
Abstract. In a review dedicated to the 100th anniversary of the
birth of academician N G Basov, the fate of one of his scientific
predictions is traced: obtaining lasing at bound-free transitions
of liquid xenon. Launched at the Lebedev Physical Institute
(LPI) of the Academy of Sciences of the USSR in 1970, the
Xe2 laser pumped by an electron beammarked a new dimension
in laser physics: the advent of high-power excimer lasers gen-
erating radiation in the range from visible to vacuum ultraviolet.
The main types and excitation methods of excimer lasers and
the properties of their gain medium are considered. The most
powerful pulsed excimer laser systems designed for laser ther-
monuclear fusion and amplification of UV multiterawatt ultra-
short pulses are described, as well as repetition-rate lasers for
applications in medicine, microelectronics, material processing,
etc.

Keywords: excimer lasers, operating principles, main types, applica-
tions

1. Introduction

Excimer lasers, which appeared in the early 1970s, today
occupy a prominent place among other high-power lasers.
They exhibit a high output energy in pulsed mode, a high
average power in repetition-rate mode, high efficiency, a wide
range of lasing wavelengths lying in the visible, ultraviolet
(UV), and vacuum ultraviolet (VUV) ranges, and low
diffraction-limited radiation divergence. In this regard,
excimer lasers attract attention as very promising for laser
thermonuclear fusion (LTF), isotope separation, photochem-
istry, and laser technology for materials processing, commu-
nications, microelectronics, medicine, etc. Much attention is
paid to them in military programs. Priority research carried
out under the leadership of N G Basov at the Laboratory of
Quantum Radiophysics of the Lebedev Physical Institute of
the USSR Academy of Sciences (FIAN) in 1970±1975 played
an important role in understanding the physical processes in
excimer lasers on dimers, halides, and oxides of noble gases
when excited by an electron beam, electric discharge, and
broadband VUV radiation, and contributed to the develop-
ment of this area of laser technology at many institutes and
enterprises in the country. In the United States, within the
framework of national programs, lasers with output energies
of hundreds and thousands of joules, both pulsed and
repetition-rate, were launched by the 1990s. For LTF,
scientific and technical projects of repetition-rate KrF laser
systems with an output energy up to 1MJ at a pulse repetition
rate of about 10 Hz were developed and partially implemen-
ted, and an XeF laser with a pulse repetition rate of hundreds
of hertz and an average output power of several kilowatts was
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made for military applications. During these years, intensive
research on the development of excimer lasers was also
carried out in European countries, Japan, and China.

This review was written in memory of the outstanding
Soviet and Russian scientist, Nobel laureate in 1964 for the
invention of the principles of generation and amplification of
induced electromagnetic radiation in lasers and masers,
Academician N G Basov (14.12.1922±01.07.2001), the 100th
anniversary of whose birth was recently celebrated in our
country. The author, who came to the Lebedev Physical
Institute in 1971 and was directly involved in the research on
excimer lasers at the institute, had the honor of giving a report
on the role of N G Basov in this work at the ceremonial
meeting of the Department of General Physics and Astron-
omy of the Russian Academy of Sciences, which was held at
the Lebedev Physical Institute on November 28, 2022. This
speech formed the basis of this review, which contains a brief
excursion into the history of the discovery and subsequent
research on excimer lasers and a description of the powerful
excimer laser systems made in different laboratories around
the world for LTF, ultrashort pulse (USP) amplification, and
many other applications. The major contribution of Russian
scientists and FIAN to this area of physical research is also
presented.

1.1 History of discovery:
from the initial idea to the first excimer lasers
Excimer lasers today are the most powerful and efficient
sources of coherent radiation in the visible, UV, and VUV
regions of the spectrum. The generation and amplification of
radiation in these lasers occurs at transitions between the
excited bound electronic state of the molecule and the
repulsive or weakly bound ground state. The fundamental
possibility of obtaining lasing from bound-free transitions in
H2 and Hg2 was first discussed by F Houtermans in 1960 [1].
In 1966, N G Basov proposed using liquefied noble gases for
this purpose [2], with one of which, liquefied xenon, lasing in
the VUV region of the spectrum with a wavelength
l � 176 nm was first obtained in 1970 [3, 4]. The practical
implementation of the idea became possible due to the use of a
powerful relativistic electron beam for pumping. It was not
long before lasing was obtained on Xe2 dimers with
l � 173 nm in gaseous xenon compressed to several atmo-
spheres [5, 6], and then on other dimers: Kr2 with l � 146 nm
[7] and Ar2 with l � 126 nm [8]Ð the shortest wavelength of
excimer lasers today.

1.2 Main types and methods of pumping excimer lasers
The name `excimer' comes from the abbreviation `excited
dimer' and was originally used for diatomic homonuclear
molecules. More recently, it received a broader interpreta-
tion, and currently a very broad class of molecules is called
excimers, including heteronuclear diatomic and polya-
tomic molecules of noble gas halides ArF, ArCl, KrF,
KrCl, Ar2F, Kr2F, ArKrF, etc., as well as oxides of noble
gases. Excimers sometimes include metal halides HgI,
HgBr, HgCl, CdI, as well as halogens and interhalogens
F2, Cl2, Br2, ClF. Laser transitions in these molecules occur
from the vibrational levels of the bound excited electronic
state of the molecules to the lower repulsive state or to the
highly excited vibrational levels of the lower bound
electronic state. In both cases, the lower laser state is
rapidly depopulated due to either molecule dissociation
or vibrational relaxation.

The parameters of excimer molecules, the systematics of
terms and potential energy diagrams for different electronic
states, and the kinetics of plasma-chemical reactions occur-
ring during pumping of the medium and during laser
oscillation (or radiation amplification) are given in a number
of reviews and books (see, for example, Refs [9±15]).
Although the launch of the first lasers on noble gas dimers
was of fundamental importance, their subsequent develop-
ment was limited to the development of relatively small
laboratory samples intended for physical research in the
VUV region of the spectrum. The highest output power of
an Xe2 laser, 60 MW per pulse of 20 ns in duration with a
specific energy output of 6 J lÿ1, was obtained in Ref. [16].
Scaling of these lasers encounters major difficulties, mainly
associated with the need for very high pump powers and the
lack of high-quality optical elements in the VUV range.

A new and important avenue in excimer lasers was opened
by research carried out in 1974±1976 [17±23], during which
the high efficiency of excitation transfer from noble gases to
halides was demonstrated and lasers on noble gas halides
were launched: XeF with l � 353 nm [19], KrF with
l � 248 nm, XeC with l � 308 nm [20], XeBr with
l � 282 nm [21], ArF with l � 193 nm [22], and KrCl with
l � 222 nm [23]. In all these cases, an electron beam was used
for pumping. Almost simultaneously, other methods of
exciting these lasers were implemented: electroionization,
i.e., a non-self-sustained electric discharge supported by an
electron beam [24] and various versions of a self-sustained
electric discharge without preionization [25, 26] and with
preionization by UV radiation [27]. Later, X-rays [28] and
neutron radiation from a nuclear reactor [29] were used for
preionization. Pumping of excimermedia was also carried out
by beams of protons [30] and heavymultiply charged ions [31,
32], and radio frequency [33] and microwave discharges [34,
35]. Optical pumping of excimer lasers with broadband
radiation from an excimer lamp [36, 37] and an open high-
current discharge [38±40] has been used to advantage. More
recently, it has been possible to obtain lasing in cryogenicXeF
crystals at D! X, B! X, and C! A transitions under
coherent optical pumping [41, 42]. Thus, excimer lasers
benefit from a wide range of lasing wavelengths, extending
from the far VUV to the visible region of the spectrum, and a
wide variety of excitation methods.

The highest intrinsic efficiency, which is understood as the
ratio of output laser energy to pump energy, and specific
lasing energy were obtained for excimer lasers on noble gas
halides excited by an electron beam (Table 1) [43]. Ranking
highest in this respect is the KrF laser, which has an efficiency
of 10±12% with an energy output of 10±20 J per liter of gain
medium. For discharge-pumped lasers, these values are
somewhat lower: the efficiency is 2.5±2.6%, and the specific
output energy is 2.4±3.0 J lÿ1.

Another important advantage of electron beam excitation
is the potentiality to scale excimer lasers to very large sizes,

Table 1. Efficiency and specific output energy of noble gas halide lasers
pumped by an electron beam.

Laser type Eféciency, % Speciéc energy, J lÿ1

ArF

KrF

XeCl

XeF

4 ë 8

10 ë 12

4 ë 7

5

10 ë 15

10 ë 20

5

14
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which was demonstrated during the first decade after their
invention.While the first lasers with a gainmedium volume of
tens or hundreds of cubic centimeters generated pulses with
an energy of less than 1 J, even by 1985 an energy of 10 kJ was
obtained from the final module of the multi-stage KrF
Aurora facility, which had a volume of 2 m3 and was
equipped with a suboptimal unstable resonator [44, 45].
Developed at the same time was a detailed project of the
Polaris excimer module with a gain volume of 13 m3, which
was designed for an output energy of 100 kJ [46, 47].

Among discharge-pumped excimer lasers, the highest
output energy of 66 J in 180-ns-long pulses was obtained
from an XeCl laser with X-ray preionization of the gain
volume of 22 l at a working mixture pressure of 5 atm with an
efficiency of 0.8% [48]. Further scaling of discharge-pumped
lasers was limited by the problem of discharge stability in a
large gas volume.

Simultaneously with progress in the technology of generat-
ing powerful electron beams, systems for circulation working
gas mixtures through a laser chamber were improved, which
was necessary for cooling the gas in pulse repetition mode. As
a result, repetition-rate XeF lasers with a closed gas-dynamic
circuit and electron beam pumping were launched to yield
average output powers of over 4 kW at a pulse repetition rate
of up to 100 Hz [49]. The duration of the laser pulse train in
such lasers was about 1 s andwas limited by the destruction of
the foil used to extract the electron beam from the accelerator
into the laser chamber.

The development of the discharge-pumped technique led
to the emergence of reliable excimer lasers with a long service
life, which ensured their widespread use in medicine, micro-
electronics, photolithography and other fields. Developed
for various technological applications related to cutting,
welding, hardening of materials, and industrial production
of microchips were excimer lasers with an average output
power of over 1 kW at a pulse repetition rate of 100±
1000 Hz [50, 51].

2. KrF lasers pumped by an electron beam

2.1 Properties of the gain medium
Ahuge number of studies are devoted to kinetic processes and
the measurement of the rate coefficients of plasma-chemical
reactions in the gainmedium of excimer lasers, which we have
omitted in this review, sincemost of these results can be found
in the papers mentioned above [9±15]. The KrF laser, which
has the highest efficiency and high specific output parameters,
is especially attractive for scaling and use as a driver for LTF,
amplification of ultrashort pulses, and other applications that
require high energies or peak powers of UV radiation. For
numerical simulation of a large-volume KrF laser pumped by
a relativistic electron beam, A G Molchanov at the Lebedev
Physical Institute developed a program [14] that takes into
account more than 100 different plasma-chemical reactions
among several dozen components, which uses the entire set
of experimental and theoretical data on reaction rate
coefficients and cross sections. In what follows, when
describing the kinetic processes and gain medium of the
KrF laser, we adhere to a simplified version of this
theoretical model, which nevertheless correctly reflects the
specifics of the laser.

The gain medium of a KrF laser pumped by an electron
beam usually contains 0.2±0.6% molecular fluorine F2 or

some other donor, for example, NF3, 5±10%Kr krypton, and
an Ar buffer gas with a total mixture pressure of 1±3 atm.
When the electron beam is decelerated in the working gas, a
cascade of secondary electrons eÿ is formed, whose collision
with Ar and Kr atoms produces Ar� and Kr� ions and
approximately the same number of atoms in various excited
states, Ar �, Ar ��, Kr �, and Kr ��, where � denotes the set of
lower excited states of the 4s electron shell in Ar and 5s in Kr,
and �� refers to the excited states of Ar and Kr in the 4p and
5p states, respectively. Figure 1 shows a diagram of potential
curves for the lowest bound electronic state of the KrF �

molecule B2S1=2, for C
2P3=2 andD2P3=2, close to it in energy,

as well as the for ground and first excited repulsive states
X2S1=2 and A2P1=2; 3=2. The population of the entire set of
bound states of KrF � occurs through two main channels, so-
called neutral and ionic, a simplified diagram of which is
shown in Fig. 2. In the neutral channel, excited Ar � and Kr �

atoms, produced in the collision of secondary electrons with
noble gas atoms (reaction 1), subsequently make up excited
excimers ArF � and KrF � in a harpoon reaction (2) with F2
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Figure 1. Potential curves of lower electronic states of the KrF molecule.
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molecules:

eÿ �Ar! Ar � � eÿ ; eÿ �Kr! Kr � � eÿ ; �1�
Ar � � F2 ! ArF � � F ; Kr � � F2 ! KrF � � F : �2�

In the ion channel, reactions occur of noble gas ionization
(3) and dissociative attachment of electrons to fluorine
molecules (4), followed by the formation of excimers during
ion±ion recombination (5):

eÿ �Ar! Ar� � 2eÿ ; eÿ �Kr! Kr� � 2eÿ ; �3�
eÿ � F2 ! Fÿ � F ; �4�
Ar� � Fÿ ! ArF � ; Kr� � Fÿ ! KrF � : �5�

In the substitution reaction (6), excited KrF � molecules are
produced from ArF �, which is higher in energy:

ArF � �Kr! KrF � �Ar : �6�

Since the energy gap between the minima of the potential
curves for states B and C is a small value, DEBC � EB ÿ EC �
�200 cmÿ1 comparable to vibrational quanta, the upper
vibrational levels of both electronic states are mixed due to
rapid vibrational-rotational energy exchange between these
states. The laser transition occurs from a limited number of
vibrational levels of the B-state to the repulsive ground state
of the X molecule, whose decay produces the initial Kr atoms
and atomic fluorine F. Since the rate coefficient for the
reduction of the latter into the F2 molecule in the reaction

F� F�M! F2 �M ; M � Ar;Kr �7�

is very small (� 10ÿ34 cm6 sÿ1), the characteristic recovery
time of molecular fluorine of � 10ÿ3 s is far longer than the
typical times of electron beam laser pumping tp �
100ÿ500 ns, the generation or amplification of laser radia-
tion is possible only in a pulse mode. However, in this case,
too, it is necessary to set the initial density of F2 taking into
account its `burn-up,' whose rate increases in proportion to
the specific pump powerW.

The radiative lifetime of the B! X laser transition of a
KrF molecule tr � 6:5 ns. Taking into account the depopula-
tion of the upper laser state during collisions of an excited
KrF � (B) molecule with electrons and noble gas atoms (see
Fig. 2), the lifetime decreases to tc � 2 ns. The pump power
transmitted through the ion and neutral channels (1)±(6) to
the B-state minus all other processes that bypass this state,
Wp � ZpW, is proportional to the specific power, where Zp
is the pump efficiency. According to numerical simulations
[14], under optimal conditions, Zp � 0:25. The density of
excited particles in the excited state N � � ZpWtc=hn is
determined by the ratio of population and decay rates,
where hn � 5 eV is the energy of the laser photon. The short
lifetime tc does not permit storing population inversion in
the gain medium as, for example, in solid-state lasers, and
requires a high specific pump power W � 1 MW cmÿ3 to
obtain the required density N � of excited particles in the
upper laser state. The corresponding small signal gain
g0 � sN �, where s � 2:5� 10ÿ16 cm2 is the stimulated
emission cross section.

Important laser parameters are the saturation intensity of
the gain medium Is� hn=stc � 1 MW cmÿ2 and the satura-
tion energy density Qs � hn=s � 2 mJ cmÿ2. The former

determines the efficiency of the laser in a quasi-stationary
lasing mode or when amplifying `long' pulses with a duration
t5tc, and the latter determines the efficiency of amplifying
`short' pulses with a duration t4tc. In its physical
meaning, Is means the laser intensity I, at which the
probability of the induced transition Is=hn becomes equal
to the total depopulation probability of the upper laser
level due to radiative decay and collisional quenching 1=tc.
The gain g�I� � g0=�1� I=Is�; in this case, g�Is� � g0=2 is
halved compared to g0. In turn, Qs characterizes the energy
N �hn � �g0=s�hn � g0Qs stored in the upper laser level. Since
the saturation parameters in a KrF laser are three orders of
magnitude smaller than in solid-state lasers, to obtain about
the same output energy calls for increasing the KrF laser
aperture by the same factor, which can be done if relativistic
electron beams with particle energies of 300±600 keV are used
for pumping.

In the transverse pump geometry typical of large
amplifiers (Fig. 3), beams are introduced into the laser
chamber perpendicular to the optical axis from two or more
sides, and the electron range, determined by their energy and
the pressure of the working gas, is chosen approximately
equal to the transverse size of the chamber. Since the average
energy spent on the ionization of one Ar atom is 26.4 eV and
forKr is 23.9 eV, the number of secondary electrons produced
by one fast electron reaches � 2� 104. Although the fraction
of electron bremsstrahlung does not exceed 0.5%, together
with scattered electrons, it leads to radiation damage to
windowsÐa partial loss of their transparency due to the
formation of structural defects and long-lived color centers
[52, 53]. A magnetic field applied along the direction of the
electron beam almost completely eliminates scattered elec-
trons, but does not eliminate X-ray irradiation of the
windows [54].

Another important parameter of the gain medium is the
absorption of laser radiation by different initial and inter-
mediate components. The total photoabsorption cross sec-
tion averaged over the main absorbing components,

sph � sF2
dF2
� sFÿdFÿ � sAr2FdAr2F � sKr2FdKr2F ; �8�

where si are the cross sections for different components
(i � F2, F

ÿ, Ar2F, Kr2F) and di are their relative densities.
The latter change during pumping and lasing. Thus, the
content of molecular fluorine in the gain medium decreases
due to the burnup effect, and that of all other components

Vacuum
diode

Pulsed
source HV

Laser
chamber

Window
for electron
injection

Gas
circulation

Laser radiation

Figure 3. Schematic representation of an excimer laser with circulation of

the working mixture and bilateral transverse pumping by electron beams.

(Adapted with permission,# The Optical Society [81].)
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increases approximately in proportion to the specific pump
power. The photoabsorption of F2 near laser windows, where
there is no pumping, can be reduced by shortening the
distance from the beam boundaries to the windows in the
laser chamber, although this increases the rate of their
degradation [54]. Since the density of most components
depends only slightly on the laser radiation intensity, their
associated absorption coefficient a does not saturate even at
high intensities. The exception is the excited molecules of the
ternary excimer Kr2F

� produced in collisional quenching of
the upper KrF (B) laser level. The associated absorption
coefficient saturates with increasing intensity, since the
induced transition probability increases compared to colli-
sional quenching (see Fig. 2).

2.2 Quasi-stationary amplification of long pulses
Detailed kinetic calculations [14] suggest that the character-
istic settling time for amplification and absorption in the gain
medium is � 20 ns. This is significantly shorter than typical
durations of electron beam pumping tp and allows us to
consider the laser operating mode as quasi-stationary. In the
practically important case I5 Is, when saturable absorption
can be neglected, the transfer equation for the radiation
intensity is of the form

dI

dx
� I�x�

�
g0

1� I=Is
ÿ a
�
: �9�

From Eqn (9), it follows that the limiting value of intensity
Imax� Is��g0=a� ÿ 1� � Is�g0=a�, since g0=a4 1 is achieved
for dI=dx � 0, i.e., when all generated radiation is absorbed
in the gain medium itself and the efficiency of radiation
extraction Zext is zero. The local value Zext is determined by
the ratio of the power extracted from a unit volume of the gain
medium to the specific pump power arriving at the upper laser
level:

Zext �
dI=dx

Wp
� I

Is

�
1

1� I=Is
ÿ a
g0

�
; �10�

whereWp � g0Is. The optimal intensity

Iopt � Is

��
g0
a

�1=2

ÿ 1

�
corresponds to the maximum value

�Zext�max �
�
1ÿ

�
g0
a

�1=2�2
:

Since both g0 /W and a /W, their ratio g0=a depends only
slightly on the pump powerW (Fig. 4). For different mixtures
and pressures of the working gas, the value of this ratio lies in
the range g0=a � 10ÿ20, which corresponds to �Zext�max �
0:5ÿ0:6 with Iopt � �2:2ÿ3:5�Is, where Is also weakly
depends on the pump power and amounts to Is �
1ÿ2 MW cmÿ2 for typical values of W � 1 MW cmÿ3. The
highest intrinsic efficiency of the laser without inclusion of
vibrational relaxation in excited B- and C-electronic states
reaches Z � ZpZext � 0:15. However, the finite relaxation rate
reduces this figure to Z � 0:12 [14].

Another important factor affecting the efficiency and
parameters of a KrF laser is amplified spontaneous
emission (ASE). A gain medium with a short radiation

decay time of the upper laser level has a high spontaneous
emission power Wsp � hnN �=tr � ZpWtc=tr with an effi-
ciency Zsp � Zptc=tr � 0:08 relative to the specific pump
power. ASE propagating along a KrF amplifier saturates
the gain medium along with the useful signal. In amplifiers
with a high aspect ratio of the aperture to the length, ASE also
occurs in the transverse direction. To calculate the parameters
of the amplifier, which most often has the shape of a
rectangular parallelepiped, in the numerical model [14], the
space around each calculation point inside the gain medium
was divided into six solid angles based on the sides of the
parallelepiped. A system of six radiation transfer equations
for the so-called ASE waves Y1...6, averaged over the
corresponding solid angles, and two equations for long-
itudinal signal waves propagating towards each other along
the axis of a two-pass amplifier was solved, together with
equations describing kinetic processes in the gainmedium and
photoabsorption. This method is also applicable for calculat-
ing the contrast of the output signal in terms of laser output
power or energy relative to ASE propagating in the same
direction.

Figure 5 shows the experimental dependence of the output
intensity Iout on the input one Iin, obtained for single-pass
amplification of 20-ns pulses in a GARPUN laser with an
aperture area of 250 cm2 and a length of 1m [55], as well as the
calculated dependences Iout�Iin� with and without ASE
inclusion for various pump powers W � 0:65 and
1.3 MW cmÿ3. One can see that ASE reduces the gain
G � Iout=Iin several-fold. Figure 6 shows the calculated
dependences Iout�Iin� for two-pass GARPUN amplifier, as
well as intrinsic efficiency Z � ZphZexti, where

hZexti �
1

L

� L

0

Zext�x� dx �
Iout ÿ Iin

g0L
�11�

is the efficiency of radiation extraction from the gain medium
averaged over the length of the amplifier with the inclusion of
ASE. One can see that changing the specific pump power by
half, from W � 1 to 2 MW cmÿ3, in saturation mode
approximately doubles the gain G, but entails a decrease in
the amplifier efficiency Z from 10 to 7%.
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Figure 7 shows the spatial distributions of ASE in
GARPUN KrF laser for single-pass and double-pass ampli-
fication schemes in the absence of an input signal at pump
powerW � 0:6MWcmÿ3 [55]. In this case, a totally reflecting
mirror returns the radiation to the amplifier, doubling the
effective amplification length. In the single-pass configura-
tion (a), in accordance with formula (9) under the condition
Y3; 4 5 Is, ASE increases according to the exponential law
Y3; 4�x� /Wsp exp ��g0 ÿ a�x� in the same way in both
directions along the length of the amplifier; its influence on
the gain of the medium is still relatively small: g�x� �
0:045ÿ0:055 compared to g0 � 0:08 cmÿ1. In the two-pass
scheme (b), the ASE intensity Y4 reflected from the totally
reflecting mirror quickly reaches saturation of the medium
�Y4 > Is� and then increases linearly along the amplifier. This
leads to a strong decrease in the gain coefficient: at the output
its value drops four-fold compared to g0.

Since in many practically important cases, for example,
for LTF, laser pulses with a duration t � 10 ns are required,
and the gain medium of a KrF laser does not allow energy to
be accumulated for times longer than tc � 2 ns, an optical
angle multiplexing scheme is used for effective amplification

of the required pulses with pump duration tp � 100ÿ500 ns
[56, 57]. The radiation from the master oscillator is divided
into many independent beams N � tp=t, between which a
time delayDt � t is introduced, so that a pulse trainwith total
duration tp is quasi-continuously amplified in the amplifier
stages. Since all pulses propagate in independent beams
spaced angularly apart, it is possible to add them on the
target in the required combination by compensating for
delays in the optical demultiplexer. Although this complex
configuration requires a large number of mirrors and other
optical elements, it has a number of advantages discussed in
Section 3.1: for example, the highest uniformity of target
irradiation for LTF.

2.3 Amplification of short pulses and their trains
Incoherent amplification of short pulses with duration t5 tc
is described by the modified Frantz±Nodvik equation [58]:

de
dx
� g�x�ÿ1ÿ exp �ÿe��ÿ anse ; e � Q

Qs
;

�12�
Q�x� �

� t

0

I�x; t 0� dt 0 ;

where I�x; t� and Q�x� are the intensity and energy density of
the pulse as it propagates along the amplifier. The gain profile
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g�x� is formed by ASE (see Fig. 7) or a long laser pulse,
amplified simultaneously with the short one [55]. This setup,
which we proposed in Ref. [59], allows us to reduce losses
associated with ASE (see Section 2.4).

Local efficiency of energy extraction from a gain medium
by a single short laser pulse Z1 ext is found as the ratio of the
increment in energy density per unit amplifier length
dQ=dx � Qs de=dx to the energy stored in the upper laser
level N �hn � �g0=s�hn � g0Qs. In view of Eqns (12), we
obtain an expression for Z1 ext along the amplifier length:

Z1 ext�x� �
1

g0

�
g�x�ÿ1ÿ exp �ÿe��ÿ anse

�
: �13�

The maximum Z1 ext value is reached for eopt � ln �g=ans�,

�Z1 ext�max �
g

g0

�
1ÿ ans

g

�
1� ln

g

ans

��
max

; �14�

and the average efficiency of energy extraction from an
amplifier of length L is found by the formula

hZ1 exti �
1

L

� L

0

Z1 ext�x� dx �
e�L� ÿ e�0�

g0L
: �15�

To estimate the characteristic efficiency values, assuming
g�x� � g0 in the simplest case, from expression (14) we obtain
the highest efficiency of energy extraction by a single pulse,

Z1 ext � 1ÿ ans
g0

�
1� ln

g0
ans

�
� 0:7ÿ0:8 ;

for the optimal pulse energy density Qopt � Qs ln �g0=ans� �
4:6ÿ6:0 mJ cmÿ2. To find the amplification efficiency of a
short pulse relative to the entire pump energy, we do well to
bear in mind that a single pulse extracts energy from the gain
medium accumulated over a time tc � 2 ns, which is short
compared to the characteristic duration of electron beam
pumping tp. As a result, we find that the amplification
efficiency of a single short pulse with respect to the pump
Z1 � �tc=tp�Z1 extZp � 0:004 is small compared to the effi-
ciency of quasi-stationary amplification of long pulses
Z � 0:12 (see Section 2.2).

Since for tc 5 tp the accumulation of excited KrF
molecules on the upper laser level is impossible, effective
energy removal should be carried out by a train of pulses
spaced from each other by a time on the order of the lifetime
of the excited state Dt � tc. In this case, for a uniform initial
gain profile g�x� � g0, the gain for each of the subsequent
pulses does not have time to fully recover after the amplifica-
tion of the previous pulses and turns out to be less than in the
amplification of a single pulse [59, 60]:

gDt � g0
1ÿ exp �ÿDt=tc�

1ÿ exp �ÿe� exp �ÿDt=tc� : �16�

The maximum amplification efficiency for a train of short
pulses is achieved for energy density

Qopt � Qs ln

�
2 exp

�
ÿDt

tc

�
� g0
ans

�
1ÿ exp

�
ÿDt

tc

��2�

and is

Zext �
1

Dt=tc

��
1ÿ exp �ÿDt=tc�

��
1ÿ exp �ÿe��

1ÿ exp �ÿe� exp �ÿDt=tc� ÿ anse
g0

�
:

�17�

For a pulse repetition interval Dt � tc � 2 ns, for Qopt �
3:1ÿ4:3mJ cmÿ2, we obtain Zext � 0:38ÿ0:48. The amplifica-
tion efficiency of a short pulse train with respect to pumping,
Ztrain � ZextZp � 0:095ÿ0:12, in this case is comparable to the
amplification efficiency of long pulses.

2.4 Simultaneous amplification of a train
of short and long pulses
The rapid recovery of population inversion in the gain
medium of a KrE laser makes it possible to simultaneously
amplify both long and short pulses. While the amplification
of single short pulses in a long double-pass amplifier occurs
on a quasi-stationary profile of the gain g�x� created by the
ASE (see Fig. 7), the energy and efficiency of USP amplifica-
tion will be noticeably lower than in the case considered
above, g�x� � g0. A similar picture arises with the simulta-
neous quasi-continuous amplification of long pulses (or their
train after the multiplexer) and short pulses [59], with the
significant difference that in such a system there are no losses
for the ASE and it is possible to combine the amplified long
and short pulses on the target to ensure a complex temporary
form of power input. Specifically, a promising LTS scheme
with shock ignition [61] calls for pulses with a sharp, almost
two orders of magnitude, increase in power during the last
100±200 ps. In addition, by suppressingASEwith long pulses,
it is possible to significantly increase the contrast of short
pulses by directing them into the amplifier at small angles to
the long ones, which is of interest for producing a laser-
plasma X-ray source used for transmission diagnostics of the
target.

The hybrid Ti:sapphire±KrF GARPUN-MTW laser
demonstrated regenerative amplification of subpicosecond
USPs in a cavity where quasi-stationary lasing simulta-
neously developed [60]. As a result, combined pulses were
obtained, consisting of long 100-ns pulses, which contained
most of the energy, andUSPs, which had a duration of� 1 ps
and a peak power three orders of magnitude higher. On the
oscillogram in Fig. 8a, their amplitude is underestimated by
approximately 1000 times due to the limited time resolution
of the photodetector (� 1 ns). Amplitude-modulated pulses
combined efficient resonantly enhanced ionization of water

30

25

20

15

10

5

0

0.4

P
h
o
to
cu
rr
en
t
si
gn

al
,V

L
as
er

p
u
ls
e,
ar
b
.u

n
it
s

0.3

0.2

0.1

0

ÿ50 0 50 100 150
Time, ns

a

b

Figure 8. Oscillograms of amplitude-modulated laser pulses (b) and

photocurrent in the ionized air gap (a) during injection of a USP train

into the resonator. The USP amplitudes in the oscillograms are under-

estimated by a factor of 1000 due to the limited time resolution of the

photodetector.

October 2023 N G Basov's role in the development of excimer lasers 1043



vapor in atmospheric air by powerful USPs and maintaining
the electron density in the channel due to the suppression of
attachment to oxygen by low-intensity 100-ns radiation from
the pedestal (Fig. 8b). Such pulses have found application for
initiating long electric discharges [62, 63] and producing
plasma waveguides in atmospheric air for highly directional
transport of microwave radiation [64] (for more details, see
Section 3.2).

3. High-power excimer laser systems

3.1 Laser systems for generating single pulses
In this section, we review the most significant advances in the
development of high-power, large-scale electron-beam
pumped excimer lasers. Table 2 lists large excimer laser
systems with a gain medium volume of 20 liters or more
used as powerful pulse generators or amplifiers. The most
impressive results have been obtained at a number of
companies and national laboratories in the USA, where
Maxwell Laboratory Inc. (MLI) launched the first large
KrF laser with a chamber length of 2 m and a volume of 60 l
as early as 1977 [43]. Subsequent improvement in the laser
involved increasing the duration of the electron beam pump
pulse and the generated radiation from 2 to 4 ms. For the same
energy, a long pulse duration has some advantage in the
propagation of radiation in the atmosphere due to the
reduction in nonlinear effects and, in addition, reduces the
requirements regarding the radiation resistance of optical
elements. Long pumping is also necessary in generators to
settle a narrow angular or spectral composition of radiation,
as well as to implement mode locking [65].

The large-scale Scaleup excimer laser with a volume of
1000 l was launched by AVCO in 1981 [43]. It was the first to
use a double-sided transverse pumping scheme with counter-
propagating electron beams, which were introduced into the
laser chamber perpendicular to its optical axis. This geometry
makes it possible to uniformly pump a large volume of a gain
medium, which was often subsequently used in other large-
scale facilities. The problem of manufacturing large-sized
optical windows for a laser chamber was also solved. This
setup demonstrated the conversion of UV radiation with
wavelength l � 351 nm by stimulated Raman scattering
(SRS) in compressed hydrogen with an efficiency of about
25%. A high quality laser beam with a divergence close to the
diffraction-limited one was obtained in the blue-green region
of the spectrum [66, 67].

TheRAPIERB (RamanAmplifier Pumped by Intensified
Excimer Radiation) facility was made at the Lawrence
Livermore National Laboratory (LLNL) in 1981 [68]. Just
like its previous smaller version, RAPIER A, it was intended
for experiments on compression and summation of KrF laser
pulses due to SRS, as an alternative to the angular pulse
multiplexing scheme [56, 57]. The goal of these experiments
was to shorten KrF laser pulses into the nanosecond range of
durations required for LTF [69]. The setup served as a
prototype for many other large KrF amplifiers developed
for LTF. It used shorter (� 150 ns) high-voltage accelerating
voltage pulses in vacuum diodes, which were formed in a two-
stage circuit with resonant recharging of a voltage pulse
generator (VPG) to double forming lines (DFLs) with
deionized water, as well as bilateral transverse pumping of
the gainmedium by two electron beams directed towards each
other with stabilization in amagnetic field [70]. It was possible

to demonstrate a width narrowing of the radiation spectrum
to � 7 cmÿ1, which was necessary for effective SRS conver-
sion [69], and a decrease in the radiation divergence to
� 10ÿ4 rad due to the injection of narrow-band radiation
into an unstable laser cavity. Injection control of the spectral
and angular characteristics of excimer lasers was studied in
more detail in Ref. [71].

The largest excimer laser of all, made for the US
Department of Defense, was the Super Large Aperture
Module (SLAM), which was developed at Thermo-Electron
Technologies Corp. (TTC) [43]. The facility was supposed to
demonstrate `Raman beam cleanup technology'Ða method
of SRS beam cleaning, i.e., the possibility of obtaining a high-
quality beam after a Raman amplifier pumped by an excimer
laser with high energy, but of lower radiation quality. In 1986,
this laser produced a laser energy of 6.5 kJ at wavelength
l � 308 nm with an efficiency of 5.6% when pumping a
working Xe=HCl=Ar mixture at a pressure of 1.5 atm.
Somewhat later, SLAM generated energy up to 8 kJ with
XeCl and 15±20 kJ with KrF in pulses 650 ns in duration.
Since then, according to the original design, the quality of the
optics of the setup could be not too high, four independent
unstable resonators were mounted in the 100� 100-cm laser
aperture, and the quartz output windows consisted of
16 separate elements. This solution significantly reduced the
cost of optical elements, the cost of which was extremely high
for a similar excimer module, LAM, at the Los Alamos
National Laboratory (LANL). Unlike AVCO, the Raman
amplifiers were pumped by four UV laser beams directed at
an angle to the amplified Stokes radiation. The UV radiation
linewidth of 0.012 cmÿ1 required for efficient conversion in
compressed hydrogen was provided by independent injection
into the resonators of narrow-band radiation from themaster
oscillator, previously amplified in the XeCl amplifier. A
frequency-doubling dye laser was used as the master
oscillator. At the output of the Raman amplifier, radiation
was obtained at wavelength l � 353 nm with a diffraction
divergence and an energy of over 1 kJ. The conversion
efficiency was 70%. In addition, the capabilities of `Raman
look-through operation' were demonstratedÐa method for
correcting phase distortions induced in the atmosphere by
amplifying in the Raman amplifier a probing low-energy laser
beam with a reversed wavefront.

The KrF Large Aperture Module (LAM) laser module,
which was developed jointly by TTC and LANL, was a
modification of SLAM and was used as a two-pass final
amplifier of the Aurora multistage setup intended for
research on LTF [44, 45]. In the free-run oscillation mode
with a non-optimal unstable resonator, it yielded an energy of
10 kJ with an efficiency of 6.5%, and 5±6 kJ in the two-pass
amplifier mode [72]. It is claimed that, on optimization, the
LAM could provide an output energy of 15±20 kJ in
amplification mode. The LAM F2=Kr=Ar working mixture
with a pressure of 600±1200 Torr was pumped by two
counterpropagating electron beams with an energy of
675 keV and a current density of 12 A cmÿ2. A square exit
window of the laser cell with dimensions of 100� 100 cm was
made of a 7-cm-thick quartz plate.

The multi-stage KrF laser Aurora facility consisted of a
master oscillator, an optical system for spatial and temporal
beam separationÐan angular multiplexer, three preamplifi-
cation stages, a final stage, and a demultiplexerÐa system
for simultaneous convergence of beams on the target.
Angular multiplexing, which was the basis for the construc-
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tion of the entire system, made it possible to divide the initial
5-ns pulse required for LTF into 96 beams using beam
splitters. Matching the amplifier pumping duration of
650 ns, the duty cycle and the total duration of the train
ensured efficient extraction of stored energy from the
amplifier. Of the 96 amplified beams, 48 were intended
directly for interaction with targets, containing up to 1.5 kJ
of energy with a variable pulse duration of 3±20 ns; the
remaining beams were supposed to be used for various

diagnostics. In plane geometry, when all beams were brought
together into a single focusing spot with a diameter of 600 mm
on the target, an intensity of up to 3� 1014 W cmÿ2 was
achieved. Solving the problem of synchronous operation of
the master oscillator and amplifier stages, automatic align-
ment of an extremely complex optical systemmade it possible
to carry out one to four full-scale facility launches per day. It
was planned to achieve the following parameters: the energy
delivered to the target in 48 beams was 5 kJ, the focusing spot

Table 2.High-power pulsed excimer lasers with electron beam pumping.

Laboratory, laser Chamber dimensions or volume Gain medium Radiation
wavelength, nm

Energy,
J/pulse

Pulse duration,
ns

USA

Maxwell Lab. Inc. [43] L � 200 cm;
V � 60 l

KrF 248 300 2000 ë 4000

AVCO Research Lab.,
Scaleup [43]

V � 1000 l XeCl
XeF
KrF

308
353
248

4000
5000
5500

2000
2000
2000

Thermo-Electron Technologies
Corp., SLAM [43]

100� 100� 200 cm;
V � 2000 l

XeCl 308 6500 650

Livermore National Lab.,
RAPIER B [43]

30� 30� 150 cm;
V � 130 l

KrF 248 850 150

Los Alamos National Lab.,
LAM Aurora [60]

100� 100� 200 cm;
V � 2000 l

KrF 248 10,000 650

Naval Research Laboratory,
Nike [67]

60� 60� 200 cm;
V � 720 l

KrF 248 5000 240

Great Britain

Rutherford Appl. Lab.,
Sprite [121];
Titania [130]

1 27 cm, L � 100 cm;
V � 60 l

1 42 cm, L � 150 cm;
V � 200 l

KrF

KrF

248

248

150

1000

60

170

Japan

Institute for Laser Science of
University of Electro-Communica-
tions [153]

1 28 cm, L � 100 cm;
V � 60 l

KrF 248 460 100

Electrotechnical Lab.,
ASHURA [143];
Super-ASHURA [147]

1 29 cm, L � 100 cm;
V � 66 l

1 60 cm, L � 200 cm;
V � 570 l

KrF

KrF
248

700

2700

100

270

Institute for Solid State Physics
of Tokyo University [157]

23� 23� 80 cm;
V � 42 l

KrF 248 160 70

China

China Institute of Atomic Energy,
Heaven-I [158]

1 27 cm, L � 100 cm;
V � 57 l

KrF 248 400 200

Northwest Institute of Nuclear
Technology [162]

1 38 cm, L � 100 cm;
V � 110 l

XeCl 308 500 200

USSR and Russia

Kurchatov Institute
of Atomic Energy [198]

V � 20 l XeCl 308 100 1000

Institute of High Current
Electronics [200];
[201];

[202]

1 20 cm, L � 150 cm;
V � 45 l

1 20 cm, L � 100 cm;
V � 30 l

1 60 cm, L � 200 cm;
V � 600 l

XeCl

XeCl
KrF
XeCl

308

308
248
308

150

110
90

1900

220

300

250

Lebedev Physical Institute, RAS,
GARPUN [173]

14� 18� 100 cm;
V � 25 l

KrF 248 100 100
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was 300 mm, and the radiation intensity was 1015 W cmÿ2.
Although these parameters were never implemented due to
the cessation of the research program, the experience of
operating the Aurora facility and the first results obtained
with it served as the basis for a new design of a full-scale
installation for LTFwith an energy of about 5MJ and a pulse
duration of 10 ns [73]. Power Amplifier Modules (PAMs),
designed for an output energy of 100 kJ, were developed for
the final amplifier stages of this facility [46, 47]. The
possibilities of scaling KrF laser modules for LTF were also
discussed in Ref. [74], and various schemes for constructing
thermonuclear power plants (fusion reactors) with KrF-laser
drivers were first considered in Refs [75, 76].

The shortcomings revealed in the operation of the Aurora
facility [77], in particular, the too long pumping time of the
amplifiers and the associated complex and expensive optical
pulse multiplexing system, were taken into account when
developing the 56-beammulti-stage KrF Nike laser facility at
the Naval Research Laboratory (NRL), which was developed
as part of the Inertial Fusion Energy (IFE) program of the
US Department of Energy. This new-generation facility,
launched in 1995 [78], was the first to use the principle of
induced spatial incoherence of laser beams, which makes it
possible to eliminate the microscale speckle structure in the
focal spot characteristic of coherent radiation [79, 80]. Nike's
optical configuration is schematized in Fig. 9 [81]. From the
radiation of a broadband incoherent discharge-pumped KrF
source, which differed from a conventional laser in the
absence of an output cavity mirror, i.e., actually generating
incoherent ASE, four pulses with the required duration of
� 4 ns and angular distribution [82] were formed using
electro-optical gates and aperture stops, which were then
amplified to an energy of � 2 J in discharge-pumped
amplifiers with X-ray preionization [83]. At the next stage,
after angular multiplexing, 28 beams were amplified in two
passes through a preamplifier with gain region dimensions of
20� 20� 100 cm and electron beam pumping with a
duration of 120 ns. Finally, after doubling the number of
beams, a train of 56 pulses was amplified in two passes in the
final amplifier with dimensions of 60� 60� 200 cm and an
electron beam pump duration of 240 ns. The radiation energy
at the system output amounted to 4±5 kJ. After the

demultiplexer, 44 pulses of incoherent radiation with a total
energy of up to 3 kJ simultaneously arrived at a plane target.
As a result, the inhomogeneity of target irradiation was
4 0:2% [84, 85], which is the smallest value ever obtained in
laser experiments. The remaining 12 beams with an energy of
� 800 J were used to generate a laser-plasma X-ray source to
diagnose the laser±target interaction.

The current status of the pulsed Nike laser system and the
repetition-rate Electra laser made in the same laboratory,
analysis of various limiting physical and technological
factors, predictions for the improvement of facility para-
meters, as well as the principles of developing a KrF laser
driver with megajoule energy are considered in comprehen-
sive reviewRef. [81]. Simultaneously with laser experiments at
NRL, intensive studies were carried out on hydrodynamic
instabilities during the acceleration of thin flat slabs of
materials [86±93]. These experiments confirmed the ideas
about the advantages of UV laser radiation for interaction
with plasma (see, for example, reviews [94, 95]), namely:
(1) short-wave radiation penetrates deeper into the plasma,
since its critical density ncr / lÿ2 is higher, and it is absorbed
more efficiently in denser plasma to produce a higher ablation
pressure p; (2) for UV radiation in the plasma corona with a
density below the critical one, the thresholds for the
development of plasma instabilities are higher, whose value
/ Il2=p is determined by the ratio of the ponderomotive
radiation pressure to the pressure in the plasma; (3) a higher
ablation rate of the accelerated target shell prevents the
development of Rayleigh±Taylor hydrodynamic instability
at the boundary with the plasma. Additional advantages for
stable compression of a spherical thin-walled capsule with
thermonuclear deuterium±tritium (DT) fuel in the LTF
scheme with direct laser irradiation (direct-drive ICF) are
provided by the large width of the KrF laser radiation
spectrum (� 3 THz) and high uniformity of irradiation with
incoherent radiation. Experiments have demonstrated a
gradual decrease in the size of the irradiation spot on the
target as it is compressed (optical zooming) [79, 96], which
eliminates the redistribution of energy between many beams
during their nonlinear interaction with the plasma corona
(crossed-beam energy transfer) [97], increasing the efficiency
of target heating and the symmetry of its irradiation.
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Figure 9. Optical diagram of the Nike KrF laser system at the US Naval Laboratory. (Reprinted with permission, # The Optical Society [81].)
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As a result of experimental research and theoretical
simulations, and analysis of various concepts for obtaining
energy through LTF (IFE) [94, 95, 98±104], two prototypes of
energy facilities with aKrF laser driver, Fusion Test Facilities
(FTFs), were proposed [102, 104]. Using these facilities, it
would be possible to check the correctness of the adopted
concepts, test various elements of a future thermonuclear
reactor, and check their reliability at high doses of irradiation
by the DT reaction products: neutrons, X-ray and gamma
radiation, multiply charged ions. In the latest FTF version
[104], a multilayer spherical target is irradiated with profiled
laser pulses from a KrF laser with a sharp increase, by 1±
2 orders of magnitude, in power during the last� 250 ps for a
total pulse duration of � 10ÿ15 ns. This regime, first
proposed by V A Shcherbakov [106] and subsequently called
`shock-ignition ICF' [61], allows us to separate the stages of
compression of relatively cold DT fuel to a high density and
its subsequent ignition by a powerful shock wave converging
towards the center of the target, initiated by the high-intensity
final part of the laser pulse. Two-dimensional simulations for
the optimalDT target [105] showed that an energy of 500 kJ in
profiled pulses is capable of providing gain factor (the ratio of
the released thermonuclear energy to the laser energy)
GT 5 130. With the full efficiency of the KrF laser driver
(the ratio of the radiation energy to the initially stored
electrical energy) ZD � 7%, this is enough to satisfy condi-
tion GTZD 5 10, which is necessary to make a closed-cycle
power plant operating with a pulse repetition rate of 5±10 Hz
and providing reproduction of energy expenditure for
pumping the driver (see, for example, Ref. [107]). The driver
was to use 35 final KrF amplifiers with dimensions of
60� 100� 200 cm and an output energy of 17 kJ, extracted
in an angular multiplexing configuration with a train of pre-
shaped pulses [108].

Such a KrF laser system could be the link between the
demonstration of ignition of the DT fusion reaction at the
world's largest neodymium laser system, the National
Ignition Facility (NIF) at the US Livermore National
Laboratory (LLNL) with megajoule energy at the third
harmonic (l � 353 nm) in single pulses [109, 110], and a
future power plant of repetition-rate operation based on
LTF. The NIF facility uses a scheme of so-called indirect
compression of shell targets (indirect-drive ICF) with
secondary X-ray radiation [107], which makes it possible to
improve the uniformity of irradiation of spherical capsules
with DT fuel placed in a cylindrical converter (hohlraum).
Although in this case it has not yet been possible to fully
overcome the hydrodynamic instabilities that prevent the
achievement of the design compression of the DT fuel and
lead to itsmixingwith the shell material, in recent experiments
on December 5, 2022, a thermonuclear neutron yield of
� 1018 per pulse was obtained. For the first time in laser
experiments, thermonuclear fuel was ignited and heated by a
particles, and the released energy of 3.15 MJ exceeded the
laser energy of 2.05 MJ, i.e., GT > 1 was achieved. This was
stated in a press release from LLNL and the US Department
of Energy on December 13, 2022 [111].

This result of paramount significance and the ongoing
construction of other megajoule solid-state laser systems,
such as LMJ in France [112], UF2-ML (the original name of
this project was Iskra-6) in Russia [113, 114], and Shenguang
in China [115±117], inspire optimism in the practical
implementation of a laser thermonuclear reactor with
GTZD 5 10. An increase in GT can be expected with direct

target compression due to a decrease in energy losses
associated with the conversion of laser radiation into X-rays
in a promising shock ignition scheme [61]. All of the
mentioned solid-state devices using optical pumping with
flash lamps have a very low total efficiency of � 0:1% and
operate in single pulses with an interval of several hours.
Laser drivers of energy thermonuclear installations (IFE)
must have megajoule energy with a pulse repetition rate of
5±10 Hz and a long-term resource of non-stop operation for
at least one year. The development of such drivers invites
completely different approaches, for example, laser crystals
or ceramics as the gain medium, cooled by a fast gas flow or
liquid nitrogen, with narrow-bandwidth pumping by semi-
conductor light-emitting diodes. This technology, called a
diode-pumped solid-state laser (DPSSL), was first demon-
strated at the Mercury facility (LLNL) [118]. The laser
generated nanosecond radiation pulses with wavelength
l � 1051 nm and an energy of over 50 J at a repetition rate
of 10 Hz and a total efficiency of 5%. The resource of non-
stop operation of the facility was 300,000 pulses in several
series lasting 0.5±2 hours. Scaling the DPSSL technology to
thermonuclear facilities at a megajoule energy level is a very
intricate task. Some conceptual approaches to solving it were
considered in the pan-European High Power Laser Energy
Research Facility (HiPER) project within the framework of
the European Strategy Forum on Research Infrastructures
(ESFRI) program [119].

Among other potential LTS reactor drivers, a KrF laser
with the unique properties listed above best meets the basic
physical, technological, and economic requirements for
power plants based on LTF. Demonstrated at NRL, at the
Electra facility (Fig. 10), was the long-term operation of a
KrF laser with an energy of 700 J in a repetition-rate mode at
5 Hz (50,000 pulses in a continuous train or 300,000 in total
over 8 days) [81]. The ArF laser is also of great interest, with
which, back in the 1970±1980s, a free-run lasing energy of
about 100 J and a physical efficiency of � 3% were obtained
under pumping by an electron beam with a duration of 50±
65 ns [22, 120]. Using the Electra setup converted to operate
with an ArF laser in the free-running mode under non-
optimal excitation conditions from a limited volume (the
optical cavity mirrors did not cover the entire laser aper-
ture), an energy of � 140 J was obtained [121]. When
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Figure 10.Repetition-rate KrF Electra laser at the US Naval Laboratory.

(Reprinted with permission, # The Optical Society [81].)
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operating this laser as a two-pass amplifier, an efficiency of
� 16% is predicted, which, along with a wide gain bandwidth
of� 10 THz and the shortest wavelength of 193 nm among all
existing noble gas halide lasers, makes the ArF laser an
attractive driver for a future LTF reactor [122, 123].

Among European laser centers, the greatest achievements
in the development of large excimer lasers belong to the
Rutherford Appleton Laboratory (RAL) in the UK, where
the Sprite multi-stage KrF laser system was made for a wide
range of tasks related to plasma heating, research on X-ray
lasers on multiply charged ions, and LTF [124]. The main
amplifier of this system had an original configuration with a
four-sided injection of electron beams into a 100-cm-long
cylindrical cell 27 cm in diameter, which made it possible to
uniformly excite a gain volume of 58 l without using a
magnetic field, putting about 3 kJ of energy into it in 60 ns.
In oscillator mode, when narrow-band radiation with an
energy of 50 mJ was injected into an unstable telescopic
resonator with magnification M � 4, Sprite produced out-
put radiation pulses with an energy of about 150 J, a duration
of 60 ns, a divergence of 70 mrad, and a narrow linewidth of
0.3 cmÿ1, which was required for effective nonlinear radiation
conversion by SRS.

The Sprite laser system was one of the first excimer lasers
to be used to amplify ultrashort picosecond pulses [125]. This
system consisted of a picosecond front-end based on a dye
laser with frequency conversion to the third harmonic, an
EMG 103 MSC (Lambda Physik) discharge-pumped ampli-
fier, and two amplifiers with electron beam pumping, Goblin
(aperture: 6 cm; length: 40 cm) and Sprite, each of which
amplified the pulses in a two-pass configuration. Since the
energy density at the output of theKrF amplifier for pico- and
subpicosecond pulses cannot exceed 20±40 mJ cmÿ2 in the
saturation mode (see Section 2.2), the output USP energy was
limited by the size of the output aperture. At the output of the
Sprite wide-aperture amplifier, ultrashort pulses with a record
energy of 2.5 J and a duration of 3.5 ps were obtained, which
corresponded to a peak output power of 0.7 TW. This was
230 times higher than the nominal power of laser pulses when
operating in oscillator mode. When focusing radiation onto a
spot with a diameter of 25 mm, the intensity on the target
amounted to 5� 1015 W cmÿ2, although the contrast, i.e., the
ratio of USP energy to ASE energy along the amplifier axis,
was low due to the lack of optical isolation (saturable
absorbers) between the amplifier stages.

An effective methodwas developed at RAL for producing
picosecond radiation pulses with a high contrast and a low
divergence, which involved a combination of angular multi-
plexing and summation of many beams in cells with an SRS-
active gas [126, 127]. A train of picosecond ultrashort pulses
formed by the multiplexer, spaced from each other by several
nanoseconds, which is the recovery time of the population
inversion in the KrF-gain medium, was divided into several
beams, which were amplified in cascades of KrF amplifiers
and then pumped the Raman oscillator and Raman ampli-
fiers. Since the gain during SRS conversion depends exponen-
tially on the pump power, the pulse contrast in such a system
can be very high. Experiments performed with H2, CH4, SF6,
and NH3 demonstrated a high efficiency of pump radiation
conversion into the first Stokes component, which ranged up
to 70% for forward scattering.

Angular multiplexing and SRS summation [127, 128] were
the basis for the design of a more powerful Super Sprite laser
system [129±131]. It was assumed that this system would have

an output energy of up to 7 kJ with a pulse duration varying
from 3 ps to 3 ns and amaximum power of up to 750 TWwith
a diffraction divergence of the converted radiation at
wavelength l � 268ÿ277 nm. In addition to the Goblin and
Sprite amplifiers, it was planned to manufacture two more
amplifier stages. The new Titania amplifier, which was put
into operation, had a cylindrical cell with an aperture of 42 cm
and a length of 150 cm. It was pumped from four sides by
electron beams with a pulse duration of 170 ns and was
designed for an output radiation energy of 1.0 kJ in the free-
running mode. Another amplifier, Oberon, with a sectioned
aperture of 150 cm and a cell length of 350 cm, was designed
for an output energy of 15 kJ when pumped by 12 electron
beams from six sides. With the Super Sprite KrF laser system
with the newTitania final amplifier, in a subpicosecond pulse,
a peak power of up to 10 TW and a radiation intensity on the
target of 1020 W cmÿ2 were expected, which would allow
research to justify another promising LTF scheme with fast-
ignition ICF [132±134].

In the fast ignition approach, as well as in the shock
ignition approach, the stages of DT fuel compression by
nanosecond pulses and subsequent ignition are separated in
time, the ignition being carried out by fast electrons with an
energy of � 1 MeV that penetrate into the compressed fuel
[135]. Fast electrons are generated in a rarefied plasma corona
by a powerful 20-ps pulse due to the development of plasma
instabilities. To effectively transport them to the dense core,
use is made of a second pulse with a duration of � 100 ps,
which produces a `channel' in the dense plasma due to the
ponderomotive radiation pressure. Reviews [136, 137] also
considered other methods of fast ignition using accelerated
protons or heavy ions, which make it possible to reduce the
energy of the main nanosecond laser driver.

Short-wavelength KrF laser radiation can be focused
onto a small spot S / l2 in size, and hence a higher intensity
can be obtained at the target I / Plÿ2 for a given peak pulse
power P. In turn, the values of the ponderomotive pressure
responsible for the passage of radiation through the
plasma corona and the energy transferred to fast elec-
trons are both determined by the parameter Il2 / P, i.e.,
are independent of the wavelength. The advantage of UV
radiation for the LTF procedure under consideration is
that, penetrating into a denser plasma with a critical
density ncr / lÿ2, it transfers energy to a larger number
of accelerated electrons and thereby heats the compressed
DT fuel more efficiently.

In the direct amplification of short spectrally limited
pulses in KrF laser systems, the nonlinear interaction of
ultrashort supercritical pulses with amplifiers and other
pass-through elements of the optical path limits the max-
imum achievable radiation power [138, 139], although not as
strongly as in solid-state lasers. Nonlinear processes are also
significant during the propagation of high-power UV pulses
along an extended air path between amplification stages in an
angular multiplexer and demultiplexer [139, 140]. Two
methods of amplifying high-power ultrashort pulses were
experimentally tested on the Super Sprite laser system. In
both cases, a Ti:sapphire front-end was used as a master USP
oscillator, whose radiation was converted into the third
harmonic coinciding with the amplification band of the KrF
gain medium. In the former case, a chirped pulse amplifica-
tion scheme was used [141]: the initial ultrashort pulses with a
duration of 150 fs and an energy of� 0:5mJ were stretched in
time to � 50 ps using an optical stretcher and modulated in
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frequency, after which they were amplified in wide-aperture
Sprite amplifiers and Titania up to an energy of 7 J [132].
However, during subsequent compression of the pulses in an
optical compressor, it was necessary to attenuate the energy
to avoid destruction of the diffraction gratings. As a result,
the USP energy after the compressor did not exceed 0.25 J
with a duration of 750 fs, and the achieved radiation intensity
of 1018 W cmÿ2 in a focal spot of 1.5 mm was two orders of
magnitude lower than planned. Although amplification of
chirped ultrashort pulses in principle solves these problems in
KrF systems [142, 143], the low radiation resistance of
diffraction gratings in the UV range, their high cost for laser
beamswith a large cross section, as well as the large number of
laser beams in the angular multiplexing mode make it
markedly difficult to implement this method in practice. An
alternative approach was to use a train of spectrum-limited
narrowband pulses with a duration of 10±60 ps to pump a
Raman oscillator and Raman amplifiers with methane as
radiation summator [133]. It was expected that the total
energy in a train of 60-ps pulses after KrF amplifiers in the
angularmultiplexing scheme in the Super Sprite systemwould
be � 130 J, and after SRS summation with an efficiency of
70%, the energy in one 60-ps pulse at a Stokes wavelength of
268 nm will be � 100 J. However, these plans were not
implemented, since work with the KrF laser was terminated,
and further experiments at RAL on amplification of chirped
ultrashort pulses were carried out on the Vulcan petawatt-
class solid-state laser system.

Japanese research in the field of high-power excimer lasers
is represented in Table 2 by three scientific centers. The largest
facility, Advanced System for High-Power UV Radiation
Application (ASHURA), was made in the Electrotechnical
Laboratory, later renamed the Advanced Institute of Science
and Technology (AIST). The work in this laboratory, with
minor differences, repeated the RAL program in theUK. The
ASHURA laser consisted of a discharge-pumped master
oscillator with a narrow emission line, a discharge-pumped
amplifier, and two KrF amplifiers, Amp 2 and Amp 3, with
electron beam pumping, as well as a system for Raman
compression of laser pulses [144, 145]. The second amplifier,
Amp 2, with a gain volume of 20� 20� 60 cm, was
transversely pumped by two electron beams and generated
pulses with an energy of 230 J and a duration of 100 ns. The
final 100-cm-long amplifier, Amp 3, with a cylindrical cell
with a diameter of 29 cm, was excited symmetrically from four
sides by eight electron beams with a pulse duration of 100 ns.
In the free-running oscillation mode, the radiation energy
from a gain volume of 66 l was 700 J, and, in the angular
multiplexing scheme with double-pass amplification of six
pulses with a duration of 15 ns, it was 660 J. The high specific
pump power of up to 1.9 MW cmÿ3 made it possible to work
on mixtures with high Kr content. For such mixtures at a
relatively low operating pressure of � 1 atm, the physical
efficiency can exceed 10%, and the saturation intensity,
� 10 MW cmÿ2; as a result, they are promising for use in
large-scale KrF amplifiers [146].

In the direct amplification of short pulses with a duration
of 6 ps in a discharge-pumped amplifier andAmp 2, an energy
of about 2 J was obtained at the ASHURA facility [147]. The
master oscillator in these experiments was a dye laser with
frequency conversion into the amplification band of KrF
amplifiers. Developed for a larger-scale Super-ASHURA
facility was a new final amplifier, Amp 4, which had a
diameter of 60 cm and a length of 200 cm. Pumping from

eight sides was carried out by 16 electron beams with a pulse
duration of 270 ns. The specific pump power was lowered to
0.5 MW cmÿ3, making it possible to maintain an acceptable
level of ASE [148±150]. With double-pass amplification of
12 pulses with a duration of 20 ns in an angular multiplexing
scheme and filling the amplifier aperture by 74%, a radiation
energy of 2.7 kJ was obtained. To reduce the pulse duration to
several nanoseconds, use was made of a cell with methane in
which the efficiency of converting the radiation energy into
the first Stokes component (wavelength l � 268 nm) in the
forward SRS scattering was as high as 73% [151]. With SRS
backscattering, it was possible to reduce the pulse duration to
150 ps with a conversion efficiency of 27% [152]. At the same
time, the peak radiation power increased by a factor of 30.

The KrF laser at the Institute for Laser Science (ILS) of
the Tokyo University of Electro-Communications had a
traditional transverse double-sided pumping scheme with
electron beam stabilization by a magnetic field. With an
energy input of 4.2 kJ, from a gain volume of 60 l (cell
diameter: 28 cm; length: 100 cm), an output energy of 460 J
was obtained in a 100-ns-long pulse [153]. Experimental
studies and numerical simulations carried out at the facility
made it possible to develop scaling criteria for KrF drivers for
LTF. The maximum dimensions of the amplifier limited by
the ASE were 3�2�10 m [154]. With a very low pump power
of 0.1 MW cmÿ3, such an amplifier was capable of providing
an energy of 500 kJ with an intrinsic efficiency of about 10%.

To shorten pulses from several ten nanoseconds to tens of
picoseconds, a multistage SRS-oscillator-amplifier circuit
was developed at ILS based on backward non-stationary
Raman scattering of KrF laser radiation in methane, which
made it possible to increase the peak power of the Stokes
radiation at wavelength l � 268 nm by a factor of 150 with a
conversion efficiency of 22% [155]. In another setup, 10-ps
seed pulses from an FL-4000 T master oscillator (Lambda
Physik) based on an excimer-pumped dye laser with
frequency doubling were sequentially amplified in discharge-
pumped andwide-aperture KrF electron-beam amplifiers. To
shorten the pulse duration and improve the contrast ratio,
advantage was taken of saturable absorbers based on a
solution of acridine in methanol [156]. At the output of the
system, ultrashort pulses with an energy of 1 J and a half-
maximum duration of 350 fs were obtained, which corre-
sponded to a peak radiation power of 2.5 TW.

Research at the Institute for Solid State Physics at the
University of Tokyo was also aimed at developing a pulsed
subpicosecond terawatt-level KrF laser system [157]. The
system operated in a generator±amplifier configuration and
consisted of a subpicosecond ultrashort pulse oscillator based
on a dye laser with radiation conversion into the third
harmonic, a discharge-pumped KrF amplifier with gain
region dimensions of 7� 7� 80 cm, and a wide-aperture
amplifier with electron beam pumping with dimensions of
23� 23� 80 cm. The energy of free-run oscillation of the
latter with an energy input of 1.8 kJ in 70 ns and a specific
pump power of 0.6 MW cmÿ3 was 160 J. With double-pass
amplification of ultrashort pulses, an energy of 1.5 J was
obtained at the output of the laser system in 390-fs-long
pulses, which corresponded to a peak radiation power of
4 TW. In this case, the fraction of amplified spontaneous
emission did not exceed 1.8%.

Later than other countries, China became involved in the
creation of large excimer laser facilities intended for LTF,
laser plasma research, and the equation of state of matter at

October 2023 N G Basov's role in the development of excimer lasers 1049



high pressures. One of them, the Heaven-I multifunctional
KrF laser system, was constructed at the China Institute of
Atomic Energy (CIAE) [158]. In the nanosecond version of
this system, an LPX-150 discharge-pumped laser (Lambda
Physik) with an energy of 400mJ in 23-ns pulses was used as a
master oscillator. Injection control of the angular radiation
divergence in the oscillator and a spatial filter at the output
served to improve the divergence of the initial radiation,
which was sequentially amplified in two passes through a
50-cm-long preamplifier with a diameter of 12 cm, then
through a final 100-cm-long amplifier with a diameter of
27 cm. In free-running lasing mode with an optimal resonator
under bilateral transverse pumping by counterpropagating
electron beams with a specific power of � 1 MW cmÿ3, the
latter yielded an energy of 400 J with a pulse duration of
200 ns. The facility uses an angular multiplexing technique
with six beams, in which a total radiation energy of 120 J
is obtained [159]. When focusing on a target onto a spot
with a diameter of 220 mm, the radiation intensity was
� 1013 W cmÿ2. To shorten the pulse duration to 5 ns and
improve the beam quality, a scheme for converting KrF
radiation in a Raman oscillator and three stages of methane
Raman amplifiers was developed. It was expected that, with
forward scattering, about 60% of the pump energy could be
converted into Stokes radiation, which would produce an
intensity at the target of 1014 W cmÿ2 with spatial overlap of
the three focused beams. In subsequent experiments [160,
161], the facility setup was modified to obtain a uniform
intensity distribution when irradiating plane targets by
introducing induced incoherence, similar to what was done
with the Nike KrF laser. To do this, the output cavity mirror
was removed from the LPX-150 master oscillator, and the
incoherent ASE was retransmitted along the amplification
path. The total energy of six pulses after amplification was
160 J with a duration of 25 ns. The inhomogeneity of the
intensity distribution in the 400-mm focal spot was less than
1.6% at an intensity of 3:7� 1012 W cmÿ2.

In experiments with short UV pulses, a Ti:sapphire
Tsunami (Spectra Physics) front-end was used, which, after
converting the radiation to the third harmonic, generated
UV-USPs with a duration of 130 fs and an energy of � 1 mJ.
The pulses were amplified in a two-pass off-axis configuration
to an energy of 50 mJ in an LLG-50 discharge-pumped KrF
amplifier (Laser Laboratorium, Gettingen) with an aperture
of 4� 4 cm, which operated at a repetition rate of 10 Hz.
When focusing a USP with a duration of 440 fs on a target
onto a spot with a diameter of 5 mm, the radiation intensity
ranged up 1017 W cmÿ2. With direct sequential amplification
of USPs in a discharge-pumped KrF amplifier and wide-
aperture amplifiers with electron beam pumping, the energy
of a single USP (in one beam) after amplification was 2±3 J
with a duration of 1.2 ps.

A high-power multistage XeCl laser system, made at the
Northwest Institute of Nuclear Technology (NINT), was
designed for uniform irradiation of plane targets due to the
spatial overlap of 18 beams with induced spatial incoherence
of the radiation [162, 163]. The incoherent radiation from a
discharge-pumped XeCl oscillator was produced using a
diffuse scatterer and then sequentially amplified in three
discharge-pumped amplifiers. In the multiplexer, the pulses
were distributed over 18 beams at small angles to each other,
which were fed to the input of two wide-aperture amplifiers
pumped by electron beams. The amplifiers were designed and
manufactured at the Institute of High-Current Electronics

(IHCE) of the Siberian Branch of the USSR Academy of
Sciences in Tomsk. The smaller amplifier with a 25-cm
aperture in free-running mode produced an energy of 90 J
per pulse with a duration of� 200 ns. The large amplifier had
an aperture of 38 cm and, when radially pumped from six
sides, produced up to 500 J in free-running oscillation. When
a train of 18 pulses with a half-maximum duration of 7 ns and
a repetition interval of 10 ns was amplified, the total energy at
the system output amounted to 80 J. After the demultiplexer,
all pulses were simultaneously focused on the target onto a
spot with a diameter of 860 mm with a radiation intensity of
� 1013 W cmÿ2 and unevenness of 1.3%.

3.2 Work on high-power excimer lasers in our country
The first XeCl laser with a large gain medium volume of
20� 10� 200 cm was launched at the Lebedev Physical
Institute in 1981 [164]. When pumped by an electron beam
with an electron energy of 200 keV, a current density of
4A cmÿ2, and a full-width at half-maximumpulse duration of
0.8 ms, an output energy of 4.8 J was obtained, and an output
of 20 J was obtained in the electroionization version. Voltage
was applied to the vacuum diode directly from the pulsed
voltage generator (PVG), and the electron beam was injected
into a laser cell on one side. At the Kurchatov Institute of
Atomic Energy (IAE), with a similar method of one-sided
transverse pumping but with a more effective matching of the
PVG and the vacuum diode, it was possible to increase the
current density to 40 A cmÿ2 and obtain with XeCl an output
energy of 100 J from a gain volume of about 20 l in a pulse
approximately 1 ms long [165]. However, the distribution of
pump energy and laser output was significantly nonuniform.
The strong nonuniformity of excitation also limited the
output parameters of the XeCl laser at the facility with a
gain volume of 30 l made at the IHCE [166]. Pumping was
carried out by an electron beam with an electron energy of
� 300 keV, a current density of up to 15 A cmÿ2, a pulse
duration of � 1:3 ms, and an area of 150� 13 cm. The
transition to two-sided injection of electron beams into the
laser chamber and an increase in the energy capacity of PVGs
made it possible to significantly improve the uniformity of
excitation and increase the gain volume of the laser to 45 l.
For a current density of 20 A cmÿ2, an output energy of 150 J
per pulse with a full-width half-maximum duration of 220 ns
and a divergence of 5 mrad was obtained [167].

A compact excimer laser with an output energy of 90 J
with KrF and 110 J with XeCl in pulses with a duration of
� 300 ns is described in Ref. [168]. It used a four-sided
injection of radially converging electron beams into a laser
chamber with a diameter of 20 cm and a length of 100 cm and a
low-inductance PVG with vacuum insulation, located in the
same volume with vacuum diodes. A similar arrangement of
high-voltage power supplies (PVGs and pulse transformers)
in a common vacuum volume together with diodes, which
ensured low inductance and duration of electronic current
pulses and reliable electrical insulation with compact dimen-
sions, was also used in the above-mentioned wide-aperture
XeCl amplifiers with energies of 90 and 500 J. These were
made at IHCE for the excimer laser system at NINT in Xian
(China) [162, 163]. The highest XeCl output laser energy of
1.9 kJ in 250-ns-long pulses was subsequently obtained in an
IHCE using a similar scheme for generating accelerating
voltage pulses under six-sided pumping of a gain volume of
600 l in a chamber with a diameter of 60 cm and a length of
200 cm [169].
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The same principles of constructing electron accelerators
were used in THL-30 wide-aperture photochemical amplifiers
of femtosecond ultrashort pulses at the Lebedev Physical
Institute [170] and THL-100 at IHCE [171], which operated at
the XeF �C! A� transition with wavelength l � 475 nm in
the photodissociation of XeF2 molecules [39, 40]. The source
of VUV radiation for photodissociation was the radiation of
the Xe2 dimer in the region of 172 nm, which arose when
xenon compressed to 3 atm was excited by electron beams.
Electron beams from several sides (four in THL-30 and six in
THL-100) were introduced into a xenon converter located
coaxially to the laser chamber. VUV radiation from the
converter was injected into the chamber through windows
made of calcium fluoride, which ensured uniform excitation
of the gain medium in the amplifiers with apertures of
12�12 cm and 24 cm, respectively. At the output of the
THL-100 were 30-fs-long pulses with an energy of 1.2 J and a
peak power of 40 TW [172].

3.3 GARPUN KrF laser system
at Lebedev Physical Institute
The KrF GARPUN (a transliteration from Russian for Gas
Relativistic-Beam Pumped) laser was developed on the
initiative of academician N G Basov and launched at the
Lebedev Physical Institute in 1991 [173]. In fact, this was the
first wide-aperture excimer laser in the country, which used a
two-stage scheme of a pulsed high-voltage power supply of
vacuum diodes with resonant recharging of PVGs on a DFL
and transverse bilateral pumping of the gain medium with a
volume of 16� 18� 100 cmwith electron beams stabilized by
a magnetic field [174]. This arrangement ensured high
uniformity of excitation of the Ar=Kr=F2 working mixture
with a specific pump power W � 0:7ÿ0:8 MW cmÿ3 and
efficient generation of 100-ns pulses with an energy of 100 J
and a peak power of 1 GW [175]. To control the angular and

spectral composition of the radiation, 20 ns seeding pulses
from a discharge-pumpedKrFmaster oscillator were injected
into the unstable laser cavity [176] (Fig. 11). In the injection
control mode, the radiation divergence was 0.2 mrad, and the
spectrum width was � 0:2 or � 40 cmÿ1, depending on the
spectrum of the master oscillator.

In 1996, a Berdysh preamplifier with a gain volume of
8� 8� 110 cm [177] was added to the main KrF amplifier,
with which using one-sided electron beam pumping and
power density W � 0:6ÿ0:7 MW cmÿ3, an output energy of
25 J was obtained [178]. In a sequential two-pass amplifica-
tion scheme of 20-ns master oscillator pulses, an output
energy of up to 30 J with a peak power of 1.5 GW was
achieved in both stages. Figure 12 shows photographs of the
amplifiers as well as a general view of the GARPUN laser.
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Figure 11. Optical configuration of the GARPUN laser in the mode of

injection control and distribution of output radiation in the near- and far-

field zones.

a b

c

Figure 12. Photos of the GARPUN KrF laser: main amplifier (a), preamplifier (b), and general view of the facility (c).

October 2023 N G Basov's role in the development of excimer lasers 1051



In 2006, the facility was equipped with a frequency-tripled
Ti:sapphire Start-248 M front-end (Avesta Project LLC),
which generated 100-fs pulses in the KrF amplification band
[178]. Synchronization of the front-end and electron beam
pumping of the amplifiers was carried out by a discharge-
pumped KrF master oscillator, whose pulses ignited the gaps
of five DFLs, which generated high-voltage pulses for the
vacuum diodes of the preamplifier and amplifier (Fig. 13).
The new hybrid Ti:sapphire±KrF laser system, called
GARPUN-MTW, produced subpicosecond pulses with
an energy of up to 0.6 J by direct amplification of
ultrashort pulses [179]. Therefore, a terawatt power level
was realized, which was comparable to that previously
obtained using large KrF amplifiers with electron beam
pumping.

Unlike the majority of previous studies, where nonlinear
effects were not studied in detail (with the exception of
Refs [180, 181]), in our experiments at the GARPUN-MTW
facility it was possible to observe self-focusing and filamenta-
tion of the laser beam, which significantly affected the
amplification of ultrashort pulses and their propagation
along the 100 m of air route. Since the supercritical pulse
power was four orders of magnitude higher than the critical
power of self-focusing for UV radiation in air Pcr �
3:77l2=8pn0n2 � 0:1 GW [182], where the linear refractive
index is n0 � 1 and the nonlinear index is n2 � 10ÿ18 cm2 Wÿ1,
multiple self-focusing and the formation of optical filaments
were observed during radiation propagation (Fig. 14). The
laser beam decayed into several hundred filaments with a
characteristic diameter df � 240ÿ340 mm, whose intensity
and energy density were several orders of magnitude higher
than in background radiation [63, 64]. Coherent resonant
two-photon excitation of the electronic state of water vapor
~C 1B1 ! ~X 1A1 and stimulated Raman scattering by rota-

tional transitions of nitrogen were considered as possible
filamentation mechanisms [183]. At a high intensity in the
filaments If � �2:0� 0:6� � 1011 W cmÿ2, two-photon excita-
tion led to effective three-photon �2� 1� vapor ionization
(Resonance Enhanced MultiPhoton Ionization, REMPI),
which proceeded through the intermediate ~C 1B1 state with
an anomalously large cross section s �3� � �5:6� 3:8��
10ÿ27 cm6 sÿ1 Wÿ3 [184]. This produced weakly ionized
continuous plasma channels in the atmospheric air with
electron density ref � 1013 cmÿ3 [183]. Their continuous
length ranged up to 15 m [185], and the filamentation region
of the laser beam began 15 m from the output of the final
amplifier and extended up to 60 m. The number of filaments
in the beam cross section gradually decreased with distance L
due to the increasing nonlinear phase shiftD � n2IfL for high-
intensity filaments compared to background radiation [186],
which led to a loss of coherence of the laser beam. The
maximum filamentation length was determined by the
condition D4Lcoh, where coherence length Lcoh � l2=2Dl,
and Dl � 2:5 nm is the width of the emission spectrum
broadened due to SRS.

Laser beam filamentation negatively affected the USP
amplification. Developing in the air gaps between the
amplifier stages and in the pass-through optical elements of
the amplification path, including the windows of the amplifiers
and spatial filter [187], it was responsible for additional losses
during amplification. Optical elements made of calcium
fluoride, although they have the lowest nonlinear absorption
among all UV optical materials, they also exhibited nonlinear
absorption and scattering of laser radiation, spectrum broad-
ening beyond the amplification band of the KrF laser, as well
as the formation of multiple microdefects along the filaments
[188]. Furthermore, in the course of long-term operation, the
transmission of the amplifier windows became lower due to
photoelectronic excitation and the development of long-lived
color centers under the influence of powerful UV radiation.
Note that high-purity fused silica, commonly used in KrF
amplifiers for nanosecond pulses, is completely unsuitable for
high-intensity sub-picosecond pulses due to the high two-
photon absorption.

Despite the fact that the filaments contained about 30%
of the total energy of the laser beam, they were completely
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absorbed in the gain medium of the KrF laser, since the
energy density they transferred Qf � 0:2ÿ0:06 J cmÿ2 was
several times higher than the maximum energy density
achievable by amplifying short pulses (see Section 2.3). As a
result, premature saturation of the amplifiers was observed,
the radiation energy density averaged over the beam being
significantly lower than Qs [188], and the output beam was
`cleared' of the filaments. However, filamentation developed
again ten meters from the output of the amplifiers.

To suppress beam filamentation, advantage was taken of
a cell with xenon, which has a negative and large, in modulus,
nonlinear refractive index at the wavelength of the KrF laser
[189]. In the total nonlinear phase incursion, it compensated
for the positive phase incursion in the amplifier windows,
working gas, and air gaps between stages, when the so-called
B-integral satisfied the condition

B � 2p
l

�� LXe

nXe
2 I dl�

� LCaF2

nCaF2

2 I dl

�
� Lwg

nwg
2 I dl�

� Lair

n air
2 I dl

�
4 1 ; �18�

where nXe
2 , nCaF2

2 , nwg
2 , and n air

2 are nonlinear (depending on
radiation intensity) refractive indices in Xe, calcium fluoride,
working gas, and air, and LXe, LCaF2

, Lwg, and Lair are the
corresponding propagation lengths. A xenon cell placed near
the final amplifier, i.e., where filamentation had not yet
formed, shifted its onset to a greater distance (see Fig. 14).

The cell placed in a beam with already formed filaments
effectively defocused them and leveled the energy distribution
in the beam (Fig. 15). Note that defocusing of filaments due to
diffraction also occurred in an empty evacuated cell, although
to a significantly smaller degree than in xenon. A more
detailed consideration of nonlinear processes during the
amplification and propagation of UV laser beams with
terawatt peak power is given in our review Ref. [190].

Filamentation of a UV laser beam in atmospheric air also
has attractive aspects, since the extended plasma channels it
creates can be used for highly directional transportation of
powerful microwave radiation and initiation of atmospheric
electrical discharges, including active protection against
lightning discharges. As was shown in Ref. [191], the
arrangement of an array of filaments can be controlled using
amplitude masks, which makes it possible to form various
plasma waveguide structures in atmospheric air. For exam-
ple, a virtual hollow cylindrical tubularmicrowave waveguide
with a plasmawall, operating due to the effect of total internal
reflection of microwave radiation at grazing angles of
incidence [192], or a slightly divergent plasma horn micro-
wave antenna can be used for highly directional transmission
of microwave radiation. The fundamental possibility of this
approach was first demonstrated experimentally in our work
(seeRef. [193]), wheremicrowave radiationwith awavelength
of 8 mm was captured in a diverging hollow tubular plasma
horn with an opening angle of � 1�, which was formed in the
air by aUV laser beamwith an annular cross section (Fig. 16).
The theory of grazing incidence plasma waveguides and
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optimal conditions for their implementation using KrF lasers
were considered in Refs [64, 194].

Effective control of the trajectory of� 1-m-long electrical
discharges in the air along plasma channels produced by
focused smooth or amplitude-modulated 100-ns UV pulses
was demonstrated in Refs [62, 63] (Fig. 17).

3.4 Repetition-rate excimer lasers
A start on the development of repetition-rate excimer lasers
pumped by an electron beam and high average radiation
power was made in the USA in 1977, after the possibility of
scaling pulsed excimer facilities was demonstrated. The
successful development of this work was facilitated by
previous research and development on high-power gas-flow
chemical lasers, which laid the foundations for the design of
gas-dynamic circuits with a high quality gas flow. Already in
1980, the XeF laser facility EMRLDO was operational at
MLI. In 1987, it was improved and, with a new gas-dynamic
circuit, produced an average output power of 1 kW at
wavelength l � 353 nm at a pulse repetition rate of 100 Hz
from a gain volume of 10� 10� 50 cm, and with short-term
operation it yielded 1.3 kW [195]. At a nominal pulse
repetition rate of 40 Hz, the operating time of the installation
was about 1 s. A higher-power EMRLD facility, which was
made under the Strategic Defense Initiative (SDI) program of
the US Department of Defense, was launched in 1989. At a
pulse repetition rate of 100 Hz, it produced 4 kW of average
power with a radiation divergence 1.3 times worse than the
diffraction-limited one [196]. The main technical factor
determining the duration of uninterrupted operation of the
facility was the destruction of the foil window for extracting
the electron beam from the vacuum diode into the laser
chamber.

For repetition-rate KrF lasers intended for the driver of a
fusion reactor, a lower pulse repetition rate (5±10 Hz) is
required, but a very large number of pulses are required
(> 3� 108) during non-stop operation of the LTF reactor for
two years [75, 76]. Made at NRL within the framework of
inertial thermonuclear fusion program (IFE) was the Electra
repetition-rate KrF laser (see Fig. 9) [81, 197]. As a smaller
prototype of the LTF driver, it was intended to test key
technologies designed to increase the reliability of the main
laser components and demonstrate the fundamental possibil-
ity of achieving the parameters required for the driver. To
solve this problem, optimization of the composition and
pumping of the working mixture was carried out [198, 199],

as was numerical modeling of the kinetics of the gain medium
using the Orestes program [200]. For long-term operation of
vacuum diodes, solid-state power supplies [201, 202], new
designs of cathodes, and a vacuum foil window with high
transmittance for electron beams were developed [203]. The
laser chamber of the main Electra KrF amplifier has
dimensions of 30� 30� 100 cm with a distance between
optical windows of 135 cm. To pump the working mixture
containing Kr, Ar, and F2 at a pressure of 1±2 atm, use is
made of two electron beams with a pulse duration of 140 ns
stabilized by a permanent magnetic field. The circulation and
cooling system of the working mixture produces a uniform
gas flow in the laser chamber at a speed of 5±7m sÿ1, as well as
forced cooling of the foil by the gas flow [204, 205]. In the
oscillation mode, the laser operates with an output energy of
up to 700 J at a pulse repetition rate of 5 Hz and a lifespan of
50,000 pulses [81, 206]. With two-pass amplification in an
angular multiplexing scheme, Electra amplifies six 25-ns
pulses to a total energy of 520 J [207].

An alternative approach to developing repetition-rate
excimer lasers with high average output power is based on
excitation of the gain medium by an electric discharge [208].
The absence of such a fragile structural element as a
separating foil makes it possible to implement a high pulse
repetition rate, up to 1 kHz, with a long service life. The main
restrictions on the energy in a pulse are associated with a
violation of the stability of the discharge in a large volume.
However, the development of X-ray preionization hasmade it
possible to significantly increase the volume of the gain
medium of discharge-pumped lasers. Northlight, the largest
repetition-rate discharge-pumped XeCl laser, had a volume
of 36 l and produced an energy of 84 J [209]. At a repetition
rate of 10 Hz, the laser could operate for 10 s, and at 5 Hz, for
3 min.

Developed at the Kurchatov Institute of Atomic
Energy was a repetition-rate discharge-pumped XeCl
laser with gas preionization by the UV radiation of a
surface discharge, and the near-surface plasma simulta-
neously served as the plasma cathode of the main discharge
[210]. From a gain volume of 10� 8� 80 cm (6.4 l) at a
working mixture pressure of 4 atm, single pulses with an
energy of 12.7 J were obtained with an efficiency of� 1%. In
the repetition-rate mode with a pulse energy of � 10 J and a
repetition rate of 50 Hz, an average output laser power of
500 W was achieved. The divergence of radiation when using
an unstable telescopic resonator with magnification M � 12
improved by 1±2 orders of magnitude compared to a plane
resonator and amounted to 2±3 diffraction limits [211]. In this
case, the laser energy decreased by only 30%.

Discharge-pumped excimer lasers with a relatively low
energy of a few joules or fractions of a joule and a pulse
duration of tens of nanoseconds, but a high pulse repetition
rate of up to 1000 Hz, have been developed by a number of
American, European, Japanese, and Russian laser centers
and commercial firms. Such lasers are aimed primarily at
medical and industrial applications and have a long service
life and high reliability. Today, they are in greatest demand in
ophthalmology, photolithography and display production.
For many years, the leader in the development and produc-
tion of such lasers was the Lambda Physik company
(Germany), which in 2003 became part of the American
company Coherent. The LPX 325i models commercially
produced by this company with an average power of 120 W
with XeCl and 160 W with KrF, the Lambda 3000 with a
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Figure 17. Images of a discharge initiated by an amplitude-modulated laser

pulse in a 70-cm-long interelectrode gap for various delays between the

laser pulse and a voltage pulse with an amplitude of 420 kV.
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power of 150Wwith XeCl, had a guaranteed operating life of
109 pulses. All these lasers are excited by an electrical
discharge with UV preionization and magnetic compression
of pump pulses. It was possible to obtain a higher energy and
an average output power of 750 W during long-term
operation at a pulse repetition rate of 500 Hz using a XeCl
laser with X-ray preionization of the discharge [50].

The first repetition-rate XeCl discharge-pumped laser
that reached an average radiation power of 1 kW was the
SOPRA'VEL facility developed by SOPRA in France [51]. At
a repetition rate of 80 to 100Hz, the pulse energy ranged from
10 to 15 J. The pulse duration varied from 50 to 190 ns due to
changes in the pressure and composition of the mixture, as
well as the voltage applied to the discharge gap. To preionize
the gain medium with a volume of 6� 8� 100 cm, X-ray
pulses with a duration of 400 ns were used. A double gas-
dynamic circuit ensured a working gas flow velocity through
the discharge gap of 18m sÿ1 at a gas pressure of up to 10 atm.
With a maximum intrinsic efficiency of 2.6%, the total laser
efficiency was 2%, taking into account the power of 1.5 kW
consumed by each of the two centrifugal fans.

An XeCl excimer laser with a gain volume of 2:1�
� 2:5� 80 cm, which was excited by a discharge with X-ray
preionization, an average power of 1 kW, and a pulse
repetition rate of 1 kHz, was developed jointly by the UK,
Italy, and the Netherlands under the international Eureka
program [212] . Similar work in Japan was coordinated by the
Advanced Materials Processing and Technology Research
Association (AMPTRA). These programs envisioned the
development of industrial laser facilities with an average
power of 2±10 kW.

3.5 Repetition-rate excimer laser systems
for amplifying ultrashort pulses
Prior to the advent of titanium-sapphire lasers generating
femtosecond ultrashort pulses, several methods were devel-
oped to produce seed ultrashort pulses of pico- and sub-
picosecond duration for subsequent amplification in excimer
systems (see review [180]). To this end, advantage was most
often taken of dye lasers with synchronous pumping by the
second harmonic of mode-locked Nd:YAG or Ar lasers. The
resultant picosecond pulses were passed through an optical
fiber, where, due to self-phase modulation and group velocity
dispersion, their spectrum was significantly broadened, and
they were stretched in time and chirped in frequency. After
this, the pulses were compressed to � 100 fs in an optical
compressor formed by a pair of diffraction gratings. The
resulting ultrashort pulses were amplified in several stages of
dye amplifiers, then the radiation frequency was converted
using nonlinear crystals into the UV region of the spectrum,
into amplification bands of various excimers. For the KrF
laser, this was achieved by sequential frequency doubling and
mixing the harmonic and the fundamental frequency.

One of the first subterawatt KrF laser systems was made
at the University of Illinois (USA) and generated 600-fs
radiation pulses with an energy of 0.25 J at a repetition rate
of 0.4 Hz [181]. A discharge-pumped amplifier with a length
of 2.5m, aperture of 10� 10 cm, andX-ray preionization was
used as the output stage. This system reached a record
intensity of 2� 1019 W cmÿ2 when focusing radiation with a
parabolic mirror onto a spot with a diameter of less than
1.7 mm. A similar repetitively pulsed terawatt KrF laser
system, but operating at a higher pulse repetition rate of
10 Hz, was made at the Institute of Solid State Physics of the

University of Tokyo [213]. After the output stageÐa
discharge-pumped amplifier with UV preionization and an
aperture of 6� 4 cmÐthe USP energy ranged up to 0.4 J
with a duration of 280 fs. When focusing radiation, the
intensity in the focal spot with a diameter of 2 mm exceeded
2� 1019 W cmÿ2.

The shortest duration of ultrashort pulses, 80 fs, was
obtained at the Max Planck Institute for Biophysical
Chemistry (Germany), where they were formed using an
even more complex method based on a gradual reduction in
duration while amplifying ultrashort pulses in dyes in
configurations with a quenched resonator, a short resona-
tor, and a resonator with distributed feedback [214].

Hybrid laser systems with a Ti:sapphire generator of
femtosecond ultrashort pulses and conversion of the
radiation frequency into the amplification band of KrF
discharge-pumped amplifiers have not only significantly
simplified the arrangement and operation of laser systems,
but also significantly expanded the range of parameters.
For instance, at the Institute of Solid State Physics (Japan),
several repetition-rate ultrashort-pulse laser systems were
developed. One of them generated terawatt peak powers of
USPs with a repetition rate of 10Hz [215]; the other generated
USPs with a repetition frequency of 1 kHz and an average
output power of 7W [216]. The highest average power of 50W
was achieved at a USP repetition rate of 200 Hz [217].

4. Conclusions

The implementation of a laser based on bound-free electronic
transitions of liquefied xenon at the Laboratory of Quantum
Radiophysics of the Lebedev Physical Institute under the
leadership of Academician NG Basov was the beginning of a
new direction in the development of high-power excimer laser
systems operating in the visible, UV, and VUV ranges. As
follows from the review presented, a number of priority
research studies on excimer lasers pumped by an electron
beam, carried out at the Lebedev Physical Institute in the
1970±1980s, contributed to a detailed understanding of the
kinetic processes in the gain media of various excimer lasers
and initiated similar research and development at universities,
research centers, and industrial firms in many countries. In
theUSA, by the early 1980s, excimer lasers based on noble gas
halides with a large gain volume of tens and hundreds of liters
and a laser energy of hundreds of joules were launched.
Research at these facilities demonstrated the possibility of
their further scaling and stimulated the development of the
necessary element base. Technologies were developed for
generating high-current relativistic electron beams of large
cross-section required to excite large volumes of the gain
medium; pulsed high-voltage power supply systems for
electron accelerators, gas-dynamic circuits for circulating
the working mixture, and a technology for manufacturing
high-quality optical elements for the UV region of the
spectrum were developed. Government programs financed
the development of high-power excimer lasers for military
applications, LTF, isotope separation, etc., which made it
possible by the mid-1980s to make a number of unique pulsed
laser systems with an energy up to 10 kJ, close to diffraction-
limited radiation divergence, as well as systems of repetition-
rate operation with an average power of several kilowatts for
military and industrial applications. Very detailed designs of
KrF laser drivers with energies above 1 MJ for LTF were
developed. Work on the development of repetition-rate
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discharge-pumped excimer lasers with an average output
power of hundreds of watts and a long operating life in
European countries, the USA, and Japan was making rapid
strides for use in medicine, photolithography, and microelec-
tronics. Before the advent of the principles of amplification of
chirped pulses in solid-state systems, until the 1990s, USP
excimer amplifiers provided record terawatt peak powers in
sub-picosecond pulses and radiation intensities of
� 1019 W cmÿ2 in a focused beam. Many of the listed
applications have remained relevant to this day, and some of
them show good promise for future developments, for
example, as KrF laser drivers for LTF power plants, active
lightning protection systems, and highly directional transmis-
sion of microwave radiation through virtual plasma wave-
guides.

The main contributor to the development of excimer
lasers in our country, in addition to the Lebedev Physical
Institute, was the Institute of High-Current Electronics in
Tomsk, where pulsed excimer lasers with laser energies of
hundreds of joules were launched and fundamentally new
power supplies for electron accelerators for electron beam or
photodissociation pumping were developed, and also the
Kurchatov Institute of Atomic Energy, where the highest
average output power of up to 1 kW was obtained using
repetition-rate discharge-pumped excimer lasers. The GAR-
PUN multifunctional KrF laser system was made in 1991 on
the initiative of N G Basov in the Quantum Radiophysics
Division of the Lebedev Physical Institute. Second in scale to
the largest excimer laser systems in the world, today it is the
only world-class facility in Russia, which makes it possible to
conduct research in a wide range of areas, including LTF,
high energy density physics, and various applied problems.
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