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Abstract. A numerical investigation has been performed for very low pressure (< 200 Torr)
buffer-free KrF laser-amplifier medium pumped by a short pulse (10ns FWHM) electron beam
with low excitation rate operation (200kW/cm?). The small-signal-gain coefficient (go) and
absorption coefficient (x) have been estimated for this new operational mode. The formation

and quenching processes are also discussed kinetically.

PACS: 42.55Gp, 42.60By

Recently, the high-power sub-picosecond KrF laser sys-
tems [1-5] have been considered as an excellent driving
laser for X-ray laser pumping. A peak power of 4TW
was obtained by amplifying a 390fs pulse to an energy
of 1.5F in three discharge-pumped KrF amplifiers and
an electron beam {e-beam) pumped KrF amplifier [4]. In
order to realize an X-ray laser excited by a high-intensity
petawatt (PW) KrF laser pulse of sub-picosecond pulse
duration, the SIMBA (Superhigh Intensity Mono-Beam
Amplifier chain) system [6] was recently proposed by the
X-ray laser group at the Department of Laser Physics
in the Max-Planck-Institut fiir biophysikalische Chemie.
According to the conceptual design of the SIMBA sys-
tem, the output energy is expected to be 100J at a pulse
duration of 100fs. A double-pass optical arrangement is
assumed in both the preamplifier and the final amplifier
in the SIMBA system with single-pass small-signal stage
gains of 10 (goL = 2.3). From the maximum achievable
fluence of 3 x Eg (Egq: saturation energy), a clear square
aperture of 1.5mx1.5m (effective arca: 1.3mx1.3m) in
the final amplifier is required for 100J output energy with
the maximum fluence at the exit window of 6 mJ/cm?.
The length of the pumped region is assumed to be 1.5m
which is the same as the side length of the active aperture.
The small-signal-gain coefficient of 1.5% /cm is necessary
for this geometry. In order to obtain this short-pulse
petawatt laser, the use of an e-beam device is essential
for the uniform pumping of a large volume KrF amplifier
because of its small saturation energy.

There are two typical operational modes which have
been investigated for high-efficiency and high-power e-
beam pumped KrF laser amplifier. One is the use of a
relatively high pressure laser medium (> 1 atm) pumped

by a short e-beam pulse (< 100ns FWHM) with a high-
excitation-rate pumping scheme (> 1 MW/cm®) [7,8].
The other is with a long pulse (> 200ns) and low ex-
citation rate (< 200kW/cm?) pumping scheme for the
angular multiplexing optical system [9,10]. The e-beam
pumped wide aperture KrF laser with a low aspect ratio
configuration has been considered as the final high-energy
extraction amplifier system for the ICF (Inertial Confine-
ment Fusion) energy driver with reduced Amplified Spon-
taneous Emission (ASE) to obtain large total energy ex-
traction {11, 12]. In the large amplifier module, in order to
solve the problem of window material availability caused
by the pressure difference between the laser chamber in-
side and outside, the atmospheric pressure operation of
Kr-rich KrF laser amplifier has been studied experimen-
tally [13]. However, the optimum operational mode for
sub-picosecond ultra-high-intensity KrF laser amplifier
may be very different from the high energy extraction sys-
tem for ICF. In the case of ultra-short pulse amplification,
the nonlinear processes in the window material are a se-
rious problem [14]. Additionally, the prepulse originating
from the ASE in KrF laser amplifier chain causes unde-
sirable plasma formation on the X-ray target before the
arrival of the main laser pulse. Shaw and Key [15] have
recently suggested a new operational scheme of very low
pressure and short pulse e-beam excitation to overcome
these problems. Hirst and Shaw [16] measured the net
small signal gain as a function of partial Kr gas pressure
(gas mixture: He/Kr/F,=8.9/90.6/0.5 (%)) using very
low pressure below 150 Torr with a 60ns (FWHM) e-
beam pulse (SPRITE). They obtained the required net
small signal gain in excess of 1% /cm readily at 0.1 atm
pressure. This experimental result strongly suggests the



246

possibility of the use of very thin window material to
reduce the nonlinear effect under very low pressure con-
dition (< 200 Torr) since the laser beam from the final
amplifier will be guided to the X-ray target chamber
through a vacuum pipe to preserve the beam quality.

In this paper, therefore, we have investigated short-
pulse (10ns FWHM) e-beam pumped low-pressure
(< 200 Torr) Kr/F, laser medium theoretically. The es-
timations of small-signal-gain coefficient and absorption
coefficient as a function of total pressure and current
density have been performed and a kinetic analysis has
also been made.

1. Modelling

The numerical procedure and rate constants used are
almost the same as reported by Kannari etal. [17] and
Lee etal. [18].

We have used 52 chemical reactions for the Kr/F;
mixture. Two assumptions have been made considering
the formation of the KrF upper state. First, the vibra-
tional relaxation of the excited KrF* state is dependent
on the two-body collisional rate with Kr gas using a rate
constant {17] of 5 x 107! ¢m?/s. Second, the B and C
states for KrF™ are treated as a single collisional mixing
state on the assumptions of a fast B-C mixing process
and negligible energy gap [19] of Ezg—Ec = 80cm™! and
only the low vibrational levels (v = 0, 1, 2) of the B state
are available for the laser transition. According to the
calculated emission rates from low vibrational states of
KrF*(B) [20], we have ignored the contribution of the
vibrational states over v = 3 whose spectrum is rela-
tively far apart from the center frequencies of v =0, 1, 2.
Even at a low total pressure of 30 Torr, the B-C mixing
speed is about 1.4 ns when using a Kr/F, mixture under
the assumption of a collisional mixing rate constant of
5 x 1071%cm?3/s for Kr [17]. The B-C mixing is still a
faster process than other collisional quenching processes
at a total pressure of 30 Torr without strong intra-cavity
laser intensity. However, if one regards this low-pressure
regime for a multipass amplifier, it must be considered
that the slow gain recovery time may be caused by the
slow vibrational relaxation time (about 20 ns for 30 Torr
Kr gas) and relatively slow B—C mixing rate due to the
decrease of Kr concentration.

The densities of the rare-gas ions and metastable
atoms were calculated by dividing the e-beam deposi-
tion energy by the W value [21] of 24.0¢eV /ion for Kr.

We also adopted an effective lifetime 7.5 for sponta-
neous emission of the KrF* (B, C), which is given by

1/7eg = Op/t8 + Oc/1C, (v

where g and t¢ are the spontaneous lifetimes of B and
C states, respectively. If the B-C mixing is very fast, the
Boltzmann distribution between both B and C states can
be assumed. The statistical weight factors 0 and 0¢ are
then determined by

0g = [1 + exp(—AE/kT)] !, )
Oc=1—0g, &)
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where T is the background gas temperature which
strongly depends on both the pumping rate and the gas
mixture/pressure while 4E = 80cm™! is the energy gap
of Eg—Ec. As mentioned above, if the rate of B-C mixing
is faster than that of the spontaneous radiative emission
and collisional relaxation, we can treat the upper state
of KrF*(B,C) as a steady-state equilibrium condition.
Consequently, the effective stimulated emission cross sec-
tion is to be approximately half the value for accessible
number density in KrF”*,

On the other hand, the precise muitilevel coherent
and incoherent interaction model [22] predicted that the
saturation energy and small-signal-gain are dependent
on the applied laser-pulse width. This is so even if a
much shorter pulse width is used than the KrF upper
level lifetime which is due to the repumping process of
the population in the higher vibrational levels and the
mismatching between applied pulse and gain spectrum
for the very short pulse regime (< 500fs). Although we
did not consider these effects in this study, it is necessary
to investigate the reduction processes in the very short
pulse regime experimentally.

The adjustment of collisional quenching rate con-
stants using effective radiative lifetimes was also per-
formed.

2. Results and Discussion

Figure1 shows a comparison of the net small signal
gain as a function of Kr partial pressure pumped by
a 60ns (FWHM) e-beam pulse by using the present
kinetic model with the experimental results reported by
the Rutherford group [16].
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Fig. 1. Comparison of the predicted net small-signal-gains with
the experimental results as a function of partial pressure of Kr.
The measured excitation rates [16] corresponding to the partial Kr
pressure are also shown. The F, concentration is kept at 0.5%.
The pulse width of e-beam is 60 ns FWHM. The solid curve is the
calculated result
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Fig. 2. Calculated peak small-signal-gain coefficient and absorption
coefficient versus operational pressure at a constant pump power of

200kW /cm®. The gas mixture is KrF/,=99.5/0.5 [%]. The pumping
pulse width is 10ns FWHM

Our numerical result shows good agreement with the
experimental result even in the low-pressure region down
to 30 Torr. Our model also predicts the disappearence of
net small signal gain below a total pressure of 30 Torr.
Possible explanations for this substantial decrease of net
small signal gain below a total pressure of 50 Torr are
that the formation rate in this low pressure region may
be reduced substantially due to the decrease of Kr and
F, number densities in which Kr is the third body in
the main formation process of ion-ion recombination
reaction (Kr*+F~+Kr—KrF*+Kr) at the low-pressure
regime and Kr is also the two-body collisional partner of
vibrational relaxation. As a result, the small-signal gain
decreases to almost the same value as the absorption of
0.12% /cm at the total pressure of 30 Torr. The absorption
coefficients in this pressure region from 30 to 76 Torr
are almost a constant value (0.12%/cm at 30 Torr and
0.15% /cm at 76 Torr) in contrast to the fast decrease of
small-signal gain.

As noted previously, a short pumping pulse (10ns
FWHM) operating condition is important for an ultra-
high-power (PW) amplifier system to improve the system
efficiency and the energy contrast ratio (amplified beam
intensity/ASE intensity) on the X-ray target. Therefore,
our theoretical results presented in the following sec-
tions of this paper are calculated under a 10ns (FWHM)
pumping condition. We only investigated Kr/F; gas mix-
tures for obtaining higher specific deposition energy in the
low-pressure regime because the e-beam stopping power
of Kr gas is a factor of 1.9 times larger than that of Ar
gas.
In the SIMBA KrF laser system [6], the driving e-
beam diode voltage for the final amplifier is to be 1 MV
with a pulsewidth of 10ns (FWHM). Figure 2 shows the
estimated small signal gain and absorption in a mixture
of Kr/F,=99.5/0.5[%] as a function of the total pres-
sure ranging from 50 to 300 Torr at a constant excitation
rate of 200kW /cm?. The excitation rate of 200kW /cm?3
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Fig. 3. Stopping powers of Ar and Kr gases as a function of electron
energy at pressures of 760 and 200 Torr estimated from the tables
of energy losses and ranges of electrons and positrons tabulated by
Berger and Seltzer [23]

for the low pressure Kr/F, mixture ranging from 50 to
200 Torr within the practical current density region (peak
current density of 70 A/cm? for 200 Torr and 280 A /cm?
for 50 Torr) is enough for obtaining the expected small-
signal gain of 1.5%/cm for the final amplifier of the
SIMBA KrF laser system. This limited value is esti-
mated from both the calculated stopping power as a
function of electron energy, as shown in Fig. 3, and the
conceptual design for the PAM [24] (Power Amplifier
Modules) of Los Alamos using 1 MV (20 A/cm?) e-beam
pumping scheme with total pressure of 585 Torr which
gives an excitation rate of 250kW /cm?. At the pressure
range between 100 and 200 Torr, the small-signal-gains
of 1.4-22%/cm are to be expected. Here, we used a
constant value of 0.5% ‘fluorine as a halogen donor for
our very low pressure regime. It is very important to
know the optimized fluorine concentration because it is a
very important factor in the KrF* formation and absorp-
tion process and the determination of secondary electron
number density in the low pressure regime. For a short
pulse (10ns) and low excitation rate (< 200kW/cm?)
pumping condition, since the fuel (F;) burn-up is ex-
pected to be a very small quantity, as will be discussed
in the following section, we just determined the opti-
mum F, concentration which gives the maximum ratio
of small-signal gain to absorption (go/w). Figure4 de-
picts the estimated small-signal gain, absorption, and the
ratios of small-signal gain to absorption (go/«) and non-
saturable absorption (go/oys) for various total pressure
(100-200 Torr) as a function of F, concentration at a
constant excitation rate of 200kW/cm?®. These values are
determined at the time of small-signal-gain peak. The
nonsaturable absorption is estimated by

Ons = 00— G0Ny, o+, ()

where o is the absorption (nonsaturable absorption
+ saturable absorption) and oy is the nonsaturable ab-
sorption, oy is the absorption cross section of KryF™ at
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Fig. 4. Calculated small-signal-gain coefficient and absorption co-
efficient versus F, concentration at various total pressures at a
constant excitation rate of 200 kW/cm?. Calculated gain-to-loss ra-

tio (go/«) and gain-to-nonsaturable loss ratio (go/oxs) as a function
of F» concentration are also shown

248 nm using the value [25] of 1.6 x 1018 cm? and Ny 5

is the number density. The peak values of gg/a and go/0ns
under short pulse (10ns FWHM) and constant pumping
rate (200kW/cm?) conditions lie at a F, concentration
of 0.5% for this low-pressure range (100-200 Torr). The
small-signal gain decreases faster than the absorption
below 0.5% F, due to the decrease of KrF* formation
rate. The ratios of go/a for both total pressures of 150
and 200 Torr are almost same value of 13.8 at 0.5% F»,
but the ratio of gg/ans for 200 Torr is increasing to 16.8
in contrast to 15.8 for 150 Torr. This increase is mainly
due to the increased formation of Kr,F* by three-body
collisional quenching process (KrF*+42Kr—Kr,F*+Kr)
at 200 Torr. Of course, there is another pathway to pro-
duce Kr,F* by the process [26] of K1r;= +F,—Kr,F*+F
which is a nonsaturable absorber. However, in the low-
pressure regime Kr,F* is expected to be produced pre-
dominantly by three-body collisional quenching of KrF*
because Kr* forms KrF* predominantly under the low
Kr density condition rather than Kr, which is formed by
Kr*+2Kr. We assumed all Kr,F* are to be a saturable
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N
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absorber. However, strictly speaking, the Kr,F* is not to
be a saturable absorber in the case of short-pulse am-
plification due to the long lifetime [26] of Kr,F* in the
order of 185 + 20ns. From this point of view the go/a
of 13.8 is more meaningful than the go/o,s of 16.8 at the
pressure of 200 Torr in the short-pulse (100 fs) amplifier
system SIMBA.

Figure 5 displays the temporal evolution of the small-
signal gain for various total pressures under the con-
ditions of constant excitation rate of 200kW/cm? with
a short-pulse (10ns FWHM) pumping scheme. At the
leading part of the small-signal-gain profile the decrease
of formation rate at lower-pressure regime gives rise to
a significant delay of peak gain appearance from the
peak time of pump pulse (e.g., delay time of about 30ns
for 100 Torr) due to the effects of slower three-body
ionic recombination reaction for KrF* formation and
the slower vibrational relaxation time at the lower Kr
gas density. These formation processes compete with the
electron quenching process during the pump pulse. Fig-
ure 6 shows the calculated temporal variation of the se-
lected species for Kr/F (99.5/0.5 [%], 200 Torr) medium
pumped by a 10ns (FWHM) e-beam pulse. The electron
number density decreases substantially down to 103 cm ™3
at the end of e-beam pump pulse which leads to a de-
crease of electron quenching so that it is negligible at
the tail of the small signal gain. As already shown in
Fig. 5, the temporal narrowing for higher-pressure regime
is mainly due to the increase of collisional quenching by
2Kr and F, and possible explanation for the slow de-
cay rate of small-signal gain at lower-pressure regime is
that the reactions such as Krt+F~+Kr—KrF*+Kr and
Kr*+F,—KrF*+F are continuing after the short pump
pulse due to the long lifetime of species like Kr* and Kr+.
In addition, the collisional quenching processes have no
significant effects on the latter decay part of small signal
gain at the total pressures below 100 Torr which leads to
a lifetime of KrF* that is close to its effective lifetime
defined in (1).

In the SIMBA system, the final amplifier will consist
of several pumped and unpumped regions. This config-
uration may cause change of the refractive index in the
laser amplifier medium due to the effects of F, burn-
up and difference of absorption, which lead to the de-
crease of amplified beam quality. However, the F» burn-
up is very small, less than 6% during the e-beam pulse
(Fig. 6) and the effect of Kr,F™* absorption is much lower

Fig. 5. Calculated temporal variations of the small-
signal-gain profile at various total pressures excited
by a 10ns (FWHM) e-beam pulse. The gas mixture
is Kr/F»=99.5/0.5 [%]. The excitation rate is kept
constant at 200 kW /cm®
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Fig. 6. Calculated temporal variations of selected species for KrF,

(99.5/0.5 [%]) medium pumped by a short pulse (10ns FWHM)
e-beam with an excitation rate of 200kW /cm?

than that expected in conventional atmospheric Kr/F,
mixture. This is what would be expected because the
low pressure below 200 Torr and the short-pulse (10ns
FWHM) e-beam scheme reduce the rate of dissociative
attachment and three-body collisional quenching. This
indicates that the problem of refractive index change in
the Kr/F, medium may be neglected in the condition of
low pressure and short pulse e-beam with low excitation
rate.

Figure 7 shows the estimated temporal variations of
formation (a), relaxation (b) and absorption (c} channels
under the same condition as in Fig. 6. The formation
through ion-ion recombination reactions are a dominant
channel (> 60%) in the time scale. The percentage con-
tribution of the neutral formation channel Kr*+F, in-
creases with time due to the long lifetime of Kr* and
the relative decrease of F~ density which also affects the
decrease of the absorption channel by F~. Absorption by
F~ and F, dominates over 80% of all absorption chan-
nels at the time of small-signal-gain peak. Increase of the
absorption by Kr,F* with time is just due to the rela-
tive decrease of F~ density deduced from the percentage
contribution of three body collisional quenching by 2Kr
which has an almost constant value of about 15%, as
shown in Fig. 7b.

For optimized operation of an e-beam pumped large
aperture low-pressure amplifier module, it is necessary to
know the current density dependence of gain. Figure8
shows the calculated small-signal gain as a function of
the total pressure (< 200 Torr) for current densities 20,
40, 70, and 140 A/cm?. Since electron number density is
proportional to the ratio of the ionization rate to the F,
density, the F, concentration is held at a constant fraction
of 0.5% in the calculation which gives constant electron
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number densities for the total pressure variations. This
is so because the excitation rate is simply in proportion
to the total pressure with the same mixture condition
under the same current density. Even at a current density
of 70A/cm? for the total pressure range from 150 to
200 Torr, a small-signal gain coefficient of > 1.5%/cm is
obtainable.

3. Conclusion

Very low pressure operation of a short pulse (10ns) e-
beam pumped KrF laser media using Kr/F, mixture was
studied theoretically because this new operational mode
can reduce the optical constraints on a large aperture
laser amplifier module in a PW (100J/100fs) laser sys-
tem as an X-ray target driver. The gas kinetics study
shows that a small-signal gain of > 1.5%/cm is obtain-
able with a high go/o of > 11 with the total gas pressure
ranging from 150 to 200 Torr pumped by a 10ns e-beam
with the pump rate of 200kW /cm®. In the low pressure
Kr/F, mixture with low pump power and short-pulse
operation regime, the code calculation predicts the elec-
tron quenching and the three-body collisional quenching
by 2Kr is of relatively minor importance. However, the
clectron quenching process competes with the relatively
slow KrF* formation process during the e-beam pulse.
The principal absorbers in this regime are F~ and F,.
This indicates that the increase of F, density in the low-
pressure regime causes apparently a corresponding in-
crease in absorption even though it has favorable effects,
such as reducing the electron quenching and increasing
the formation rate. Optimized F, concentration of 0.5%
in the low-pressure (< 200 Torr) Kr/F, mixture was esti-
mated by the value which gives the highest go/o.

These numerical results strongly suggest that this new
operational mode can be applied to a large module KrF
amplifier system such as the SIMBA to produce petawatt
(100J/100fs) laser pulses.
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