. JTP 63, 1635-1642.

ANDRIYAHIN, V.N., GoLuBev, E.A., KrasiLNikov, S.S., PISMENYI,
V.D., Rakummov, A.T., VeLmov, E.P. (1969). About power


https://doi.org/10.1017/S0263034613000098

Converting nuclear energy

increase of laser generation on CO, under the influence of fast
protons beam. Lett. JTP 8, 346-349.

AnpriYAHIN, V.N., KovarLev, A.S. & Veumov, E.P. (1973).
Quasi-stationary CO,-laser of atmosphere pressure with depen-
dent charge, controlled neutrons flow. Lert. JTP 18, 15-19.

ANDRIYAHIN, V.N., KRASILNIKOV, S.S., PISMENNTY, V.D. & VASILTSOV,
V.V. (1972). Referring to lasers nuclear pumping on the base of
molecular gases. JTP 63, 1635-1644.

Basov, N.G. (1971). Quantum Electronics: Issue 3. M: Sov Radio.

Basov, N.G., DaniLEvicH, V.A., KErimov, O.M. & MiLaNicH, A.lL
(1981). Electric discharge eximer laser on XeF* molecule with
stabilization of discharge by electron beam of low current den-
sity. Lert. JTP 7, 1217.

Bartyreekov, E.G. (1990). About influence on population effective-
ness of 3p Nel levels. Vest. AN Kaz. SSR 6, 74-79.

Baryreekov, E.G. (1994). Direct and Combined Nuclear Pumped
Lasers. Almaty: IAE NNC RK. 69 p.

BaryrBekov, E.G. (2008a). Nuclear-Excited Sources of Optical
Radiation. Almaty: Print-S.

BaryrBekov, E.G. (2008b). Role of helium in deactivation of 3p’[1/
2]p state of neon atom. Rep. NAN RK 5, 80-83.

BatyrBekov, E.G. (2008¢). Kinetic model of lasers active medium
with direct nuclear pumping at neon atom transitions. Vest. AN
RK 3, 11-14.

BatyrBEKOV, E.G. (2008d). Temperature dependence of output par-
ameters of direct nuclear-pumped laser xenon laser. Izv. NAN
RK, Ser. Phys.-Math. Sci. 4, 29-31.

Baryreekov, E.G. (2008e¢). Nuclear-excited sources of coherent op-
tical radiation with direct nuclear pumping at transitions of
xenon atom. Vest. NAN RK 5, 110-114.

Baryreekov, E.G. (2008f). Luminescence of xenon-containing
nuclear-excited mixtures. Vest. NAN RK 5, 49-52.

Baryreekov, E.G. (2008g). Xenon nuclear-optical converters. Vest.
NAN RK 4, 22-25.

Baryreekov, E.G. (2009). Active media temperature effect on kin-
etics of plasma-chemical processes of direct nuclear-pumped
xenon laser. Lett. JTP 35, 47-52.

Batyreekov, E.G. & DaniLychev, V.A. (1992). Kinetic Model of
Lasers at 3p-3s Transitions of Neon Atom with Weak Source
of External lonization. Almaty: INP AN Kaz SSR.

BaryrBekov, E.G., BATYRBEKOV, G.A., BEKMURZAYEVA, Z.B., HASE-
Nov, M.U. & Soroka, A.M. (1987b). Change of the rate constant
of Xe3 ions charge exchange on mercury atoms. Opt. Spectrosc.
62, 229-230.

BatyrBekov, E.G., BATYRBEKOV, G.A. & DANILYCHEV, V. A. (1994b).
Kinetics of laser active media for Ne 3p—3s transition pumped by
a weak sources of external ionization. Hyperfine Interact. 88,
499.

BaryrBekov, E.G., BATYRBEKOV, G.A., DANILYCHEV, V.A. & HASE-
Nov, M. (1989a). Electric discharge xenon laser with weak ion-
ization by external source. Quant. Electron. 16, 2165-2169.

BaryrBekov, E.G., BATYRBEKOV, G.A., DANILYCHEV, V.A. & HASE-
Nov, M. (1991). Effectivity of neon 3p levels population under
excitement by hard ionizer. Opt. Spectrosc. 68, 727-732.

BartyrBeKkov, E.G., BATYRBEKOV, G.A., DANILYCHEV, V.A. & NAZAR-
ov, A. (1989b). Investigation of generation on 3p—3s neon tran-
sitions during pumping by independent charge with radioisotope
preionization. Quant. Electron. 16, 2060-2062.

BaryrBekov, E.G., BaTyrBEKOV, G.A., DANILYCHEV, V.A. &
Nazarov, A. (1990). Helium effect on effectivity of 3p neon
levels population. Quant. Electron. 20, 1084.

https://doi.org/10.1017/50263034613000098 Published online by Cambridge University Press

685

BaryrBekov, E.G., BaryrBekov, G.A., DorLcH, V.A., HASENOV,
M.V. & Rupol, 1.G. (1997). About possibility of creating quasi-
continuous laser on 7°S —6°P mercury transitions during pump-
ing by ionizing radiation. Quant. Electron. 14, 1216-1219.

BaryrBekov, E.G., Baryreekov, G.A., DorcH, V.A. & Ruppor, 1.
(1987d). Kinetics of Hgl Excited States During Pumping by lo-
nizing Radiation, N3, pp. 1-41. Alma-Ata: INP Kaz SSR.

BaryrBekov, E.G., BaTtyrBEKOV, G.A., DoLcH, V.A. & Rubppol, 1.
(1988). Luminescence of mercury mixtures and inert gases
with molecular additives under excitement by ionizing radiation.
J. Appl. Spectrosc. 49, 770-774.

BaryrBekov, E.G., BATYRBEKOV, G.A., HAasENov, M.U. & TLEUZHA-
Nov, A.B. (1987¢). Factor change of nuclear energy conversion
into optical energy in the Xe—-Hg mixtures. J. Appl. Spectrosc.
47, 650-654.

BaryrBekov, E.G., BATYRBEKOV, G.A., HAsENOv, M.U. & TLEUZHA-
Nov, A.B. (1987¢). Electric-charge laser with radioisotope preio-
nization. JTP 57, 783-785.

BartyrBekov, E.G., BATYRBEKOV, G.A., HasENov, M.U., & TLEUZHA-
Nov, A.B. (1987a). Molecular band in Ar—Xe mixture radiation
spectrum. Opt. Spectrosc. 62, 212-214.

Baryreekov, E.G., HE, Z., LN, L. & PreLas, M. (1993a). Design of
an ICF plant using a nuclear-driven solid state laser. Laser Part.
Beam 13, 95-102.

BaryrBekov, E.G., MiLEY, G., PoLETAYEV, E.D. & Supzuki, E.
(1995). Ar—Xe laser with 1.73 um wavelength, pumped with
the products of 10B(n,o)Li7 nuclear reaction. Proc. Conf. on
Physics of Nuclear-Excited Plasma and Problems Related to Nu-
clear Pumped Lasers, Vol. 1, p. 329. Arzamas 16.

BaryrBekov, E.G., MiLey, G.H., PEtrA, M., PoLETAEV, E.D. &
Suzuki, E. (1994a). Study of thermal blooming in NPLs for com-
bined wall and volume pumping. /AP Laser Interaction and
Related Plasma Phenomena Conf. Proc., Vol. 318, p. 512.

Baryreekov, E.G., MiLEY, G.H. & PoLETAEV, E.D. (1994c¢). IR Xe
direct nuclear pumped laser. Transactions of Conf. on Laser
and Electro-Optics CLEO’94, CTh04, 8-13 May, Anaheim,
CA, USA. p. 120.

BaryrBekov, E.G., MLy, G.H., PoLeTaEV, E.D. & Suzuki, E.
(1993b). B'n,o)Li’ pumped Ar-Xe Laser. Proc. 11th Int.
Conf. on Laser Interactions and Related Plasma Phenomena,
Vol. 318, p. 515. Monterey, CA.

BaTYRBEKOV, G.A., BEISEBAYEV, A.O., GIZATULIN, SH.H., DANILYCHEV,
V.A., Hasenov, M.U., IonIN, A.A., KovsH, I.B. & KosTriTsa, S.A.
(1982a). Research of electric ionization CO, and CO-lasers, oper-
ating in the active zone of the stationary nuclear reactor. Quant.
Electron. 9, 1493-1496.

BaryrBeEKOV, G.A., DANILYCHEV, V.A., HasENov, M.U., IoNIN, A A.,
Komarov, O.V., Kunakov, S.K., MARDENOV, M.P. & PERTROV,
N.N. (1979a). Investigation of plasma parameters of dependent
charge in gas mixture CO-N,—He, placed in the active zone of
the nuclear reactor. JTP 49, 55-61.

BartyrBeEKOV, G.A., DANILYCHEV, V.A., HasENov, M.U., IoNIN, A.A.,
KovsH, I.B., Kunakov, S.K. & MarpeNov, M.P. (1978b). Excite-
ment of laser mixtures CO-N,—"He and CO,~N,—>He by depen-
dent charge in the active zone of nuclear reactor. Izv. AN USSR
42, 2484-2487.

BaryrBekov, G.A., DaNILYCHEV, V.A., Hasenov, M.U. & KovsH,
L.B. (1979b). Cooled electric-ionization CO —laser, operating
in the active zone of the nuclear reactor. Lett. JTP 5, 837-840.

BaryrBekov, G.A., DaNILYcHEY, V.A., HaseNov, M.U., KovsH, I.B.
& MarpeNov, M.P. (1977c¢). Electro-ionization CO,-laser,


https://doi.org/10.1017/S0263034613000098

686

operating in active zone of the stationary nuclear reactor. Quant.
Electron. 4, 1166-1168.

BatyrBekov, G.A., DANILYCHEV, V.A. & MARDENOV, M.P. (1977b).
Dependent charge in CO,—N,—He? plasma formed in the radi-
ation field of the stationary nuclear reactor. Brief Commun. Phy-
s.—ATF 3, 26-30.

BaryrBekov, G.A., Haritonova, K.C., Kunakov, S.K., KLYUKIN,
A.A., Komarov, O.V., MarpeENov, M.P., PETrRov, N.N. & TAkI-
BAEV, ZH.C. (1978a). Investigation of plasma parameters of
CO,-N,-He? mixture formed in the active zone of the stationary
nuclear reactor. JTP 48, 39-41.

BaryrBekov, G.A., Hasenov, M.U. & KostriTsa, A.A. (1983).
Chemical processes in plasma of gas mixture CO-N,—He,
placed in the active zone of the nuclear reactor. Chem. High En-
ergies 17, 266-269.

BatyrBEKOV, G.A., HAsSENov, M.U., KosTrITSA, A.A., KuzMIN, Y.A.
& TreuzHaNov, A.B. (1982b). About possibility of creating
eximer lasers with ionization by nuclear reactor radiation. Lett.
JTP 8, 789-791.

BaryrBekov, G.A., Kunakov, S.K. & Marpenov, M.P. (1977a).
Kinetics of processes and electrons concentration in dense
plasma of gas mixtures CO,-N,-He* and CO,-N,-He’-Xe,
produced in nuclear reactor. Izv. AN Kaz SSR—Ser. Phys.—Math.
6, 56-60.

Bicio, L. (1978). Preionization of pulsed gas laser by radioactive
source. IEEE J. Quant. Electron. 14, 75-76.

Bocukov, V.A., Kryznanovski, E.P. & Macpa, K.F. (1992).
Quasi-cw lasing on the 7°S,-6P, atomic mercury transition.
Sov. Tech. Phys. Lett. 18, 241-244.

Boby, F.P., MiLEy, G.H., NacaLINGAM, S.J.S. & PreLas, M.A.
(1978, Nov.). Nuclear pumping of XeF(B) a candidate laser
fusion driver. Trans. Am. Nucl. Soc. 30, 26.

Camrus, T.P.R. & Suasan, Y.R. (1997a). A proposed continuous
wave 585.4nm “He/Ne/H, gas laser mixture pumped by
o-emitter radioisotope. Braz. J. Phys. 27, 129-134.

Cawmpus, T.P.R. & SHaBAN, Y.R. (1997b). Ideal kinetics study of the
585.4 nm He/Ne/H, nuclear pumped laser. Braz. J. Phys. 27,
96-103.

CARTER, D.D., Rowe, M.J. & ScuNEDER, R.T. (1980). Nuclear
pumped CW lasing of the *He-Ne system. Appl. Phys. Lett.
36, 115-117.

CHENGDE, Y., X1a0B0, L. & X1a0QIANG, F. (2007). Prompt neutron
decay constant critical measurements on CFBR. IV Int. Conf.
on Physics of Nuclear-Pumped Lasers and Pulse Reactors,
pp- 120-121. Obninsk, Russia.

Danwyzuev, V.A., Kerimov, O.M. & Kovsh, L.B. (1976). Proc.
FIAN USSR 85, 49.

DE Young, R.A. (1976, May). Direct nuclear pumped neon—nitro-
gen laser. PhD Thesis. Urbana, IL: Nuclear Engineering Pro-
gram, University of Illinois.

DE Young, R., McARTUR, D., MiLEY, G.H. & PreLas, M. (1989,
April) Fusion reactor pumped lasers: history and prospects.
Proc. ANS Conf. on Fifty Years with Nuclear Fusion Behrens,
J.W. and Carlson, A.D., Eds.), pp. 333-342. La Grande Park,
IL: NIST.

DwitrivEV, A.B., ILYAsHENKO, V.S. & MiskevicH, A.L (1982). Exci-
tement by the products of neutron nuclear reactions of laser tran-
sitions in parametal gas mixtures. JTP 52, 2235-2237.

DwmitrivEv, A.B., ILyasHENKO, V.S., MISKEVICH, A.l., SALAMAKH,
B.S. & Siramo, A.A. (1980). Generation of laser radiation on

https://doi.org/10.1017/50263034613000098 Published online by Cambridge University Press

E. G. Batyrbekov

cadmium vapors excited by the products of He*(n,p)T reaction.
Lett. JTP 6, 818-821.

Dosrovorskiy, A.F., DyacHenko, P.P. & Serecina, E.A. (2003).
Using laser in investigation of time dependence of induced ab-
sorption in liquid, excited by the fission fragments. Quant. Elec-
tron. 33, 926-930.

DovsysH, L.E., KazakevicH, A.T., KrivoNosov, V.N., MELNIKOV,
S.P., Pobpmosnenskn, LV., Sinvyanskn, A.A. & Vomwov, A.M.
(1979a). Low-threshold nuclear pumped lasers at the transitions
of atomic xenon. DAN USSR 245, 80-83.

Dovsysh, L.E., KazakevicH, A.T., Krivonosov, V.N., MELNIKOV,
S.P., PobmosHenskn, L.V., SINyanskn, A.A. & Vomwov, A.M.
(1979b). Infrared nuclear pumped lasers at the Arl, Krl, Xel tran-
sitions. Lett. JTP 7, 422-424.

Fepenev, A.F., KARELIN, A.V., TARASENKO, V.F. & YAKOVLENKO, S.I.
(1995). High-pressure He—Cd and He—Zn lasers pumped by a
hard ionizer. Laser Part. Beams 13, 111-128.

FuLLer, J.I., HELmick, H.H. & ScuNEDER, R.T. (1975, March).
Direct nuclear pumping of helium—xenon laser. Appl. Phys.
Lett. 26, 327-329.

GauLey, T., MiLey, G.H. & VERDEYN, J. (1971). Enhancement of
CO, laser power and efficiency by neutron irradiation. Appl.
Phys. 12, 568.

GLUSHCHENKO, Y.V. & LAaVRENYUK, V.E. (1986). Preionization of gas
mixture CO,-laser by o-particles. Quant. Electron. 13,
2031-2037.

GREBYONKIN, V.A. & MaGpa, K.F. (1991). Nuclear pumped lasers at
the Institute of Technical Physics. Transactions Lasers’90, San
Diego, CA, p. 827.

Gupzenko, L.I., MavrisHevskly, V.S. & Yakovienko, S.I. (1978).
About hard source pumped CO-laser. JTP 48, 2150.

Han-DE, C., HuaA-MinG, H. & Kai-sau, W. (1993). Investigations of
nuclear reactor-pumped He3—Ne laser system. Conf. Proc. Phy-
sics of Nuclear-Excited Plasma and Problems Related to
Nuclear-Pumped Lasers 2, 219-224.

Hasan, H.A. (1980). Kinetics of CO,-laser with nuclear pumping.
Rocket Technol. Cosmonaut. 8, 90.

HAvasHDA, H., NaAKAMURA, H., NAkKAZAVA, M., OKUMURA, A. & SOR-
AMOTO, S. (1991). A proposal of a new in-core neutron monitor
using nuclear-pumped laser. Nuclear Instrum. Methods Phys.
Res. A 306, 530.

Hays, G.H. & HEeBNER, G.A. (1990). Fission-fragment-excited
lasing at 585.3 nm in He/Ne/Ar gas mixtures. Appl. Phys. 57,
2175.

Herwig, L.O. (1964). Concepts for direct conversion of stored nu-
clear energy to laser beam power. Trans. Am. Nucl. Soc. 7,
131-132.

Homt, F. (1978, May). Volume-pumped nuclear lasers. Proc. First
Int. Symp. on Nuclear Induced Plasma and Nuclear Pumped
Lasers, Orsay, France.

KaBakov, D.B., KiseLev, C.V. & Tiknov, G.V. (2007).
Radiation-chemical output of excited neodymium (III) in laser
liquids POCl;-MeCl,—>**U03"-Nd** (Me: Ti, Zr, Sn, Sb).
Chem. High Energies 41, 102-107.

Kaxkurta, T., Nakazawa, M. & Sakasal, K. (1998). Numerical simu-
lation of a nuclear pumped 3He-Ne-Ar Gas laser for its optim-
ization. Japan. J. Appl. Phys. 37, 4806-4811.

Kopral-Gora, A.P., MiskevicH, A.L. & SaLamaHA, B.S. (1990). Emis-
sion of cadmium excited ions during bombardment by
o-particles. Lett. JTP 16, 23.


https://doi.org/10.1017/S0263034613000098

Converting nuclear energy

Korzenev, A.N., GARANIN, A.V. & TurutiN, S.L. (2008). Investi-
gation of gas nuclear-pumped laser generation threshold against
presence duration of laser-active medium in the case of laser
module. JTP 78, 76-80.

KosHELEV, A.S., MELNIKOV, S.P., SINvanskil, A.A. & Vomov, A.M.
(1990). Quasicontinuous gas laser, excited by fast neutrons. Lett.
JTP 16, 86-89.

KRrucken, R., ULricH, A. & WIESER, J. (2007). Low energy beam
pumped lasers as a model system for nuclear pumped lasers.
1V Int. Conf. on Physics of Nuclear-Pumped Lasers and Pulse
Reactors, pp. 55-56. Obninsk, Russia.

Lavrenuyk, V.E., PobMosHENSKIY, V. & Rocovtsev, P.N. (1983). CO,
laser with radioisotope preionization. Lett. JTP xx, 284-288.

Macpa, E.P. (2007). Work results in RENC-VNIITF on the study of
lasers pumped from pulse reactors. IV Int. Conf. on Physics of
Nuclear-Pumped Lasers and Pulse Reactors, pp. 14-16. Ob-
ninsk, Russia.

ManN, M.M. (1976). CO electric discharge lasers. AIAA J. 14,
549-567.

MCcARTHYR, D.A. & ToLLEFSRUD, P.B. (1975). Observation of laser
action in CO gas excited only by fission fragments. Appl. Phys.
Lett. 26, 187-190.

MELNIKov, S.P., PopmosHeNskn, 1.V., SINvanski, A.A. & Vomwov,
AM. (2007). Works performed in VNIIEF on possibility to
create the reactor-laser. IV Int. Conf. on Physics of Nuclear-
Pumped Lasers and Pulse Reactors, pp. 11-12. Obninsk, Russia.

MiLey, G.H. (1993). Overview of nuclear pumped lasers. Laser
Part. Beam 11, 575-581.

https://doi.org/10.1017/50263034613000098 Published online by Cambridge University Press

687

MiLey, G.H. & SHaBAN, Y. (1993). A practical visible wavelength
nuclear-pumped laser. Proc. Specialist Conf. on Physics of Nu-
clear Induced Plasma and Problems of Nuclear Pumped
Lasers, Vol. 2, p. 241. Obninsk, Russia.

Mis’kevich, AL (1991). Visible and near-infrared direct nuclear-
pumped lasers. Laser Phys. 5, 445-449.

OBARA, T. & Takezawa, H. (2007). Concept of low enrich uranium
coupled reactor for nuclear-pumped laser. IV Int. Conf. on Phy-
sics  of Nuclear-Pumped Lasers and Pulse
pp- 117-118. Obninsk, Russia.

PreELAS, M. (1995). Lasers with combined nuclear pumping. Laser
Part. Beam 13, 351-364.

PreLAS, M.A. & ScHLAPPER, G.A. (1981). Comments on “nuclear
pumped CW lasing of the *He—Ne system”. J. App. Phys. 52,
496-497.

RuopEs, C.K. (1979). Excimer Lasers. Berlin: Springer-Verlag.

SiNvanskry, A.A. (1995). Investigation of creating nuclear-
laser units of continuous action at VNIIEF. Proc. Second Int.
Conf. on Physics of Nuclear-Excited Plasma and Problems
of Nuclear-Pumped Lasers, Vol. 1, pp. 16-36. Obninsk, Russia.

ULricH, A., ADONIN, A., JacoBy, J., TurTikov, V., FERNENGEL, D.,
Fert™MAN, A., GoLuBev, A., Horrvmann, D.H., Huc, A.,
KRUCKEN, R., KuLisH, M., MENZEL, J., Morozov, A., N1, P., Niko-
LAEV, D.N., SHILKIN, N.S., TERNovoI1, V.Y., UDREA, S., VARENT-
sov, D. & WIESER, J. (2006). Excimer laser pumped by an
intense, high-energy heavy-ion beam. Phys. Rev. Lett. 97,
153901.

Reactors,


https://doi.org/10.1017/S0263034613000098

	Converting nuclear energy into the energy of coherent optical radiation
	Abstract
	INTRODUCTION
	PECULIARITIES OF NUCLEAR PUMPED LASERS ACTIVE MEDIA
	DIRECT NUCLEAR PUMPED LASERS
	DNP LASERS ON VIBRATIONAL TRANSITIONS OF MOLECULES
	Metal Vapor DNP Ion Lasers
	DNP Lasers on Neutral Atom Transitions

	COMBINED NUCLEAR-PUMPED LASERS
	CNP Lasers on Vibrational Transitions of CO2 and CO Molecules
	CNP Excimer Lasers
	CNP Infrared Laser at Xenon Atomic Transitions
	Lasers with Radioisotope Ionization

	CONCLUSION
	REFERENCES




