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amplifier with gaseous optically driven active media on XeF(C-A) molecules is presented. The starting
complex manufactured consists of a Ti: sapphire master oscillator pumped by femtosecond pulses from
a continuous laser pumped by (Verdy-8) at a wavelength of 532 nm, a femtosecond pulse stretcher,
regenerative and multipass amplifiers pumped by a pulsed laser at a wavelength of 532 nm, a diffrac-
tion grating compressor and a second harmonic generator (KDP), The complex has the following out-
put parameters of the laser beam: pulse duration is 50 fs, the energy of radiation at the second har-
monic (475 nm) is 5 mJ. The complex can operate in a single pulse mode and a frequency of 10 Hz.
The XeF(C-A) amplifier consists of a two high-voltage pulsed generator (linear transformer), a vacu-
um diode with six cold explosive-emission cathodes, a electron beam injection system, a Xe filled gas
chamber-converter and a laser cell. The high-voltage generator consists of 12 transformer stages,and
each of them involves eight capacitors (one is C =40 nF) and spark gaps. The capacitors can be
charged up to voltage of 100 kV. E-beam in vacuum diode has the parameters in total current of 300
kA, peak voltage of 550 kV, pulse duration of e-beam power about 150 ns (FWHM). The total ener-
gies of the six 100 cm X 12 cm e-beams which pass through the foil into the Xe converter are 6—7 kJ
in the 150—160 ns pulse (FWHM). Pump energy cascade processes lead rapidly to the formation of
Xe, , which radiates a fraction of the deposited energy in the continuum at (172 & 5) nm. This VUV
radiation is transmitted through CaF, windows into the laser cell containing the mixture of XeF,
vapour and N, buffer gas. VUV radiation makes photolysis of XeF, molecules form XeF” excimer
molecules. The active medium of the amplifier pumped by VUV radiation has 24 cm aperture and 110
cm length. The results of numerical modeling of the output parameters and first experimental results
are presented in this paper. According to the modeling of the XeF(C-A) amplifier parameters and the
first measurement of gain, it is shown that the maxmum output energy is 2—3 ], which means that the
peak power has been up to 40—60 TW in a 50 fs pulse. Furthermore, It is very important that this la-
ser system can provide a high temporal contrast up to 10°-10".
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pumping are used. All these facilities require u-
1 Introduction tilizing huge and expensive vacuum grating com-

pressors after a final amplifier to recompress a

Research and development of terawatt and peta-
watt peak power laser systems have attracted a
heightened attention in recent years. It is caused
by their important roles in the developing new
areas of modern physics such as generation of e-
lectron and ion beams of high energy with record
current density, fast ignition in inertial confine-
ment fusion, generation of attosecond pulses in
X-ray range, stimulation of nuclear reactions
etc.

Presently, for achievement of terawatt and
petawatt peak power level in a laser pulse, the

solid-state only laser facilities with lamp or laser

femtosecond pulse preliminary stretched into the
nanosecond time domain (CPA technique). The
main bottleneck of the compressors is the low
optical damage threshold (~0.2 J/em?) of grat-
ings gold coating which makes difficult scaling
ultra intense laser facilities to multipetawatt
peak powers.

A photochemically driven XeF (C-A) gain
medium is now considered as an alternative to
existing solid state active media for femtosecond
pulse amplifiers™™*. Due to gaseous nature of
the active medium there is no physical limit for

its scaling and one can operate in the regime of
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amplification of femtosecond pulses negatively-
chirped into the subpicosecond time domain,
whereas the final pulse recompression down to
few tens of femtoseconds can be provided in the
bulk material of the amplifier output window. It
has a wide amplification band (~60 nm) in 480
nm range, which corresponds to the ~ 10 fs
transform limited pulse. Moreover, XeF (C-A)
active medium has a high saturation energy den-
sity of ~ 0. 05 J/cm” and spectrally matches to
the second harmonic of Ti:sapphire laser provi-
ding, along with its low ASE, achievement of
temporal contrast as high as ~10'".

The operating principle of the photolytically
pumped XeF (C-A) amplifier considered in this
presentation can be described briefly as fol-

lowsH ™

The e-beam energy is deposited into
pure xenon. Energy cascade processes lead rap-
idly to the formation of Xe; , which radiates a
fraction of the deposited energy in the continuum
at (17245) nm. This VUV radiation is trans-
mitted through CaF, windows into the amplifier
cell containing the mixture of XeF, vapour and

N, buffer gas.

XeF, molecules are photodissociated to form

When absorbs this radiation,

XeF” molecules. The excited state produced in
this way is primarily XeF (B1/2) which is then
relaxed to the XeF(C3/2) state due to collisions
with the N, buffer gas. The C state can then un-
dergo spontaneous emission to the A state in a
bound-free transition at (473£35) nm or stimu-
lated emission with peak gain centered at 480
nm. Alternately, XeF" can be quenched by
XeF, or by transient products.

The multi-terawatt hybrid (solid state/gas)
laser (THL-100) system on the basis of Ti:sap-
phire starting complex and photochemical XeF
(C-A) amplifier with the aperture of 24 cm is
now being built at HCEI SB RAS, Tomsk, Rus-
sia. These works are carried out in close collabo-
ration with P. N. Lebedev Physical Institute,
Moscow, Russia.

In this paper, the design and operating

principle of hybrid laser system is presented and
the results of numerical modeling of the active
medium parameters, distribution of a small sig-
nal gain, fs-pulse amplification and first experi-

mental results are discussed.

2 Hybrid femtosecond laser sys-

tem design

Laser system consists of a Ti: sapphire starting
complex and a photochemical XeF (C-A) ampli-
fier with the aperture of 24 cm. " Start-480M"
starter complex manufactured by Avesta-Project
firm (Fig. 1) is used as a front end for the laser
system. The complex is located on an optical ta-
ble with size of 120 cm X 260 c¢cm and consists of
the following components: Ti: sapphire master
oscillator of femtosecond pulses with a continu-
ous laser pumping (Verdy-8) at a wavelength of
532 nm, the stretcher of femtosecond pulse, re-
generative and multipass amplifiers with a pulsed
laser pumping at a wavelength of 532 nm, dif-
fraction grating compression and the second har-
monic generator (KDP). The complex has the
following output parameters of the laser beam:
pulse duration is 50 fs, the energy of radiation at
the second harmonic (475 nm) is 5 m]. The
complex can operate in a single pulse mode and a

frequency of 10 Hz.

/i

Fg.1 Solid-state Ti:sapphire oscillator/amplifier front-end
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It is planning that the seed pulse will be
negatively stretched up to 1 ps using a prism pair
arrangement before amplification in the photo-
chemically driven XeF(CA) amplifier. There are
two reasons for stretching seed pulse before am-
plification: one is to avoid nonlinear pulse dis-
tortion in the amplifier;the other is to exceed the
rotational reorientation time of the XeF(C) mol-
ecules limiting energy extraction from the ampli-
fier because this time estimated to be about 0. 5
ps, allows saturation of only a portion of the po-
larization distribution of the active medium gain
if the seed pulse is linearly polarized.

Fig. 2 shows the cross sectional schematic
diagram (a) and outside view (b) of the XeF(C-
A) amplifier. The design of the e-beam accelera-

tor is based on the unique technology developed
at HCEI SB RAS.

(a)
Vacuum chamber
Pulse generator Cathode
Laser cell Xe chamber
\‘Windmv{(‘a Fz)
(b

Fig. 2 Cross sectional schematic diagram (a) and

outside view (b) of the XeF(C-A) amplifier

It includes a two high-voltage pulsed gener-
ator (linear transformers), a vacuum diode with
six cold explosive-emission cathodes, an electron
beam injection system, a Xe filled chamber-con-
verter and a laser cell. The high-voltage genera-
tor consists of 12 transformer stages and each of
them involves eight capacitors (one is C=40 nF)
and spark gaps. The capacitors can be charged
up to a voltage of 100 kV. The central conductor
which is the secondary turn for all 12 stages of
the high-voltage pulse generator is connected to
the cathode-holder of the vacuum diode. This
construction permits to minimize the inductance
of the supply circuit and weight of the accelera-
tor. The distance between cathode and anode in
the vacuum diode is 5 cm. The vacuum diode
forms six 100 cm (long) X 12 cm (wide) e-beams
which are injected through 40 pym Ti foil into the
Xe converter. The parameters of e-beam in the
vacuum diode are the following: total current I
is 320 kA, peak voltage U is 550 kV, pulse du-
ration of e-beam power 1is about 150 ns
(FWHM). The total energies of the electrons
which pass through the foil into the Xe converter
are 6. 5 — 7.5 kJ in the 150 — 160 ns pulse
(FWHM).

The stainless steel Xe converter has a diam-
eter of 45 cm. It is fitted with a high vacuum
pump port and gas flow inlet and outlet port.
We used Xe of 99. 999 7% purity. In experi-
ments the fresh xenon was filled to converter
from a cylinder without preliminary purification.
After some work when amplification of active
medium decreased the xenon was cleaned by on-
line gas recycling system, consisting of a pump
and Sircal MP-2000 purifying system. Activating
the recycling system brought the VUV output of
Xe converter and active medium gain back up to
approximately the initial value.

Laser cell closed by CaF, windows is in-
stalled in the centre of Xe converter. The 8 cm
distance between Ti foil and CaF, windows was

chosen to assure that the electrons were stopped
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in the cell at the xenon operating pressure of 3
bar. The VUV window interfaces between the
xenon and laser cells consist of arrays of 9 rec-
tangular CaF, windows, each 2 cm thick and 12
X12 cm wide. The clear aperture of the 113 cm
long hexahedral laser cell is 24 cm. The laser
cell is filled with XeF, /N, mixture at pressure of
0.25—1 bars.

The laser cell is sealed by two windows of
fused quartz with a diameter of 30 cm and was
designed for use with internal mirrors that pro-
vided optical access to the entire cross-section of
the active medium. The multipass mirror system
is inserted and adjusted inside the laser cell. The
mirrors are mounted in flanges that bolted to the
end flanges on the laser cell. The mirror sub-
strates have diameters from 2 c¢cm up to 10 cm
and were fabricated from polished with two sides
fused quartz. The mirrors provide a broad-band
high reflection (p=199. 5% for 460 nm< 1< 500
nm) for XeF(C-A) laser transition. The reflec-
tivity at the 351 nm for XeF (B-X) laser transi-
tion is 8%. The dielectric mirrors have protec-
tive coating of Al,O, with ionic treatment in or-
der to avoid the etching of the surface due to
chemical attack by XeF, and by photo-dissocia-
tion products of active medium ( presumably
F,). The mirror system allows to amplify the
femtosecond laser beam on 33 passes through the
active medium of the XeF(C-A) amplifier. The
seed beam has a diameter of 1.5 cm at the en-
trance to the amplifier and up to 10 cm at the ex-
it. Increasing the laser beam diameter during the
amplification permits more efficiently to extract

energy radiation {from the XeF(C-A) amplifier.

3 Simulation and experimental results

In this paper, we conducted experimental and
computational studies of the gain. In the experi-
ments, the gain was measured using a continu-
ous laser at a wavelength of 488 nm. Fig. 3

shows the behavior of the gain in time synchro-

nously with the current a vacuum diode. It is
seen that the gain pulse duration of the active
medium is 200 ns (FWHM).
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Fig. 3 Experimental measurement of small signal

gain (near of window) and diode current in

time

For simulation of femtosecond pulse ampli-
fication in XeF (C-A) active medium of a hexa-
hedral pumped laser chamber with gases XeF,/
N, mix by VUV radiation was developed the
computational model. This model was used for
preliminary calculation of the active medium pa-
rameters and femtosecond pulse amplification.
An interaction of the pumping radiation with
XeF, molecules result in formation of XeF (B)
and XeF(C) molecules at high vibration levels in
this model. Pumping of lower vibrational levels
was occurred in a process of VT relaxation these
molecules in collisions with atoms of buffer gas.
The model takes into account a processes of B-C
exchange, dissociation of excimer molecules in
the ground states and XeF(B-X) and XeF(C-A)
spontaneous emissions.

The amplification of the injected pulse was
described in frame of a noncoherent model, u-
sing a one-dimensional transport equation for la-
ser photon flux. The photon flux was injected in
the active medium in fixed point of resonator.
After going of photons from one mirror to the
other, the flux was came back in the active me-
dium in another point and so on. According to

our estimation, the model may be used for simu-
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lation laser pulse amplification with pulse length
down to ¢ about (100-150) fs. More accurate
border of application of this model will be speci-
fied after comparing the simulated data with ex-
perimental results and with results of simulation
by a coherent model. The rate equations and
transport equations were solved using Gear

methods and method of Runge-Kutta according-
ly.

In the calculations, quadrilateral"

and cy-
lindrical methods were used. In the first case,
the correlation of calculated parameters of an ac-
tive medium with real hexahedral geometry was
realized by a geometrical factor value of absorbed
VUV energy. In the second case, the distribu-
tion of active particles assumed to be symmetric
over the azimuthal angle and the length of the
active region. Power VUV radiation pumping at
each point of the active region was calculated in
accordance with the spatial distribution of XeF,
molecules and radiation pump power at the outer
edge of the active region in each time moment.
According to the data presented in Ref.
[57] and [7], the fluorescence efficiency of e-
beam pumped xenon was taken to be PoumpXe —
30% and the VUV coupling efficiency, which is
the product of CaF,; windows transmission and
the solid angle factor, was estimated to be 5., =
15%. In this case, the VUV photon flux density
at the internal surface of CaF, windows was cal-
culated to be Fr = foumpxe * 7o ® (Poumpxe/S) /hw=
2.0X10% em *s ', where S is the area of the
laser-cell side-face. Experimental measurement
of VUV photon energy density inside laser sell
shown that it equals 34 mJ/em® and total pump
energy — 240 ] near the window. It gives the

pump photon flux density Fp, = 1. 6 X

' which was used in our simula-

10% em ™% o s~
tions. The value of absorbed VUV energy by
XeF, depends from the molecules concentration
and geometrical factor ... The average cross
section of XeF, photo absorption at 172 nm

weighted by the xenon intensity distribution is ¢

(XeF;)=1.6xX10"" em*™,

Our model allows calculating the XeF (C)
molecules concentration in active medium in case
of pumping by VUV radiation. The spatial dis-
tribution of molecules concentration in an active
medium depends essentially of XeF, vapour pres-
sure. The product of this molecules concentra-
tion on the cross section of stimulated emission ¢
=9X10 ' em®™ gives the value of the gain. Its
behavior for the different vapour pressures is
clearly illustrated in our simulations,as is shown
in Fig. 4. The choice of pressure value was
caused by the two factors: a sufficiently uniform
distribution of excimer molecules in active medi-
um and a sufficiently high gain. As shown in the
picture of a rather uniform gain distribution in
the active medium, its value could be obtained at

XeF, pressure of 13.33~26. 66 Pa.

0.0055 +
0.0050
0.0045
0.0040
0.0035 +
0.0030 F 26,66 Pa XeF2
0.0025 |
0.0020 +
ooo1sp T

0 2 4 6 8 10 12
Distance from window/cm

40 Pa XeF2

Gain/em™

13.33 Pa XeF2

Fig. 4 Distribution of a small signal gain from center
of window surface (0) to laser sell center (12

cm) for different XeF, pressures (simulation)

Experimental distribution of a small signal
gain in the laser sell is presented in Fig. 5. It
could see a good agreement of the gain value
with the simulation results. The temporal be-
havior of small signal gain conforms practically
the pump pulse but it has a time delay of maxi-
mum point about 40-50 ns. This delay increases
when the XeF, vapour pressure decreases.

Simulation of output energy of amplified
pulse was carried out for the following condi-

tions: input energy of 3 m]J, pulse duration of
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0.0040F EPP— gas state) laser (THL-100) system on the basis
00036} e : of Ti:sapphire starting complex and photochemi-
0.0032 e cal XeF(C-A) amplifier with the aperture of 24

g 00028 em which is now being built at HCEI SB RAS,

& 00024 Tomsk, Russia is presented. Pumping amplifier
0.0020 \‘ scheme begins with the e-beam excitation of xen-
Egz:z X: on to produce Xe” fluorescence at 172 nm which

photodissociates XeF, vapours in a laser cell to
2 4 6 8 10 12
Distance/cm form XeF (C3/2) excited state radiating on the
Fig. 5 Experimental distribution of a small signal (C-A) transition centered at 480 nm. Frequency

gain from center of window (0) to laser cell

center (12 cm) for different XeF, pressures

500 fs (FWHM), laser beam input diameter of 1
cm, output diameter of 6 cm, the trips number
through an active medium of 30. Output energy
near 2 J was obtained for 26. 66 Pa XeF, vapour
pressure and 0. 23 bar on N,. The increase of a
XeF, vapour pressure up to 40 Pa (i. e. gain
rise) and number trips up to 33 allows getting

the output energy in range of 3 J.

4 Conclusions

In this paper, the multiterawatt hybrid (solid/
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