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Abstract. In a large-apertureKrF laser amplifier, steady-state
gain is heavily reduced by intra-cavity amplified spontaneous
emission (ASE). However, the reduced gain can be transiently
enhanced by temporally suppressing the ASE with an intense
depleting short pulse. Previously, we reported the experimen-
tal observation of this transient gain enhancement and numer-
ical calculations to explain the experimental results. However,
a discrepancy was noticed between the experimental results
and the calculated values, which was due to the neglect of
the propagation time of laterally traveling ASE. In this paper,
we present a novel time-dependent ASE code incorporating
the lateral-ASE transit time and report the calculation results
using the developed ASE code. The calculated values agreed
with the experimental results.

PACS: 42.60

In a large-apertureKrF laser amplifier, steady-state gain is
heavily depleted by intra-cavity amplified spontaneous emis-
sion (ASE). However, the depleted gain can be transiently
enhanced by temporally suppressing the ASE by using a sat-
urated depleting short pulse. In our previous experiments of
amplifying 10-ps pulses in a29-cm-diameterKrF amplifier,
we observed a transient gain higher than that under constant
ASE conditions [1], and thus experimentally confirmed the
transient gain enhancement.

In order to explain the observed gain enhancement, we
also performed a numerical calculation of the transient ASE
and gain performances by using a one dimensional (1D) time-
dependent ASE code [2]. The calculations produced a tran-
siently enhanced gain and thus confirmed the observed phe-
nomena qualitatively. However, there was a non-negligible
discrepancy between the experimental results and the calcu-
lated values for the inter-pulse separations of less than2 ns.
It was due to the neglect of the propagation time of laterally
traveling ASE photons in the calculation code.

In order to explain the experimental values, we developed
a novel time-dependent ASE code modified from our previ-

ous one. This code deals with both axial and radial propa-
gation times of ASE photons by assuming a simple ASE
model. Also, reflection of ASE photons at the side wall in
the laser cavity is incorporated as performed in the other ASE
models [3, 4]. By using this ASE model, the experimental re-
sults are explained very well.

Initially, the modified time-dependent ASE code is briefly
explained. Then the calculation results are compared with the
experimental results of the two10-pspulse amplifications. Fi-
nally, the lateral ASE behavior is discussed in terms of its
intensity and propagation time in the laser cavity.

1 ASE calculation

Some of the features of our new ASE code are described. It
is essentially a 1D time-dependent ASE code that is modified
from our previous model [2]. However, it can deal with the
propagation times of laterally as well as axially traveling ASE
photons in the cavity.

Fig. 1. Geometry used for the ASE calculation in a double-pass amplifier.
The spontaneous emission sourcesS1 to S3 are assumed to have the form
of an annulus. An observation point on the axis is shown asP
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The geometry used for the ASE calculation is shown in
Fig. 1. As in our previous code, the radial gain distribution is
assumed to be uniform, and the intra-cavity ASE is treated as
an energy fluence occupying each time step (dt = 33.3 ps) or
amplifier segment (dz= 1 cm). The difference of the present
model from our previous one is that spontaneous-emission
sources depicted asSi (i = 1,2,3) in Fig. 1 are expressed in
the form of an annulus of thickness dz. FromS1, for example,
emitted photons are transmitted along the conical surface
making an angleθ to the axis, and the intensity is amplified to
an observation pointP having an elemental area on the axis.
Also, the present code takes account of reflection of ASE at
the side wall or foil surface. In this code, only the ASE pho-
tons that are reflected once are taken into account. Also the
effective reflectance at the wall or foil surface is assumed to
be 50% and no isotropic scattering is considered. FromS2,
the emitted photons are reflected at the side wall and the ASE
intensity reachingP from S2 is reduced by the reflectance
value. In the case ofS3, emitted photons are reflected by both
the side wall and the rear mirror.

The ASE fluence reachingP from Si is derived by modi-
fying our previous equation and expressed as dΦ normalized
relative to the saturation energy densityEs given by

dΦ(zp, tp)= g(zi , ti )
dt

τu
A dzdΩ G . (1)

Here, dΦ(zp, tp) is the value atP at a timetp, andg(zi , ti ) is
the local gain coefficient atSi at a timeti . The upper-state life-
time is expressed asτu, andA contains the factors related to
the lifetimes and bandwidths (see [5] for details). dΩ is the
solid angle subtended by the annular areaSi as seen fromP.
G is the gain betweenSi andP calculated with the local gains
and times along the line with the angleθ. For each position of
P, the angular position ofSi is changed by scanningθ from 0
to π/2 with an increment ofπ/62. Also for eachθ, the axial
position ofSi is incremented by dz until Si hits the longitudi-
nal end of the gain region or the radial limit increased due to
the side-wall reflection. The ASE contributions are summed
to get the total ASE intensity and the depleted gain atP.

In parallel with the ASE calculation atP(zp, tp), amplifi-
cation of two consecutive short pulses is performed if pulses
exist at P. As conducted in [2], we calculated short-pulse
amplifications under the following two ASE conditions, 1)
steady-state ASE conditions, which is experimentally real-
ized in a small-aperture beam path in a large-aperture cav-
ity (small-aperture amplification), and 2) temporally chang-
ing ASE conditions, which is experienced by the beams
fully covering the large-aperture gain medium (large-aperture
amplification).

In the calculations to explain the experimental results
using the29-cm aperture amplifier [1], small-signal gain
coefficient g0 = 8 %/cm and gain-to-loss ratiog0/α = 10
(α : non-saturable absorption) are assumed. The calculated
results are shown in Fig. 2 with the experimental values of
the large-aperture amplification. The calculated fluences of
the large-aperture output beams agreed with the experimen-
tal values within the experimental shot-to-shot fluctuations.
Also in order to examine the possibility of a higher tran-
sient gain, we performed a calculation for a gain coefficient
of g0 = 16%/cm, which is twice as high as in the29-cm
aperture amplifier [6]. The result is shown in Fig. 3 for both

Fig. 2. Calculated and measured output fluences as a function of pulse sepa-
ration.Brokenandsolid linesrepresent calculations for the first and second
pulses, respectively. Theheavy linesrefer to the large-aperture amplifica-
tion, andfine lines to the small-aperture amplification. In the calculation,
small-signal gain coefficientg0 = 8 %/cm, gain-to-loss ratiog0/α = 10
(α : non-saturable absorption), and input fluences of 0.1Esat for both the
first and second pulses are assumed. The other amplifier parameters for the
calculation are shown in [2]. Measured fluences are shown asopen circles
and solid dots for the first and second pulses, respectively. Experimental
points are from [1]

Fig. 3. Calculated output fluences for a higher gain coefficient,g0 =
16%/cm, which is twice as high as in the29-cm aperture amplifier. Other
parameters and notations as in [2] and Fig. 2

the large-aperture and small-aperture beams. A transient gain
higher than the steady-state value is noticed at the pulse sepa-
ration of around1.5 ns.

2 Discussion

Based upon the agreement between the calculated values and
the experimental results, the intensity and propagation time of
the lateral ASE are discussed.

In our previous short-pulse calculations, the calculated
second-pulse output fluences were smaller than the experi-
mental values for the pulse separations of less than2 ns. This
was due to the neglect of the lateral-ASE transit time re-
sulting in an underestimation of the gain values [2]. In the
present calculations, however, the agreement is found be-
tween the experiment and calculation as seen in Fig. 2. The
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increased estimation of the gain values is considered to be
due to the side-wall reflection model. In this model, the in-
tensity of the lateral ASE reflected at the wall is comparable
to that of the non-reflected components. On the other hand,
the axial ASE components are not as increased in this model,
since the beam size of the double-passed ASE is restricted
by the amplifier aperture when they are transmitted via the
rear mirror. Thus only the lateral-ASE components are es-
timated to be larger than before. Here, the increase in the
ASE intensity due to the reflection is approximately0.2 times
the saturation intensityIs, and thus the change in the gain
coefficient is around0.6%/cm, which is within the experi-
mental fluctuations. Thus the calculated gain values are con-
sistent with those previously observed or calculated under
the steady-state conditions [1, 5]. In conclusion, the agree-
ment is brought about by the larger estimation of the lateral-
ASE intensity and the transient suppression of those ASE
photons.

In the present ASE model, the lateral transit time is also
increased to a larger value than in our previous code due to
the reflection at the side wall. In the amplifier considered, the
propagation of the photons from the side wall to the axis is
0.5 ns. But the maximum propagation time in the radial direc-
tion is increased to1.5 nsfor the reflected ASE photons. As
seen in Figs. 2 and 3, a transiently enhanced gain appears in
the region of1.5–2 ns. Thus the delay times of the measured
or predicted gain enhancement are explained by the propaga-
tion time in this region.

As discussed previously, a larger transient gain is ex-
pected in a larger-aperture amplifier with a higher gain co-
efficient. It is due to a longer delay time for the lateral ASE
and a faster rate of increase in the recovering gain [1]. This
situation is considered to be realized in Fig. 3 for a gain coef-
ficient of16%/cm. Whereas the amplifier aperture is limited
to 30 cmin diameter, the enhanced gain is also considered to
be due to the increased propagation time along the radius by
the side-wall reflection.

In this ASE reflection model, some assumptions are made
such as the reflectance value and number of reflections, while
no consideration is given to scattering. In the real ampli-
fier, in contrast, the wall reflectance will be smaller than the
presently assumed value, and ASE photons will be reflected
many times when they travel in the radial direction. Also,
ASE photons will be isotropically scattered at the wall or foil
surface. From the above results, however, the present reflec-
tion model can explain the experiment to a high degree. In
other words, the real reflection conditions could be approxi-
mated by using the present ASE model to asses the transient
gain enhancement in a large-aperture amplifier.

3 Summary

We have presented a time-dependent ASE code for short-
pulse amplification in a large-apertureKrF laser amplifier.
This 1D ASE code takes account of propagation times of
laterally as well as axially traveling ASE photons and the re-
flection at the side wall in the laser cavity. The experimental
results of10-pspulse amplification are explained by the cal-
culations using this ASE model. The substantial suppression
of the lateral ASE is found to be essential for the transient
gain enhancement in terms of its intensity and propagation
time.
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