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Production of extended plasma channels in atmospheric air
by amplitude-modulated UV radiation of GARPUN-MTW
Ti:sapphire—KrF laser. Part 1. Regenerative amplification
of subpicosecond pulses in a wide-aperture electron beam pumped

KrF amplifier

V.D. Zvorykin, A.A. Ionin, A.O. Levchenko, G.A. Mesyats, L.V. Seleznev, D.V. Sinitsyn,
I.V. Smetanin, E.A. Sunchugasheva, N.N. Ustinovskii, A.V. Shutov

Abstract. Regenerative amplification of single and multiple ultra-
short subpicosecond UV pulses in a wide-aperture KrF amplifier
with an unstable confocal resonator was investigated on the
GARPUN-MTW hybrid laser system. Amplitude-modulated
100-ns long UV radiation pulses with an energy of several tens of
joules were obtained at the output of the system. The pulses were a
combination of a quasi-stationary oscillation pulse and a train of
amplified ultrashort pulses (USPs) with a peak power of 0.2-0.3
TW, which exceeded the power of free-running lasing pulse by three
orders of magnitude. The population inversion recovery time in the
active KrF laser medium was estimated: 7, < 2.0 ns. Trains of
USPs spaced at an interval At = 7, were shown to exhibit the high-
est amplification efficiency. The production of amplitude-modu-
lated UV pulses opens up the way to the production and mainte-
nance of extended plasma channels in atmospheric air.

Keywords: plasma channels, ultrashort laser pulses, KrF laser,
train of ultrashort pulses.

1. Introduction

The possibility of producing with the help of laser radiation
an extended (tens and hundreds of metres in length) conduct-
ing plasma channel in the atmospheric air has attracted the
attention of researchers since the 1970s. An artificial plasma
waveguide may be employed for wireless transmission of elec-
tric current [1, 2] as well as of microwave and radio-frequency
electromagnetic radiation for lowering its natural divergence
[3—-7]. Among important practical problems are the develop-
ment of an active lightning protection system involving laser
initiation and lightning trajectory control (see, for instance,
papers [8—13] and references therein) as well as remote moni-
toring of atmospheric pollution with the use of a nitrogen
laser operating in the regime of single-pass radiation amplifi-
cation in the plasma channel produced by high-power ultra-
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short pulses (USPs) in the air [14]. Of special interest for the
solution of these problems is UV laser radiation, for which
the multiphoton ionisation probability of the air is consider-
ably higher than for IR radiation [15], and it becomes the
main gas ionisation mechanism even for relatively low radia-
tion intensities 7 > 5x 108 W cm readily attainable with laser
pulses tens or hundreds of nanoseconds in duration. This is
attested, for instance, by the experiments of Refs [7, 13],
where the 100-ns long UV pulses of GARPUN KrF laser
radiation produced hollow plasma waveguides, which trans-
mitted microwave radiation for a distance tens of metres in
length, and by extended plasma channels, which efficiently
controlled a high-voltage discharge approximately 1 m in
length. When the radiation of an electric-discharge KrF mas-
ter oscillator was injected into the unstable confocal resonator,
the output laser energy amounted to 100 J and the divergence
of the UV radiation (1 = 248 nm) was equal to ~2 x 10~ rad
[16]. On equipping the laser with a femtosecond Ti:sapphire
starting complex, the new GARPUN-MTW Ti:sap-
phire— KrF hybrid laser system [17] acquired the capability to
amplify subpicosecond pulses to an energy of ~1 J[18, 19], in
addition to the capability of generating long (100 ns) UV
pulses.

The background to the present work was formed by the
experiments involving electron density measurements in the
plasma produced by the radiation of the KrF master oscilla-
tor with a pulse duration r = 25 ns [7], which highlighted two
significant circumstances. First, for intensities 7 > 3 x 103
W cm? the photoelectron density 7, increases quadratically
with intensity: n, > . This takes place in accord with the
stepwise three-photon ionisation mechanism (2 + 1),
Resonance Enhanced Multiphoton Ionisation (REMI), of
oxygen molecules [20], which have the lowest ionisation
potential among the air components (/; = 12.06 eV). Second,
in the sequential action of two laser pulses spaced at a period
approximately equal to the electron lifetime (A =~ ), not
only does the second pulse produce its own portion of photo-
electrons, but it also detaches those which were produced by
the first pulse and managed to adhere to O, molecules. In this
case, a relatively low radiation intensity (~107 W cm™) is
required for the efficient photodetachment of the adherent
electrons [7]. Therefore, by going over from a smooth 100-ns
long UV pulse to a combined amplitude-modulated pulse
consisting of a USP train and a long pulse of quasi-stationary
lasing, with the GARPUN-MTW facility it will be possible to
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substantially increase the electron plasma density [21-24].
This proposal was realised in our primary experiments [25, 26].

The first part of the present work is concerned with a
detailed description of the scheme and lasing dynamics of
amplitude-modulated high-energy 100-ns long UV laser
pulses in the regime of regenerative amplification of a train of
subpicosecond pulses in a wide-aperture KrF amplifier with
electron-beam pumping. The second part demonstrates the
advantages of amplitude-modulated pulses in the production
of extended plasma channels in the atmosphere and the con-
trol of high-voltage electric discharges [27].

2. Analysis of short pulse train amplification
in KrF amplifiers

Among the distinctive features of the active medium of a KrF
B — X transition laser are high values of the cross section for
stimulated emission, g =2.5 x 1071¢ cm?, and of the small-sig-
nal gain g, the short lifetime 7. ~ 2 ns of the excited state
(equal to the population inversion recovery time in the quasi-
stationary case) determined by the high spontaneous emission
probability from this state and fast collisional quenching, as
well as a rather large nonsaturable absorption coefficient &
for laser radiation due to excited components of the working
mixture at typical pressures of 1-2 atm [28]. For a specific
excitation power W ~ 1 MW cm™ typical for electron-beam
pumped lasers with a large active volume, the gain g, and
absorption a,, coefficients are proportional to W and their
ratio (go/a,s = 10—20) varies only slightly under variation of
the pump intensity [28].

The incoherent amplification of a USP with a duration
T < 7, is described by the modified Frantz—Nodvik equation
[29]:

L~ () (1 —e7) —ane, ()

where ¢ = Q/Q;
O(x) = fo I(x,1)de

and I(x,?) are the energy density and intensity of the USP in
its propagation through the amplifier; Q, = hvio = 2 mJ cm™
is the saturation energy density; and hv = 5 eV is the laser
photon energy. The profile of the gain g(x) is formed by
amplified spontaneous emission (ASE) [19] or by a long laser
pulse amplified simultaneously with the USP [17, 30].

The local efficiency 7., of energy extraction from the
active medium by a short laser pulse is defined as the ratio
between the energy density increment in a unit amplifier
length dQ/dx = Q.de/dx and the energy N “hv = (golo)hv =
200 stored in the upper laser level (N ™ is the density of KrF
molecules excited to this level). In view of Eqn (1) we obtain
the following expression for the local energy extraction effi-
ciency along the amplifier:
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is achieved for a relative energy densitye,, = In(g/ays).
The average efficiency of energy extraction from an ampli-
fier of length L is defined by the formula

<’7Iexl> = %J(;’lilexl(x)dx = % (4)

To estimate the characteristic efficiency values, in the sim-
plest case we put g(x) = g, to obtain from expression (3) the
highest efficiency of energy extraction by a single pulse #q =
1 — (an/go)ll + In(gg/ ayg)] = 0.67—0.8 for the optimal USP
energy density Qg = Oln(gy/ ang) = 4.6-6.0 mJ cm2. To
find the USP amplification efficiency relative to the pump
energy, we must take into consideration that a single USP
extracts the energy of active medium excitation stored for a
period 7. = 2 ns, which is short in comparison with the char-
acteristic duration of electron beam pumping r, ~ 100 ns, and
that the excitation efficiency of the upper laser level of KrF
molecules relative to the specific pump power

_N*hv_gOQs_goiISN
=T, =W, = w ~ 025

where I, = O/t ~ 1 MW cm™ is the saturation intensity for
the quasi-stationary amplification of long pulses (z > 7). We
arrive at the result that the single USP amplification efficiency
relative to the pump energy (i.e. the electrooptical or internal
amplifier efficiency), 17, = (¢ /tp) Niex?lp ~ 0.004, is low in
comparison with the efficiency 7y, = 0.12 of quasi-stationary
long pulse amplification [28, 30].

Since the accumulation of excited KrF molecules on the
upper laser level is impossible for 7, << 7, efficient energy
extraction should be effected using a train of pulses spaced
at a period At approximately equal to the lifetime of the
excited state (Az ~ 7). In this case, the gain for each of the
subsequent pulses is saturated by the preceding pulses and
turns out to be lower than in the amplification of a single
USP [30, 31]:

1 — exp(—At/t.)
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For an energy density
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the efficiency of USP train amplification is highest:

_ 1 [[1 — exp(_At/Tc)][l — exp(_gopt)] _ UnsEopt (6)
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For a pulse sequence interval At & 7. =2 ns and Qg =
3.1-4.3 mJ cm™ we obtain 7., = 0.38—0.48. In this case, the
USP train amplification efficiency 7rin = ext?7p = 0.095-0.12
relative to the pump is comparable to the efficiency of long
pulse amplification.

The amplification of single USPs in a long double-pass
amplifier proceeds under conditions of a quasi-stationary
profile of the gain g(x) saturated by ASE [19]. As a conse-
quence, the energy and efficiency of USP amplification will be
somewhat lower than in the case g(x) = g considered above. A
similar picture will also take place for the regenerative multi-
ple-pass amplification of a single USP in the resonator, where
the developing quasi-stationary oscillation extracts from the
active medium the greater part of the energy restored by
pumping. However, in the amplification of a USP train one
would expect that the USPs will have an advantage due to
their high peak power, provided that the short-pulse sequence
interval will be shorter that the characteristic settling time of
quasi-stationary oscillation. By the order of magnitude, this is
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the resonator round trip time 7,y ~ 2L/c, which was equal
to ~17 ns for the unstable resonator of length L., = 2.5 m in
the present work.

3. Facility description

In the regenerative amplification of the trains of subpicosec-
ond pulses in the final KrF amplifier of the GARPUN-MTW
laser facility, in the present work we made use of the same
laser elements as in the previous experiments on the double-
pass amplification of single USPs [18, 19]; however, they were
arranged in a different way (Fig. 1). The Ti:sapphire Start-
248M (Avesta Project Ltd.) starting complex with radiation
frequency conversion to the third harmonic generated USPs
with a duration of about 100 fs, an energy of up to 0.5 mJ,
and a wavelength 4 = 248.4 nm tuned to the peak of the B —
X KrF amplification band. In the alignment of the amplifica-
tion path and recording instrumentation, the starting com-
plex was operated at repetition rate of 10 Hz; in the operating
regime, a single USP timed to the pumping of KrF amplifiers
was gated using an electromechanical shutter. In this case, the
output beam 8 mm in diameter was transmitted through a
vacuum spatial filter (not shown in Fig. 1), where it was tele-
scoped with a three-fold magnification to reduce the nonlin-
ear distortions in the long aerial path approximately 50 m in
length. Then, the single USP was fed to the ring pulse multi-
plication circuit comprising plane mirrors: three totally
reflecting mirrors and a semi-transparent one M1 with a
reflection coefficient of 30% (Fig. 1). This circuit transformed
the pulse to a sequence of equally spaced USPs with an ampli-
tude ratio of 3:5:1.5: 0.5.... The directions of multiplied
pulse propagation were brought into coincidence by aligning
the mirrors, and their temporal spacing At ~ 5.3 ns was
defined by the distance between the mirrors (by the circuit
round trip time).

The USP train formed in this way was delivered to the
input of a Berdysh KrF preamplifier with an active volume of
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Figure 1. Schematic of experiments on the regenerative USP amplifica-
tion in the GARPUN-MTW laser system.

8 x 8 x 110 cm pumped by an electron beam [17—19]. The
specific pump power W of the Ar—Kr—F, working mixture
pressurised to a pressure of 1.8 atm was equal to
0.6—0.7 MW cm™>. The cross section of the laser beam was
matched to the preamplifier aperture using convex M2 and
concave M3 mirrors with dielectric coatings. Upon amplifica-
tion in the double-pass amplifier the beam was focused onto
the pinhole of a spatial filter. The diverging beam was next
collimated with a lens and directed to the GARPUN final
regenerative amplifier with an active volume of 12 x 18 x 100
cm and a working mixture pressure of 1.4 atm, which was
pumped by two counterpropagating electron beams with a
specific pump power W = 0.7-0.8 MW cm™ [17-19]. The
FWHM pump duration was equal to ~100 ns for both ampli-
fiers. The electron guns of the amplifiers were timed to the
femtosecond starting complex using an electric discharge KrF
master oscillator, whose pulse (150 mJ, 20 ns) actuated the
laser-triggered gaps of five pulse-forming lines in the high-
voltage feed system of the guns.

The unstable confocal resonator of the GARPUN regen-
erative amplifier was formed by a totally reflecting spherical
mirror M5 with a radius of curvature Rs = 6 m and a semi-
transparent mirror M4 deposited on the convex face of a
meniscus lens with R4 = 1 m. Therefore, the resonator mag-
nification M, = Rs/R4 = 6 and length L., = (Rs— Ry)/2 =
2.5 m. The concave surface of the meniscus lens had an anti-
reflection coating, and its radius of curvature was selected in
such a way as to make coincident the points of the imaginary
foci of the meniscus lens and the mirror deposited on the con-
vex surface. The wavefronts of the beam injected into the
resonator and the radiation reflected from the mirror surface
of the meniscus lens in the multiple passes through the resona-
tor were thereby matched to each other. A similar scheme for
the injection of 20-ns long pulses of a KrF master oscillator
into a resonator was employed in our earlier work [16], and
when its power exceeded the ASE power it was possible to
efficiently control the divergence and spectrum of the output
radiation of the GARPUN laser.

All optical elements in the amplification path operating in
transmission mode (i.e., the amplifier and interstage spatial
filter windows, the lenses of the spatial filter placed after the
starting complex, the collimating and meniscus lenses of the
unstable resonator, as well as semi-transparent mirror M1 in
the ring circuit) were made of high-purity FKU-grade cal-
cium fluoride, which possesses the lowest nonlinear absorp-
tion for the USP radiation at A = 248 nm [32, 33]. We empha-
sise that the wide-aperture KrF amplifier windows, unlike the
rest of transmission optical elements, were made not of single
crystals, but of randomly oriented crystalline aggregates,
which was responsible for large-scale spatial nonuniformities
in the distribution of amplified radiation intensity [18, 19].

4. Regenerative amplification
of subpicosecond pulses

The Berdysh preamplifier was operated in the regime of
unsaturated amplification and provided in two passes an
amplification factor G ~ 70 and an output USP train energy
of ~20 mJ for an aperture filling factor of ~60%. Figure 2
shows the characteristic signals of the radiation amplified in
the preamplifier after passage through the spatial filter. The
time in the oscilloscope traces is counted from the instant of
triggering of the oscilloscope sweep. Shown for comparison
on the same scale (i.e., for the same oscilloscope sensitivity)
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Figure 2. Oscilloscope traces of the radiation injected into the resonator (above) as well as of output radiation pulses and ASE in the transverse
direction (below) in the case of free-running lasing (a), in the injection of a single USP into the resonator (b), and in the injection of a USP train (c).
The vertical scale for (a), (b) and (c) is the same; the USP amplitude in the oscilloscope traces (b) and (c) is lowered 1000-fold because of the insuf-

ficiently high temporal resolution of the photodetector.

are the oscilloscope traces obtained in the absence of USPs at
the preamplifier input, the oscilloscope traces of a single
amplified USP when the multiplication channel was shut off,
and of the amplified USP train. The signals were recorder
using a FEK 29 KPU coaxial vacuum photodetector with a
temporal resolution of ~1 ns, which was illuminated by the
strongly attenuated radiation transmitted through the deflect-
ing mirror after the spatial filter (this and other photoddetec-
tors employed are not shown in Fig. 1). According to the data
of our previous experiments with the use of a streak camera,
the duration of amplified USPs was shorter than 1 ps [18, 19],
and therefore the photodetector integrated the signals and
lowered the true USP amplitude by at least a factor of 1000.
Another similar photodetector placed behind the deflecting
mirror at the output of the laser system recorded the radiation
of the regenerative amplifier. The typical signals at the ampli-
fier output with the use of a meniscus lens M4 with a reflec-
tion coefficient R ., = 30% are shown on the same scale in
Fig. 2. Also shown in Fig. 2 are the oscilloscope traces of
spontaneous emission amplified over a length of 12 ¢m in the
transverse direction to the optical axis of the GARPUN
amplifier and measured with the third photodetector through
the side window in the laser chamber. The amplitude of ASE
in the transverse direction was much lower than the signals of
output radiation. The signals from all photodetectors were
recorded with a Tektronix TDS-3054 four-channel oscillo-
scope with a sampling frequency of 5 GHz.

As is evident from the oscilloscope traces depicted in
Fig. 2a, in the absence of an USP at the input of the preampli-
fier the ASE signal after the spatial filter is at a level of photo-
detector noise. In this case, the radiation pulse at the output
of the GARPUN final stage is the oscillation pulse develop-
ing in the resonator from spontaneous emission with a delay
relative to the pump pulse. On shutting off the resonator

input the output signal was hardly changed, i.e. the spatial
filter efficiently decoupled the amplifying stages as regards
ASE. Depending on the meniscus lens reflection coefficient
R nen, Which was varied from 4% to 80% in our experiments
(Table 1), the lasing pulse delay varied from 30 to 50 ns, which
corresponds approximately to two or three resonator round
trip times. The FWHM duration of the laser pulse was equal
to 70—80 ns; in view of the delay, this corresponds approxi-
mately to the pump pulse duration. Simultaneously with the
development of lasing we observed saturation of the trans-
verse ASE signal caused by the saturation of the gain in the
active medium. A fraction of the output radiation reflected
from a wedge plate was diverted to a calorimeter, which mea-
sured the output laser energy. The results of measurements
are collected in Table 1. A maximum energy of 25 J was
obtained for the meniscus lens with the highest reflection
coefficient R., = 80%. We emphasise that in our experi-
ments, which were carried out with an external unstable reso-
nator, a significant effect on the output laser energy was
exerted by high Fresnel radiation loss from the amplifier win-
dows, which had no antireflection coatings, as well as by the
long-lived absorption induced in the windows by the X-ray
bremsstrahlung of pump electron beams, which was accumu-
lated in the course of long-term facility operation [34]. In view

Table 1. Energy of the laser radiation of the GARPUN module in
relation to the reflection coefficient of the resonator meniscus lens.

Rinen (%0) Radiation energy/J
4 10
10 15
30 15
80 25
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of nontotal radiation reflection from the rear mirror M5 and
meniscus mirror M4, this loss exceeded 60 % in one round trip
through the resonator, while the radiation fraction reflected
from the meniscus mirror back into the unstable resonator
(the resonator coupling constant) was equal to only R, ., (1/
M2) = 0.1%-2.2% for the meniscus mirrors with different
reflection coefficients. Under these conditions the lasing
energy turned out to be several times lower than in earlier
experiments [16].

When a single USP was injected into the resonator of the
GARPUN amplifier (Fig. 2b), it started circulating in the
resonator and was amplified in the regenerative regime to
compete with quasi-stationary lasing. The USP amplitude
rises at the leading edge of the pump pulse as the gain in the
active medium becomes higher. In the subsequent passages
the USP amplitude becomes lower due to gain saturation by
the laser pulse. The USP in its turn also saturates the gain,
which manifests itself in a sharp decrease in lasing power
immediately after the USP. The dips become deeper with
increase in the power of quasi-continuous lasing. We note
that this effect is unnoticeable in the pulse of transverse ASE
because of the short amplification length. Another reason for
the gradual lowering of USP amplitude may lie with the insuf-
ficiently precise radiation injection relative to the resonator
axis or with misalignment of the output meniscus mirror of
the resonator: in multiple passages the amplified radiation
will deviate progressively further from the optical resonator
axis and depart from the sensitive area of the photodetector
placed in the near-field region of output radiation. The mis-
alignment effect was borne out in experiments in which the
photodetector was placed in the far-field region behind an
aperture stop located at the focus of a spherical mirror with a
focal length F = 8 m. A small misalignment of the resonator
had the effect that the photodetector recorded only one USP
after the first passage through the resonator, while the subse-
quent USPs were completely rejected by the aperture stop. In
this case, however, we recorded dips in the quasi-stationary las-
ing related to USP amplification. We note that for a strong
misalignment of the meniscus mirror the regenerative amplifier
actually turned into a double-pass amplifier and produced only
one amplified USP in the absence of quasi-stationary lasing.

When a USP train with a pulse separation At &~ 5.3 ns was
injected into the resonator (Fig. 2c), the output radiation was
a superposition of different pulses of the train amplified in
multiple passages through the resonator, which partly sup-
pressed the quasi-stationary lasing. The output was a strongly
modulated pulse with an overall duration of 100 ns and a very
high radiation power in individual peaks, which was more than
1000 times higher than the power of quasi-stationary lasing.

Measurements of the output radiation energy showed that
it was the same both in the regime of free-running lasing and
in the injection of a single USP or a USP train into the resona-
tor, and depended only on the reflection coefficient of the
meniscus mirror (see Table 1). The output pulse modulation
depth also depended on the reflection coefficient. Although
the highest energy was obtained for the most reflecting menis-
cus mirror with R, = 80%, the radiation modulation depth
was relatively shallow. The optimal ratio between the energy
of output radiation and its modulation depth was reached for
more transparent meniscus mirrors with R, = 10% and
30%, for which the energy was equal to 15 J. By comparing
the oscilloscope traces in Figs 2a and 2¢ and considering that
the quasi-stationary lasing energy is approximately equal to
the energy contained in the train of 20 USPs in the case of

combined pulse (i.e., that the corresponding areas under the
oscilloscope traces in Figs 2a and 2c are equal) as well as
assuming that the duration of the USPs is equal to ~1 ps, we
estimate their peak power at 0.2—0.3 TW. In reality, owing to
group velocity dispersion the duration of the USPs in the
train increases monotonically for the subsequent pulses in
multiple passages through the thick (~3 cm) amplifier win-
dows. We also note that the energy of combined pulses gener-
ated by the GARPUN-MTW laser system may be increased
several-fold by lowering the parasitic radiation loss in the
resonator caused by the windows of the laser chamber of the
regenerative amplifier.

5. Measurements of gain recovery time
in the active medium of the KrF laser

Knowledge of the population inversion recovery time 7, in the
active medium of a KrF laser is significant not only for the
realisation of efficient amplification of the train of USPs with
duration 7 << 1 (see Section 2), but also for the numerical
simulation of large-scale KrF laser drivers for inertial con-
finement fusion (ICF) [35]. Angular beam multiplication [36],
which is employed for the quasi-stationary amplification of a
nanosecond pulse train in amplifiers with a long duration of
electron beam pumping (100—500 ns), also permits combin-
ing nanosecond pulses and USPs to obtain a complex tempo-
ral radiation on-target profile [30, 37] required for prospective
ICF schemes with separate compression and heating of the
fuel [38, 39]. In numerical simulations it is usually assumed
that . ~ 2 ns [28], although this quantity, apart from the radi-
ative decay rates and quenching rates in collisions with com-
ponents of the active medium mentioned above, also depends
on the rate of vibrational relaxation of the upper electronic
state of KrF molecules, i.e. the 7, values may be considerably
different in different theoretical models of vibrational kinet-
ics. For instance, the value 7, = 3 ns calculated by A.G.
Molchanov under a six-level semi-phenomenological model
approximation [40, 41] turns out to be twice as high as the
value obtained using a multilevel KrF laser model [37, 42, 43].

The investigation of the amplification dynamics per-
formed in the present work for the active medium of a KrF
amplifier, which was loaded simultaneously by quasi-station-
ary lasing and USPs, permits determining more precisely the
7. value and thereby verify the adequacy of the theoretical
models in use. Figure 3 shows different portions of the com-
bined laser pulse when a single USP was injected into a slightly
misaligned resonator. In the oscilloscope trace of the initial
portion (Fig. 3a) one can see an USP amplified during the
first passage through the resonator and broadened by the
photodetector (peak 1); after the second passage its amplitude
is several times smaller (peak 2) owing to the misalignment of
the resonator (see Section 4). By contrast, the dips (I-11I) in
the pulse of quasi-stationary lasing, which are caused by satu-
ration of the active medium of the KrF amplifier, are deeper.
At a later stage, when the quasi-stationary lasing power
reaches its maximum (Fig. 3b), the USPs are hardly discern-
ible against its background, while the depth of the dips due to
the USP circulating in the resonator remains approximately
constant until the power of lasing begins to fall off. The points
in the oscilloscope traces correspond to the frequency of sig-
nal digitisation and are spaced at 0.2 ns. From the oscillo-
scope traces one can see that the USP rise time of 1.0—1.2 ns
is equal to the gain decrease time (the dip leading edge) and
corresponds to the temporal resolution of the photodetector.
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Figure 3. Oscilloscope traces of a combined laser pulse at the initial
stage of gain build-up (a) and near the peak of quasi-stationary lasing
power (b); Ty is the USP duration broadened by the photodetector,
T4ep 1S the period of quasi-stationary lasing decrease after the passage of
a USP. Peaks / and 2 and dips I-1II correspond to successive resonator
passages by a single USP; the time in the oscilloscope traces is counted
from the sweep start.

The recovery of gain after the USP proceeds in a longer time
of 2.0 £ 0.2 ns; in view of the temporal photodetector resolu-
tion this an upper estimate for r. < 2.0 ns. The 7 value found
in the present experiments is closer to the value calculated in
the multilevel KrF laser model [37, 42, 43].

6. Conclusions

Regenerative amplification of single and multiple subpicosec-
ond UV laser pulses in a wide-aperture KrF amplifier with
electron-beam pumping was investigated on the GARPUN-
MTW multistage hybrid laser system. The ultrashort pulses
were generated by a titanium-sapphire starting complex, fre-
quency-tripled, multiplied to a pulse train, and amplified in a
double-pass KrF preamplifier to an energy of ~20 mJ. The
train of amplified USPs, which were spaced at intervals of the
order of population inversion recovery time in the active
medium, was then injected into an unstable confocal resona-
tor of the final regenerative KrF amplifier. Combined ampli-
tude-modulated 100-ns long pulses with an energy of several
tens of joules were obtained at the output of the laser system.
These pulses were the superposition of the quasi-stationary
lasing pulse and the USP train with a peak power of 0.2-0.3
TW, which was 1000 times higher than the power of free-run-
ning lasing in the absence of USP injection into the resonator.
We found the population inversion recovery time 7, < 2.0 ns
in the active KrF laser medium, which corresponds to the

time calculated proceeding from the multilevel theoretical
model of vibrational kinetics of the upper electronic state of
KrF (B) molecules.
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