
Abstract. Terawatt 248-nm UV pulses with an energy of
0.62 J, a width of no more than 1 ps, and a divergence of
20 lrad have been obtained in the érst experiments on the
GARPUN-MTW Ti : sapphire ëKrF laser system at double-
pass ampliécation of frequency-tripled pulses from the
Ti : sapphire front end in wide-aperture electron-beam-
pumped KrF ampliéers. The contrast of short pulses relative
to the ampliéed spontaneous emission is found to be � 106 for
energy densities and � 1011 for intensities. The speciécity of
short-pulse ampliécation in an active medium with fast
population inversion recovery and advantages of ampliécation
of trains of short pulses or short and long pulses are
discussed. The peak power of single subpicosecond pulses in
this laser system can be increased to 30 TW, and the focused
beam intensity can be as high as 1020 W cmÿ2.

Keywords: multistage laser system, wide-aperture KrF ampliéer,
electron beam pumping, ampliécation of single pulses and pulse
trains.

1. Speciéc features of ampliécation
of short laser pulses in KrF ampliéers

Laser systems for amplifying chirped pulses in solid media
(including parametric ampliéers) [1] make it possible to
obtain near-IR (l � 1 mm) ultrashort (femto- and pico-
second) laser pulses (USLPs) with a tera- and petawatt peak
power, which are necessary to solve many fundamental and
applied problems in nonlinear optics, physics of high energy
densities, charged particle acceleration, and laser thermo-
nuclear fusion (LTF). As compared with these systems,
USLP excimer laser systems (see [2, 3] and references
therein) have a number of signiécant differences: short
wavelength and high photon energy with a fairly wide
ampliécation band for 50-fs pulses (for example, l �
248.5 nm, hv � 5 eV, and Dl � 2:5 nm for KrF lasers);
lower (by three orders of magnitude) saturation energy
density Qs � hv=s ' 2 mJ cmÿ2 (s � 2:5� 10ÿ16 cm2 is the
induced-radiation cross section at the B! X transition of

the KrF molecule); short lifetime of the excited state and,
correspondingly, of the population inversion recovery in the
active medium (the B-state radiative lifetime tr � 6:5 ns,
and, with allowance for quenching collisions, tc � 2 ns) [4];
and a small nonlinear refractive index n2 of the gain
medium (the latter parameter is responsible for the laser
beam élamentation).

The energy Qopt extracted by as single USLP of duration
t5 tc from an aperture unit area in KrF ampliéers in the
optimal regime (Qopt � Qs ln (g0=ans) � 5ÿ 6 MJ cmÿ2 [5],
where the ratio of the small-signal gain to the insaturable
absorption coefécient g0=ans � 10ÿ 20 only slightly changes
with pumping [4]) is much lower than the USLP energy
obtained in solid-state systems. However, at large (� 1 m2)
apertures of the existing electron-beam-pumped KrF
ampliéers or those intended as LTF drivers [6 ë 10], an
output energy of 50 ë 60 J can be obtained by direct
ampliécation of unchirped pulses without expensive com-
pressors for USLP compression; these values are
comparable with the USLP energy obtained in modern
solid-state systems. Fast population inversion recovery in
the active medium makes it possible to effectively amplify
USLP trains following with an interval Dt5tc, and the use
of angular multiplexing [11] provides a multiple (according
to the ratio of the pump pulse width tp � 100ÿ 250 ns to
the pulse repetition rate Dt � 2 ns) increase in the total
energy and power peak on the target. Multiplexing allows
one to differently combine nano- and picosecond (or
subpicosecond) pulses and thus obtain a complex temporal
proéle of pulses on the target [12, 13], which is necessary for
separate compression and heating of LTF targets in the
regimes of electron-induced fast ignition [14] or ignition by a
strong shock wave (shock ignition) [15, 16]. In the fast-
ignition scheme the UV radiation of a KrF laser can be
focused into a spot of smaller area (S / l 2) in comparison
with the IR radiation of solid-state lasers. This provides a
gain in intensity (I / lÿ2) with preservation of the scaling
parameter I (l=lir)

2 � 1019 W cmÿ2 (here lir � 1:06 mm), a
value necessary for accelerating electrons to � 1 MeV [3, 8].
In addition, the penetration depth of UV radiation in
plasma is larger, due to which the fast-electron generation
region is located closer to the center of the compressed
target, because the critical electron concentration Ne obeys
the law Ne / lÿ2.

Along with LTF, there is another important application,
where the above-mentioned properties of KrF lasers are
advantageous in comparison with solid-state USLP systems.
Speciécally, this is the formation of extended conducting
plasma channels in order to switch long electric (lightning)
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discharges [17, 18] and directly transfer microwave radiation
through plasma waveguide [19, 20]. The high UV photon
energy (hv � 5 eV), comparable with the ionisation poten-
tial of molecules, makes it possible to eféciently photoionise
gases in two- and three-photon processes. Since the prob-
abilities of these processes increase with increasing intensity
according to a power law (with exponents of 2 and 3,
respectively) [18], to maintain the gas in the ionised state
when a high-voltage breakdown develops, it is reasonable to
use UV USLPs in the form of a train or in combination with
long pulses.

Single 3 ë 4-TW UV USLPs with the highest peak
powers were obtained in KrF ampliéers with a 42-cm
aperture (pulse energy 0.25 J, width 0.7 ps) [7, 8] and 60-
cm aperture (10 J, 3 ps) [9]. However, the main character-
istic of double-pass wide-aperture KrF ampliéers ë the
dependence of the USLP output energy density Qout on
the input energy density Qin ë has not been experimentally
investigated. A speciéc feature of these ampliéers is the
high-intensity ampliéed spontaneous emission (ASE), which
signiécantly reduces the population inversion in the active
medium and saturates the gain [2]. Its values g (x), depend-
ing on the ASE intensity distribution in the ampliéer, can be
several times smaller than the small-signal gain g0, which is
set by pumping. Long (t4 tc) pulses of suféciently high
intensity, ampliéed in the quasi-stationary regime, have an
advantage over ASE, because they almost completely
extract the energy from active medium, which is continu-
ously regenerated due to the pumping. At the same time,
short pulses (t5 tc) extract the energy accumulated during
tc; moreover, single pulses are ampliéed along the ampliéer
length in a medium with a quasi-stationary gain proéle g (x),
determined by the ASE intensity. The situation changes
when a short-pulse train is ampliéed. In this case, all pulses,
except for the érst one, are ampliéed in the ASE-unper-
turbed medium after the population inversion recovery. To
implement this regime, the interval between the pulses must
be shorter than the transition time tASE of ASE intensity
distribution, which is �2l=c in a double-pass ampliéer. In
this case, we assume that the reêection from the laser
chamber walls is small and that the ASE reêection from
the highly reêecting back mirror, (located at a distance l
from the ampliéer input) plays a key role. For the character-
istic value l � 1:5 m, tASE � 10 ns.

2. Experimental

Here, we report the results of the érst experiments on
ampliécation of subpicosecond pulses on the GARPUN-
MTW system, which is composed of two cascades of wide-
aperture KrF ampliéers, an electric-discharge master KrF
oscillator (Lambda Physik EMG MSC 150) and the Start-
248 M Ti : sapphire front end (Avesta-Project Ltd.) [2]. The
GARPUN énal ampliéer with an active volume of
12� 18� 100 cm is pumped by two counterpropagating
pulsed electron beams with a FWHM of 75 ns, an electron
energy of 350 keV, and a current density of 50 A cmÿ2. The
GARPUN output energy in the free running regime (1.4-
atm Ar ëKr ëF2 mixture, speciéc pump power Wb � 0.7 ë
0.8 MW cmÿ3) is 100 J. A Berdysh preampliéer with a
volume of 8� 8� 110 cm, pumped under similar condi-
tions (Wb � 0:6ÿ 0:7 MW cmÿ3, working mixture pressure
1.8 atm), generates an energy of 25 J. A KrF master
oscillator (pulse width 20 ns, energy 150 mJ) éres laser-
triggered switches on high-voltage pulse-forming lines
(which feed vacuum diodes) and synchronises the pulses
of the front end with the ampliéer pump pulses with an
error of �5 ns. The front end, equipped with a BBO
frequency converter into the third harmonic, generates
pulses with a width of 60 ë 100 fs, energy up to 0.5 mJ, and
a repetition frequency of 10 Hz, at a wavelength tuned to
the gain band center of KrF ampliéers. A single USLP, cut
from a train, is supplied to the inputs of ampliéers at the
instant when the pump pulse intensity is close to maximum.

Figure 1 shows the schematic of the experiment and the
corresponding equipment for measuring the USLP energy
and width, as well as the spectral and angular distributions
of ampliéed radiation intensity. In the case of double-pass
ampliécation the initial beam (8 mm in diameter) was
transformed using dielectric-coated convex and concave
mirrors so as to provide the ampliéer aperture élling and
beam focusing in the diaphragm plane of the spatial élter,
which is located between the amplifying cascades. All
transmitting optical elements (windows of ampliéers and
spatial élters) were made of calcium êuoride, because this
material is characterised by the lowest nonlinear absorption
for USLPs with l � 248 nm [21, 22].
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Figure 1. Schematic of the experiments on double-pass USLP ampliécation in KrF ampliéers.
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3. Experimental results and discussion

Figure 2 shows the experimental dependences of the USLP
energy density at the ampliéer output (Qout) on the
corresponding values at the input (Qin), in comparison
with the calculated dependences for the given ampliéer
length L and different values of the small-signal gain g0 and
nonsaturable absorption ans. The incoherent USLP amplié-
cation was calculated using the modiéed Franz ëNodvik
equation [5]:

df

dx
� g�x��1ÿ e f� ÿ ans�x�f,

where

f � Q

Qs

; Q�x� �
� t

0

I�x; t 0�dt 0;

for double-pass ampliécation (0 < x < 2L). The gain
proéles g (x) corresponded to those obtained in [2]. At
the output of the GARPUN ampliéer the ASE intensity
IASE reached 5.2 MW cmÿ2, which several times exceeded
the saturation intensity Is � hv=(stc) � 1:4 MW cmÿ2 and
reduced the gain by a factor of almost 5.

At the maximum value Qout � 0:6 mJ cmÿ2 the Berdysh
preampliéer operated in the nonsaturated regime and
provided the total double-pass gain G � Qout=Qin � 70.
The total output energy Eout reached 23 mJ; in this case
the beam cross-section area (averaged over the preampliéer
length), S1 � 38:5 cm2, was about 60% of the preampliéer

aperture Sa (i.e., the élling factor was Sl=Sa � 0:6). At high
energy densities the saturation dependence Qout(Qin) devi-
ates from the calculated one; this is apparently related to the
nonlinear USLP absorption in the preampliéer windows.
The énal ampliéer with Qout � 6:7 mJ cmÿ2 worked in the
saturation mode and produced a total energy of 0.62 J in a
beam of area Sl � 92:5 cm2 and aperture élling factor of
0.43.

The ASE energy, measured in the calorimeter solid angle
(�2� 10ÿ5 sr), was � 3% of the USLP energy; this result is
in agreement with the measurements and calculations of the
ASE intensity angular distribution [2]. Optimisation of the
ampliécation process (primarily, more complete élling of the
ampliéer aperture) is most likely to increase the single USLP
energy to 1.5 ë 2.0 J.

At a USLP width of 100 fs at the preampliéer input and
the spectral width Dl � 0:75ÿ 0:80 nm, the output pulse
width was estimated to rise to 500 fs due to the group velo-
city dispersion in CaF2 windows (their total thickness for
double pass is 100 mm), as well as in air (path length 50 m).
The output pulse width was determined in the experiments
on the interference of the beams reêected from a thin mirror
wedge (Fig. 3). A clear interference pattern became diffused
at a gap of 100 mm, which corresponds to the 660-fs time of
light double pass through the wedge. In fact this technique
yielded the coherence length, which determines the estima-
tion of the USLP width from below: t1=2 � 330 fs. After the
double-pass USLP ampliécation in both ampliéers with a
total thickness of CaF2 windows of 200 mm the increase in
the pulse width was evaluated to be 1 ps. The measurements
with a UV streak camera (developed at the General Physics
Institute, Russian Academy of Sciences), which has a limited
time resolution, showed that the upper width limit in this
case is t1=2 4 1 ps.

The USLP intensity distributions in the near (Fig. 4) and
far (Fig. 5) zones were recorded on a photographic paper
located at different distances from the énal ampliéer in the
convergent laser beam, formed after the reêection from the
concave back mirror of the ampliéer. To construct the
distribution in the far zone, we processed series of focal
spots obtained at a distance of 20 m from mirror after the
multiple reêection of attenuated radiation in the mirror
wedge. The distribution of the USLP intensity transmitted
through the optical channel in the absence of pumping was
measured in the same scheme using an OPHIR proélometer.
A comparison of the measurement results showed that the
pumping of ampliéers does not affect much the ampliéed
beam divergence, which is mainly determined by the block
structure of the CaF2 laser windows and the corresponding
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Figure 2. Dependences of the USLP output energy density Qout on the
input energy density Qin for double-pass ampliécation (a) in the Berdysh
preampliéer and (b) in the énal GARPUN ampliéer for two series of
experiments.
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Figure 3. Interference pattern at USLP reêection from a mirror wedge.
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beam élamentation. The latter manifests itself in a slightly
focused beam as a set of hot spots, concentrated along the
image of block boundaries (Fig. 4). In reality, the peak
radiation power in our case (P � 1 TW) greatly exceeds the
critical power Pcr � 3:8l 2=(8pn0n2) � 100 MW for UV
radiation with l � 248 nm in air, where n0 � 1 and
n2 � 10ÿ18 cm2 Wÿ1 are, respectively, the linear and non-
linear refractive indices of air [23].

The USLP contrast with respect to ASE for a laser beam
focused on the target was estimated (using the experimen-
tally measured ASE intensities and beam divergence
Y1=2 � 20 mrad and taking into account the solid angle
ratio) to be � 106 for the energy densities and � 1011 for the
intensities. In the latter case we took into account the ASE
FWHM (� 40 ns).

The USLP spectral distribution was measured with a
resolution of 0.01 nm on a DFS-457 spectrograph with a
CCD array. A prism raster was installed at the entrance slit

to randomise laser beam inhomogeneities. The ASE spec-
trum recorded in the absence of USLP at the input of the
system had a maximum near l � 248:5 nm and a half-width
Dl1=2 � 0:25 nm, a value much smaller than the linewidth of
the B! X transition due to the high ampliécation in the
channel. As a result of the nonlinear interaction with the
ampliéer windows and spatial élter, the spectral width of the
USLPs transmitted through the optical channel without
ampliécation increased to 1.2 nm in comparison with the
initial value Dl1=2 � 0:75ÿ 0:80 nm at the output of the
front end. After the ampliécation the USLP spectrum
became irregular, and its width increased to 2.3 nm, which
approximately corresponds to the laser transition linewidth
(Fig. 6). In principle, this gives grounds to expect pulse
shortening to 50 fs if the dispersion spread in the windows
can be compensated for by a negative frequency chirp,
previously introduced into initial pulse with the aid of a
prism stretcher [2]. Then the peak USLP power should
increase to 30 TW after the ampliécation, which would
make it possible to obtain beam intensities up to
1020 W cmÿ2 on the target, provided that the beam quality
is improved (CaF2 windows are replaced with single-block
ones).

4. Conclusions

The ampliécation of single subpicosecond pulses in the
GARPUN-MTW Ti : sapphire ëKrF laser system in the
double-pass scheme with two wide-aperture electron-beam-
pumped KrF ampliéers was investigated. Terawatt 248-nm
UV pulses with an energy of 0.62 J, width less than 1 ps,
and a divergence of 20 mrad were obtained at the output of
the system. The ASE-limited short-pulse contrast was found
to be � 106 for energy densities and � 1011 for intensities.
Optimisation of the ampliéers will make it possible to
increase the output energy to 1.5 ë 2.0 J and to improve the
laser beam quality. The measured spectral width of
ampliéed pulse suggests that it can be shortened to 50 fs
and the peak power can be increased to 30 TW by
introducing a negative frequency chirp into the initial
pulse. The focused beam intensity on the target may reach
� 1020 W cmÿ2 for such pulses. In summary, we should
note again that a single USLP transfers only a small part
(� 0:02) of the energy accumulated in the active medium
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Figure 4. Ampliéed USLP intensity distribution in the near zone.
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during pumping of the KrF ampliéers (it is determined by
the tc=tp ratio). The rest of the energy is generally released
in the form of ASE into a wide solid angle; this emission
deteriorates the short-pulse contrast. Instead, it can be used
to amplify an USLP train or nanosecond pulses. In the case
of USLP train ampliécation, the ASE effect is signiécantly
reduced when the pulse repetition rate is equal to the time
of population inversion recovery in the active medium
(Dt � tc � 2 ns) or at least shorter than the transition time
of quasi-stationary ASE intensity (10 ns).
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