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Abstract. Pulses oR5-fs duration from aTi:sapphire multi- namely ¢”(wp), commonly referred to as group delay dis-
pass amplifier system have been temporally characterizggersion (GDD), can be precisely compensated, whereas re-
over a high dynamic range with autocorrelation based on thirdidual higher-order contributions, such as third-order disper-
harmonic generation. The investigated high-order-dispersiorsion (TOD)¢" (wp), tend to distort the temporal shape of the
controlled kHz system produces millijoule-ener@pb-fs  amplified recompressed pulse. Héi@) is the overall phase
pulses with a symmetric intensity envelope which decreasegelay introduced by the system admglis the center frequency

by five orders of magnitude at a delay 80fs The low- of the amplified femtosecond pulses.

intensity wings of the pulse result from residual dispersion Several devices including Pockels cells [6], saturable ab-
of fifth and higher order. Further steepening of the leadingorbers [7], and specifically designed pulse cleaners [8] have
edge of these high-contrast femtosecond pulses over a digeen used to improve the contrast of high-energy subpicosec-
namic range of five orders of magnitude has been achieved mnd pulses generated by CPA systems. More recently, im-
introducing appropriate amount of third-order dispersion withproved high-order dispersion control resulted in the gener-

specially designed chirped multilayer mirrors. ation of 32-fs, 25 TW pulses with an intensity contrast of
better than 10° [9]. In this paper, we demonstrate thae-
PACS: 42.65.Re cise control of third-order dispersion allows steepening of the

leading edge of high-contragb-fs femtosecond pulses over

. . . . ._a high dynamic rangelntense pulses with a steep leading
Laser-matter interactions at intensity levels exceedingyge may benefit several applications in high-field physics.
10" W/cn call for intense ultrashort pulses with a nearly o key to controlling the leading edge @0-fs-scale pulses
exponentlal'lnten&ty envelope over several orders of mags,er many orders of magnitude is a precise dispersion con-
nitude, particularly on the leading edge of the pulse. They| yp 0 and including fourth order, i.e. controllig (wo),

high intensity contrast is required to prevent the formatio " (wo), and¢"” (wo), in the system. In this communication
of a plasma in an uncontrolled manner before the peak Qfe gemonstrate, as a result of this capability, the generation
the pulse impinges on the target [1]. Even though oscilys 1 5.m3 255, kHz-repetition-rate laser pulses, whose in-
lators can now produce high-contrast femtosecond pulS§gpsity increases by five orders of magnitude within a time
[2-4], chirped-pulse amplifiers (CPA) [5] tend to generat€iyierya| as short a300 fsand a reduction of this “rise time” to
high-energy laser pulses with a pedestal-like background exasg tharpo0 fshy nearly loss-free reflection of the pulses off
tending over a timescale orders of magnitude longer thaghihed dielectric mirrors exhibiting nonzero TOD. Introduc-
the FWHM (full width at half maximum of the intensity j,q 5 ell-controlled amount of broadband TOD can steepen
envelope) duration of the pulse. This temporally extendeg,g emporal pedestal caused by spectral phase errors in the
background co-propagating with the intense amplified pU|S€vings of the amplified pulse spectrum.

is a consequence of the fact that usually only the lowest-order 1,o Ti:sapphire Ti:S) oscillator—amplifier system char-
contribution to the frequency-dependent group delay of the terized in this work is shown in Fig. 1. It is an improved

system version of the system described in detail in [10]. The previ-
do ously demonstrated 8-pass confogalS amplifier has been
Tg(w) = — = ¢'(wo) + ¢" (wo) (w — wo) modified to accommodate a 9th pass with a slightly expanded
deo 1 beam for efficient gain saturation across the entire pumped
+ Z¢" (wo) (0 — wp)? volume. This improved amplifier seeded with a MDC sub-
% 10fs TiS oscillator (FemtoSource Pro, FemtoLasers GmbH)
Lo 3 is capable of boosting the pulse energy u2tmJand rou-
* 6¢ (@o)(@ = o) ... @ tinely generates pulses of aroudds mJ on a day-to-day
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Fig. 1. Schematic of the laser system.
FI1, FI2, Faraday isolators; CM1-2,
chirped mirrors for cubic and quar-
tic phase control; PC, Pockels cell; B,
Berek’s (polarization) controller; P, Po-
larizer; R, reflector for the residual pump
beam transmitted through the amplifier
crystal; P1-4, Brewster-angled fused sil-
ica prisms

SF 57

9-pass amplifier CM1-2

basis when pumped witke 12-mJ pulses from a cw-lamp- the order of 1 radian. Kane et al. [13] have shown that the
pumped Q-switched intracavity-frequency-doubMdiYLF  effect of SPM acting on a strongly chirped pulse is to im-
laser (Model 621D, Thomson CSF Laser) afl &Hz rep-  part afrequency-dependephase and, consequently, can be
etition rate. Pulse stretching before amplification is accomedispersively compensated. As a matter of fact, our disper-
plished by a comparatively small amount of dispersion insion control up to fourth order is capable of compensating the
troduced by alO-cm-long block of heavy flintglass (SF 57,
Schott) and other system components (e.g. Faraday isola-
tors, Pockels cell, and polarizers) to a duratiorro20 ps 1 - 7 3
allowing compression by a high-throughput 90%) dis- X
persive delay line consisting of Brewster-angled fused silica a
prisms [10]. Pulses at thekHz repetition rate of the pump
laser are selected after the f8 MHz train delivered by the =
oscillator has been passed four times through the amplifieE>
As a consequence, the Pockels cell also suppresses amplifig?‘,d
spontaneous emission (ASE) emerging from the preamplifi5
cation process, resulting in an ASE-to-amplified-pulse energg
contrast of better than 2 10~° [10]. Broadband phase con-
trol up to fourth order is accomplished with special chirped
mirrors exhibiting positive third-order and fourth-order dis-
persion [10]. The group delay error can be kept be®fs 0
over the wavelength rang&0-850 nmwith these mirrors. 700
For a complete, amplitude and chirp, characterization
of the output over a limited dynamic range: (0?), we
have used a frequency-resolved optical gating (FROG) [11]
based on noncollinear second-harmonic generation (SHG) in 1 F
a25umBBO crystal. The adverse effects of temporal smear-
ing due to the finite beam size in the noncollinear configura- b
tion [12] and the finite phase matching bandwidth have beers
found to be negligible for pulse durationrs20 fs owing to
a small beam crossing angle and to the thin nonlinear crystak-
respectively. Figure 2 depicts the spectral and temporal interi
sities as well as phases of the amplified pulses as retrieveg
from the measured SHG-FROG trace. Figure 2a also shows
the measured spectrum (dotted line), which compares well
with the retrieved one. The nearly constant spectral phase
over a substantial fraction of the laser spectrum (Fig. 2a) in-
dicates the excellent high-order dispersion control in the sys- 0
tem. The small temporal wings (Fig. 2b) originate from the -80 60 40 -20 0 20 40 60 80
rapid variation of the spectral phase in the wings of the spec- Time [fs]
trum. This off-center spectral phase error is assumed, in tu”&ig. 2. Spectral &) and temporallf) intensity €ull lines) and phasedashed

to be. a consequence Of self-phase mOdU|ati9n (SPM) in th@ey as retrieved from SHG-FROG measurements. dbited linedepicts
amplifier. In fact, the B-integral has been estimated to be ofhe measured spectrum of the amplified pulses

o
Phase [rad]

o
Phase [rad]

-4




SPM-induced spectral phase over a substantial fraction of the~
spectrum. However, compensation of the SPM-induced phas
in the wings would require even higher-orders in the Taylorv
expansion of the phase, which cannot be controlled in our"
present system.

For high-dynamic-range measurements another, someE
what modified, noncollinear autocorrelator has been conw
structed. Both the crossing angle and the spot size of th&
beams impinging on the nonlinear medium have been in€
creased in order to reduce undesirable stray light contribus®
tions to the correlation signal and to enhance the correlatiors
signal (limited by damage to the nonlinear medium), respece
tively. The two beams have been gently focused (f-numbel—
~ 100) onto the back surface of @25mm-thick micro-

scope cover glass plate and generate surface-enhanced third-

harmonic radiation [14—16] (see Fig. 3). The time-averaged
third-harmonic signal yields the third-order autocorrelationa
functionG® (v) = [ 12(t)1(t — 7)dt, which, in contrast to
G®@ (1), reveals possible asymmetries in the pulse shape. 3
To further suppress stray-light contributions to the sig—m'
nal, i.e. to improve the signal-to-noise ratio, a sum- frequency>,
lock-in technique has been employed. A dual- frequency—
wheel chops the two beams at frequenciesfpfand f5, o
respectively. The third harmonic signal detected by the phoc
tomultiplier is then selectively amplified within a narrow .2
frequency interval aroundy + f,. This technique [3,17] re- o
sults in an efficient suppression of (scattered) third- harmoni&
signal produced by the individual beams on their own, bet
cause these contributions are modulated at eithesr f,. B
Using~ 1% of the amplified pulse energy (i.e. an energy of
~ 15.J), this system provides a dynamic range~ofL(P =
The delayr can be varied by a retroreflector (RR in Fig. 3)
mounted on a stepping-motor-controlled translational stage.
Scattered fundamental laser light is prevented from enterindd
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the photomultiplier by multiple reflections off dichroic mir- Fig. 4a,b. Third-harmonic autocorrelation traces of tAg-fs pulses deliv-
rors exhibiting a high reflectivity at the third harmonic only. ered by the amplifierf(ll lines) and reflected several times affpositive-
The third-harmonic autocorrelation trace of the laser out©P andb negative-TOD chirped mirrors

putis shown by the full line in Fig. 4a. The symmetric, nearly
exponential intensity envelope over a dynamic range of five

orders of magnitude provides evidence for the powerful highleading edge and falls withiB0O fsby the same factor on the
order dispersion control in the multipass amplifier. The in-trailing edge. In many high-field interactions, a high contrast

tensity rises by five orders of magnitude witt800 fson the

and short “switching” time is important only on the leading

E M AA
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edge, prompting the question of whether this can be improved
by controlling only the first few terms in the Taylor expan-
sion of the frequency-dependent phase delay of the system. In
what follows, we demonstrate that the leading edge of nearly
bandwidth-limited amplified femtosecond pulses imposed by
a phase error of fifth or higher order can be made significantly
steeper over an intensity range of (at least) five orders of mag-
nitude by adding an appropriate amountpafsitive TOD to
the phase delay of the system.

TOD has been imposed on tt#5-fs pulses by multi-
ple bounces off a pair of chirped multilayer mirrors, with
a high reflectivity over a bandwidth that well exceeds the
pulse spectral width. The chirped mirrors introduce a TOD
of ~ 160fs (per bounce) that is approximately constant
over the wavelength rang@0-840 nm Figure 4a depicts the
third-harmonic autocorrelation traces obtained for different

Fig.3. Schematic of the high-dynamic-range third-harmonic-generationnymbers of reflections off the TOD mirrors. The dotted and

autocorrelator. A, aperture; BS, beam splitter; RR, retroreflector; M, mirror;
CP, compensation plate; Ch, chopper; FM, focusing mirror; GP, glass plat:
DM, dichroic mirror; PMT, photomultiplier tube; LIA, lock-in amplifier;

PC, personal computer

?dashed lines in Fig. 4a indicate that in the range of 7-11 re-
1

ections, i.e. for a positive TOD in the range of approximately
1100-1800f¢, the front edge of oul5fs pulses can be
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steepened over five orders of magnitude without significano positive TOD, resulting in a steepening of the front edge
change in the pulse duratior @ fs), resulting in a rise time  over a high dynamic range. In other words, elimination of the
of 200 fsover this dynamic range. This improvement comeff-center spectral components from the pulse front allows
at the expense of an enhanced temporal extension of the pule actual pulse intensity envelope to follow more closely the
tail. Figure 4b reveals that, as anticipated, the effect can be ranalytic one on the leading edge of the pulse.
versed by applying TOD of opposite sign (introduced, once In conclusion, we have investigatédb-mJ, 25-fs pulses
again, with chirped mirrors havingf/, = —280 fs’). from aTi:sapphire multipass amplifier system using a high-
The physical origin of this phenomenon is straightforwarddynamic-range third-harmonic autocorrelator. Owing to a pre-
and can be understood with the assistance of Fig. 5, whictise high-order dispersion control up to and including fourth-
shows the correlation traces calculated foR%fs, seck-  order dispersion, the system delivers high-quality pulses with
shaped pulse in the absence of a frequency-dependent specaadymmetric intensity envelope over a range of five orders
phasep(w) (thin full line) and forg(w) = (1/6)¢” (v — wp)® of magnitude with rise and fall times &00fs These rise
with ¢”” = 1100 f$ (thin dashed line) and the correspondingand fall times are limited by uncompensated dispersion of
measured traces without additional TOD (thick full line) andfifth and higher order. Adding an appropriate amounpo$-
with a positive TOD ofg” = 1100 f$ imposed on the am- itive third-order dispersion has been shown to shorten the
plified pulses (thick dashed line). Whereas the applied TODise time t0200 fs Because dispersion in CPA systems can
does not change the pulse envelope appreciably at intensitiasver be compensated to all orders, this simple manipulation
more than an order of magnitude below the peak intensitys expected to be generally applicable for improving prepulse
experimentally we observe a steepening of the front edge. contrast in advanced femtosecond CPA systems with efficient
This paradox can be resolved as follows. Dispersion irhigh-order dispersion control and ASE suppression.
the amplifier cannot be compensated to all orders, resulting
in a significant broadening of the pulse tails at low intensityAcknowledgements'he authors wish to thank Arnold Schmidt for his en-
levels, as revealed by Fig. 5. The residual (uncompensate?uraggmgnt. This research was supported by the Jubilaumsstiftung der
. . . . . . terreichischen Nationalbank, grant NB 6957. S. Uemura acknowledges
_h|gh-order dispersion (fifth and higher orders in our case upport from the Overseas Research Program of the STA in Japan.
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