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Abstract. Spectral evolution of short pulses in off-axis KrF 1 Experiments
amplifiers is investigated both experimentally and theoretic-
ally. It is pointed out that the spectral features of the amplifiedrhe schematic view of the experimental arrangement used to
pulses are mainly determined by the initial chirp of the pulsestudy the influence of the input pulse parameters on the am-
and the SPM in the laser windows. plification process in a short-pulse KrF amplifier is shown in
Fig. 1. Frequency-doubled 497-nm, 500-fs positively chirped
pulses from a Szatami-type dye laser system [4] were used
PACS: 42.55G; 42.60D; 42.10 as an input in the experiments. After frequency-doubling in
a 03-mm-thick BBO crystal cut at 52the pulse was dir-
ected into a pulse compressor consisting of two Brewster-
angle fused silica prismsp(= 68.91°, n = 1.508 dn/d\ =
Recently, great effort has been made for the development5.57 x 10~*1/nm) set to minimum deviation to minimize
of high-intensity UV lasers yielding~ 10'°°W/cn? fo-  the reflection losses. Since the compressor has negative group
cused intensities at 248 nm [1-3]. The key element of suckielocity-dispersion (GVD) it introduces negative chirp pro-
lasers is the final UV amplifier boosting up the energy ofportional to the prism separation. Therefore the chirp of the
frequency-converted ultrashort seed pulses which are usualbged pulse could be continuously tuned from its initial pos-
generated in the visible or near-infrared spectral range [4]tive to large negative values with different settings of the
Excimers offer the possibility of efficient amplification of compressor length. The properly chirped pulses were fed
short UV pulses. Due to the different physical propertiesnto a 3-pass off-axis KrF amplifier [6]. The second channel
of excimers (smaller saturation energy and much shortesf a LambdaPhysik EMG 160MSC twin-tube excimer laser
relaxation times) compared to solid-state lasers the well deserved as an amplifier whose first channel was used for pump-
veloped, commonly used amplification schemes — such d@ng the dye laser system. The amplifier tube was modified
the CPA method — are not as efficient in excimer amplifor off-axis operation and was equipped wittB@&m-thick
fiers as in solid-state lasers [4] (however the CPA method
was successfully used in KrF amplifiers [2,5]). For this
reason an alternative technique, the so-called off-axis anm

plification scheme was introduced which matches the ope/;@
<

KrF amplifier

ational conditions of such amplifiers to the sharp theoretice_|
optimum [6].

Although the gain bandwidth of excimers is significantly
narrower than that of dyes or some solid-state crystals
still allows the amplification of subpicosecond pulses. This | f~> = _-=_- SHG
is why the spectral broadening effects — keeping the timejQ H

bandwidth product at the theoretical limit — have pronounce
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importance in excimer amplifiers. In this paper we investi-

gate the different processes influencing the output pulse spe XeCl excimer-pumped - oo

trum in KrF amplifiers. We show a way how to use these Y g I
processes to reach the maximum bandwidth at the outpt delay

WhiCh is a necessary condition to reach the minimum pulsgig 1. Experimental layout (SHG: second-harmonic generation, PC: fast
duration. photocell, OSC: 1 GHz oscilloscope, SP: spectrograph, AC: autocorrelator)
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Fig.2. Pulse durations measured after the UV amplifier as a functiony,
of the compressor length. The calculated chirp of the input p'.w is -% 0.4
equal to —23802, —7934, 15868 and 31736%sat the A, B, Cand D g
positions respectively o 029
;
0,0
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Cak, windows. The length and the width of the discharge Wavelength [nm]
were 45cm and @ cm, respectively [6] while the separa- 13 N

tion of the windows was approximately B&m. The mod- \'
ule was filled with a standard KrF gas mixture (6 mbar F
150 mbar Kr in He buffer to a total pressure of4dar).
The off-axis angles were 1.3, 2.0, 2.6 degrees, respectiveg °°}
for the subsequent passes. The divergence of the beam wg
chosen to fill the full aperture of the amplifier at the end%
of the third pass. The energy of the input pulse was ape
proximately 7.J. Proper timing of the short pulse with re-
spect to the gain at different compressor lengths was adjuste 51, - S ,
by a variable delay line just before the frequency-converte 2475 2480 2485 2490 2495 2500
crystal and monitored by a fast photodiode after the am Wavelength [nm]

plifier. The duration of the amplified pulses was measuret '3 Y Pos D
by a multiple-shot UV autocorrelator [7] at different set- 3

tings of the compressor. The results are shown in Fig. 2%‘
which are derived by assuming Gaussian pulse shape f§
the deconvolution of the autocorrelation traces. The miniE
mum pulse duration was reached @& 139 cm compressor 2 4]
length. The output spectra were recorded by a breadboas
spectrograph of 1 m focal length using a 36Q&hgn holo-
graphic grating in a first-order Littrow configuration resulting
in 0.2484 nnYymm linear dispersion and.@5 nm spectral 0.0
resolution.

QUtpUt SpECt-ra were recorded fpr diﬁ-erem Compressorig. 3. Measured output spectra recorded at the signed positions of the com-
settmgg . .reSUItmg in differently c_hlrped input pulses — a‘iressor corresponding to Fig. 2. (Tdetted line is the input, thesolid line
shown in Fig. 3. In all cases the UV input spectrum was tuneg the output spectrum)
to the peak of the amplified spontaneous emission (ASE)
which is regarded as the center of the gain profile of the am-
plifying medium. A significant change in the shape of the — Gain saturation changes the pulse shape by boosting up
output spectrum can be observed depending on the initial theleading edge with respect to the later parts of the pulse;
chirp introduced by the compressor while having the opera-— The non-uniform gain profile of KrF [8] leads to spectral
tional conditions of the amplifier unchanged. narrowing and modulation;

— The intensity-dependent refractive index of the amplifier
window material results in Kerr-type self-phase modula-
2 Theory tion (SPM);
— The GVD can broaden the temporal pulse profile;
There are different mechanisms assumed to have influence or The refractive index of the gain medium in excited and
the pulse propagation through a KrF amplifier. The most im-  ground states is slightly different (because the material is
portant are: also different, KrF and Kr + F, respectively), leading to
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a phase change which is proportional to the fluence ofmaterials are written by
the pulse and therefore causes a cumulative SPM of the
pulse.

oo
In order to see how the last effect causes SPM letus cone 9 _ 1o —go(w)c 1 do/
sider the overall refractive index of the gain material. Since 2 T 20/ w—ao
the amplifying medium is a highly excited dense plasma gen- —

erated by electronic discharge, the refractive index has contri- x

. . c (24
butions from ground as well as excited states, free electrons =—Nog—P / &dw/, (5)
and ions in different ionization states. The index change dur- 2 ¢ (@—af)
ing the light pulse which leads to SPM depends only on the o
population change of the ground and excited state. Therefore 1 1 P a(@)e 1 ,
the overall refractive index of the gain material can be exM1(@) —1= T 20 —o
pressed by o0

[ oa@)
. Na(t) No() N2 (t) =N iP/ _ 8% 4o ~ const 6
nt)y=n*+n; No +n NG =n*+n;+(N2—ny) N 05— o @ . (6)
—o0

1)

where N; and N, are the numbers of molecules in the whereog(w) is the emission cross section of excited ma-
ground and excited statedly = N; + N, is the total num- terial (KrF*), a(w) andoa(w) are the absorption coefficient
ber of molecules anah* is the index contribution which and the absorption cross section of ground-state material
is not influenced by the light pulse. The refractive indices(Kr +F2), c is the speed of light in vacuum arfd stands

of Np molecules in the ground and excited states are ddor the principal value integral. Since the non-excited ma-
noted byn; and n,, respectively. If all molecules are ex- terial does not have resonance near the amplification wave-
cited before the pulse enters the amplifier, the ratidNgit) ~ length, n; is approximately constant. From (5) and (6)
and Ng is equal to the ratio of the effective gain coefficientone gets the following expression for the refractive index
g(t) and the small-signal gain coefficiegs. Thus the phase difference:

change of the pulse travelling through the medium of lemgth

is 00
c o () + oa(e)
20 [ ot A = —Nog P [ P e
p(t) = X-()' n*+ng+ (N2 — nl)g— =got+Ap®). (2 e
[0]
o0
. . c ox (@) ,
Heregq represents the constant phase shift of the medium ~—|Nog=P [ ————do/+n1 | . @)
in the ground state. In the case of rate equation approximation 2m ¢ (0—a)
(REA) and much shorter pulse durations than the relaxation
time of the excited molecules (see for example [9]) the second
term can be expressed by There is a close connection between (7) and the expres-
sion of the refractive index change due to saturation in dye
2 1 t amplifiers [12,13]. In our notation (2) of [12] has the form
Ap(t) = i An exp| —— / [(t)dt' |, @3) Of
A0 Esat
—00

< /°° oe(ef) +0a(@) |

whereAn =ny —ny, Ag is the central wavelength of the pulse An(w) = —Ng " 5 o', (8)
w(Ww—w

in vacuum,Eg4 is the saturation energy density of the gain, 2
andl(t) is the light intensity. Note that the expression for the

phase variation due to carrier-induced index change in semi-

conductor lasers [10] has the same form as (3) with the asvherese(w) ando,(w) are the emission and absorption cross
sumption of infinitely large spontaneous carrier lifetime andsections of the dye molecule. The only difference between

—00

the notation of (7) and (8) is that in laser dyes (8) the emission and absorp-

tion term in the refractive index change comes from the same
_ 2t An molecule whereas in excimers (7) the two terms belong to
a=2X , 4 ; L
A0 Qo different molecules yielding nonzero values sh far from

resonance.

where« is the linewidth enhancement factor (see also (3) The short-pulse KrF amplifier is modeled by the propa-

in [11]). gation equation (similar to the one used in [9]) which ac-

It is well known that the real and imaginary parts of counts for most of the above-listed effects, although the dis-
the complex refractive index — thus the refractive index angbersion of the gain profile and afn are neglected. Using
the gain or absorption coefficient — are connected by théhe slowly varying envelope approximation (SVEA), rate
Kramers-Kronig (KK) relations. With the use of KK rela- equation approximation (REA) and local coordinates with
tions the refractive indices of pure excited and ground-statplane wave solution the propagation equation can be written
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as
d0A(t, 2)
0z
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equation in the other positions, wheré%)

—39.67f/mm, | is the compressor length aﬂdcfg]pthe
compressor length of optimal compression. The calculated
chirp parameters are indicated in the caption of Fig. 2. There-
fore the complex spectral envelopéw) = |A(w)| expid(w)]
of the input pulse and\(t, z) after the inverse Fourier trans-
formation is fully determined.

In the calculations GVD and SPM caused by the Kerr-
type nonlinearity of the amplifying medium can be neglected

t
Xexp[___ / | A, z)lzdt/}A(t, 2, 9

and only the saturated gain and the cumulative phase effects
wheren is the linear refractive index,is the permittivity and  were considered. This is a good approximation because the
N, is the nonlinear refractive index of the mediuM(t, z) is  noble-gas gain material has low dispersion and nonlineari-
the complex envelope of the electric field: ties. For the propagation in the amplifier windows both SPM
1 and GVD of the material (CalF were considered. The phys-
E(t, 20 = ZA(t, 2expi(wt —kz)] +cc. (10) ical parameters used in the calculations are listed in Table 1.
2 For the determination of the energy densities the beam diam-
The second term of the left side of (9) accounts for thesters were measured before and after the subsequent passes
material GVD, the first term of the right-hand side describesand the beam diameters were interpolated at the other planes.
the effect of the Kerr-type nonlinearity and the last term oriThe output energies given by the simulation were used for the
the right corresponds to the saturated amplification with thealculation of the input energy density of the next medium.
cumulative self-phase modulation. Since in our case the pulsgince both the beam diameter and the input energy were small
durations are well above 100fs, the time period of the oscil{less than 1 mm ane: 7 uJ) before the amplifier, the meas-
lation at the central wavelength is83 fs whereas the time ured values were not accurate enough to give precise data
period of the Rabi oscillation is in the order of 100 fs [14], for the input energy density of the first pass. For these rea-
therefore the use of SVEA and REA is realistic. sons the input energy density was varied within a factor of
2 to give realistic energy values at the end of the amplifi-
. cation chain. The thickness of the amplifier windows was
3 Calculations chosen 50% larger in the calculation than in the experiments
in order to get the experimentally observed spectral broad-
‘ening. The reason for the considerable difference can be ex-
lained by the inhomogeneity of the beam profile. Since most
the energy delivered by the laser beam is concentrated
hot spots, the effective area of the nonlinear interaction
decreases considerably leading to higher effective intensity.
This was taken into account by considering a longer inter-
“action length. The refractive index difference between the
xcited and non-excited active medium was used as a fitting

Equation (9) was solved numerically by a symmetrized split
step algorithm [15, 16] for a 3-pass off-axis KrF amplifier
accounting for the successive amplification passes and for t
propagation in the amplifier windows before and after eacri1n
pass.
Proper choice of the electric field envelopé, z) of the

input pulse is very important for the calculations. The con
struction of the input electric field envelope was done in th

spectral domain as follows: an asymmetric Gaussian profiIBarameter
of the form of :
2

Ioexp[—4ln 2<%) } if A <o
) = 2 (11) Tablel. Physical parameters

Ioexp[—4ln 2<%) } if A> Ao

2 Gain medium
was fitted to the measured input spectrum-£ 24837 nm, smal-signal gain coeflicieni) 0.19 e ”
Ak =0.23 nm’A)”z.: 0.45 nm) and the square root o) non—satgrateg absorption coefficieny ( 0:019 et [6]
served for the amplitude of the spectral envelppe)|. saturation energy densitE¢x) 2.1 mycn? 6]
The chirp of the input pulse before the compressor dugefractive index differencesn) 1.98% 10-7*

to the saturated amplifiers and absorbers of the dye lasedffective length in ¥ pass I;) 26.45 cni*
system is assumed to be purely linear. This does not hold thoreffective length in 2 pass k) 17.19 cm*
oughly but it is still a reasonable approximation of the actualeffective length in 8 pass k) 1323 cnt*
chirp. Furthermore it was also assumed that the initial chirp Window material
was completely compensated by the compressor in the case
of minimum measured pulse duration. Therefore the spectratonlinear refractive indexy)** 1.92x 10~ en?/W [17]
phase®(w) of the input pulse is exclusively determined by GvD paramete 35_5 1455 £ /mmmss

the compressor settings: it is constant zero in the compresse;g1gth 0

e 1.2cm
position and can be calculated by the

2 2 * This value corresponds t& 3.1% of the refractive index of 12 mbar Kr
@ _ 109 2 _ 1/9% I~ 2 + 6 mbar k gas mixture [18].
(w) = 2 @(a) —wo)” = "o\ 502 (I =lo) (@ — wo) ** Calculated from the discharge dimensions and the applied off-axis angles.
comp Ny = Ly Notar = N+ N2(E2(D)T =n+ 1)
(12) % Calculated from the dispersion formula given in [19]
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4 Discussion 03
"0 Pos A
The calculated spectra and pulse shapes for different initiz%’ 0.8
chirp parameters are shown in Figs. 4 and 5 and the mo§
important calculated parameters are listed in Table 2. ThE *%}
calculated spectral profiles are in good agreement with the e;S 043
perimentally recorded ones (Fig. 3.). The similarity is remark-S
ably good if we consider that the complex envelope functiore o1
of the input pulse was not known exactly and the spectre -
effects of the finite gain bandwidth were not taken into ac-  °9; S
count. The main feature of the output spectra seen on bo Time [fs]
Figs. 3. and 4. is the significant asymmetric spectral broac | .
ening in the case of positively chirped input pulse and the Pos B
2 o8]
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Fig.5. Calculated pulse shapes (THetted line is the input, thesolid line
0,03 < . " . . is the output pulse shape. Asymmetric Seghilse shape determined by
2475 2480 2485 2490 2495 2500 Le Blanc et al. [20] is indicated by dashed line at position A)
Wavelength [nm)]
1,04 .
Pos D spectral narrowing when the input had negative initial chirp.
2 06 The calculations with different sets of parameters show that
2 the Kerr-type SPM in the window material has the major in-
2 o084 fluence on the spectral properties of the output pulse. This
?), is demonstrated in Fig. 6, where only the SPM of the laser
£ 04 windows was taken into account resulting in the same overall
g 02 nonlinear phase shift (the so-called B-integral, see Table 2) as
’ in the calculation using (9).
0.0 There are two possible interpretations of the observed

2475 2480 2485 2490 2495  250,0
Wavelength [nm]

asymmetric spectral broadening effect. According to the first
one the time-dependent frequency-shift due to SPM adds to

Fig. 4. Calculated output spectra (The notations are the same as in Fig. 3)a positive initial chirp resulting in much more pronounced
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— i 1,04

Table2. Calculated parameter&gy: = 11.94 mJ in all cases) Pos A

Pulse duration (FWHM) Overall 2 083

input output B-integral @

L o064
Pos A 352fs 432fs 161 =
Pos B 275fs 320fs 211 S o4
Pos C 305fs 342fs 186 w©
Pos D 406 fs 426fs 147 2 .1
*B:max% fé yI(t, 2)dz 00d o . . .
2475 248,0 2485 2490 2495 250,0

broadening than for a transform-limited pulse. On the othe 1.9 ¢ Pos B
hand the frequency modulation introduced by SPM can car ]
cel a negative initial chirp which leads to spectral narrow-.;‘, 083
ing [21]. The other possible explanation is that the SPM oig
an asymmetric pulse leads to the observed asymmetric spec
tral broadening: the broadening on the long wavelength sidg ,
which is governed by the steeper leading edge is larger thez

the broadening on the blue side influenced by the falling edgg .21
of the pulse [22]. The narrowing effect observed at position:

C and D, however, cannot be interpreted this way since SPI 00
alone always leads to spectral broadening. Only the interpla
of the initial chirp and the counteracting SPM can explain
the experimentally observed dependence of the broadenir
on the initial chirp.

The SPM due to the different refractive index of the ex-|
cited and non-excited gain material results in a spectral shig os]
and an asymmetric broadening towards shorter Wavelength:‘:>
(Its effect can be seen for example in Fig. 3 of [10]. In our2 o043
caseaequivalent= 0.53.) In KrF amplifiers this effect is less
pronounced than the Kerr-type SPM, however the spectr& ©°23
shape of the output pulses are determined by the linear cor . -
bination of the SPMs from different origins. The GVD in the 2475 2480 2485 2480 2495 2500
window material plays a passive role in the spectral evolu Wavelength [nm]
tion of the pulse since its only influence is to decrease th
energy density via pulse broadening resulting in a lower leve
of SPM. > 05

Although the present paper concentrates on the spectra
properties of the amplification process, it is also interesting HS o6
see the calculated temporal pulse shapes which are displayﬁ
in Fig. 5. There the input and output temporal profiles are dez2 044
noted by dotted and solid lines, respectively. Although theg
shape of the input pulses varies considerably with the con®
pressor length (it is asymmetric with steeper leading edg E . o
at position A, almost symmetric at B and asymmetric with ~ ""5a7s  zss0  zens | zeeo 2485 2500
steeper falling edge at C and D), the shape of the output puls Wavelength [nm)]

IS ?‘!W&ys asymmetrlc with sharp Ieadlng, and gently ,SIOpmg:ig. 6. Output spectra calculated with only Kerr-type SPM in windows
trailing edges mainly due to the saturation of the gain. Theaken into account. (The notations are the same as in Fig. 3)

calculated output pulse durations (Table 2) are all shorter by

a factor of~ 1.2 than the ones derived from the autocorre-

lation measurements which also indicates that the symmetial GVD and the chirping effect of the SPM. The minimum
rical Gaussian pulse profile is not the most adequate choiqaulse durations that can be achieved by a quadratic pulse
for the deconvolution of the autocorrelation traces. It is in-compressor after the amplifier are also calculated yielding
teresting to compare these pulse shapes to that determing8l6 fs, 115 fs, 213 fs and 312 fs which means 2.77,2.78, 1.61
by Le Blanc et al. [20] from numerical fitting of a single- and 1.36 compression ratio at positions A, B, C and D, re-
shot phase-sensitive autocorrelation trace of the output pulspectively. Note that further increase of the bandwidth and
(indicated at position A of Fig. 5 by dashed line). Our cal-decrease of the minimum pulse duration can be achieved by
culations show a pulse shape with similar leading edge butining the input pulse to the shorter wavelength side of the
less pronounced tail at position A in which the input pa-gain profile. The minimum pulse duration routinely achieved
rameters were close to those used in [20]. The output pulsésy compression after amplification is below 100 fs meas-
have considerable amount of positive chirp due to the matatred by autocorrelation technique with the assumption of

2475 2480 2485 2490 2495 2500
Wavelength [nm]

Pos C

nsity

ela

0,0

Pos D

0,2




a Gaussian profile. In conclusion it is found that the spec- 5.
tral broadening due to SPM can greatly be influenced by
proper choice of the input chirp parameter. A moderate pos-:
itive chirp leads to spectral broadening whereas a negativeg’
input chirp decreases the bandwidth. This effect has ma-
jor importance in optimizing short-pulse KrF amplifiers for
the maximum achievable bandwidth for minimum final pulse
duration.
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