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We review progress in the generation of multiterawatt optical pulses in the 10-fs
range. We describe a design, performance and characterization of a Ti:sapphire laser
system based on chirped-pulse amplification, which has produced a peak power in excess
of 100-TW with sub-20-fs pulse durations and an average power of 19-W at a 10-Hz
repetition rate. We also discuss extension of this system to the petawatt power level and

potential applications in the relativistic, ultrahigh intensity regimes.

Keywords: High Intensity, Laser Amplifiers, Ultrafast Optics, Dispersion Control, Optical
Pulse Shaping, Gain Control, Optical Pulse Compression, Solid-State Lasers

* on leave from NEC Corporation



JAERI-Research 2000-051

WE/NVR - BEE—IHAFI T T 74T L—H—

B &R TR m T B TR oy —
Wil F— - Fili - | fH— K=Y B
I B - hEF E - GR BHA

(20004942 2HZHE)

E=JHA10075Ty b JVAEL 9 7 A MDD, 1BVEL 1 0H 2z THEST 2 F
TV Ty AT F v =TIV ALV —F =2 X F LADREF, Hhbe, BIEFEE PO LT,
ﬁﬁ@l071Ab@ﬁﬁﬁwvw?%5vvb%ﬂwx%imﬁﬁtﬁmfﬁﬁﬁéo
2w FYATLADRY Ty MLAUADH NEBROFRELEE, 20D —H—lz &
D TERINDBEBEZITBIT DN OMDOBAREICOWTHART S,

BEPEWIZERT © T619-0215 FERRFFISSERACEEET ME £ 48-1
*HAESHER oMt



JAERI-Research 2000-051

Contents

1o INETOAUCHON .ottt e et beee s ee e s eeaeaeseeeeaaeseeeaseseseeeseesseseserarene

2. Ultrafast CPA TechniQUES .......c.cccoeeeuiriiiiienicriieree ettt et s

3. Design, Performance and Characterization of a 100-TW, Sub-20-fs, 10-Hz

Ti:sapphire Laser SYSEIM ........cccccviriiriiieciniireieeierie et esse s essesessessesessassasseseases

3. 1 LaserSystem FIONtEN......ccccoieiririiiieniiniininenierene ettt enes

3. 2 Regenerative Pulse Shaping..........ccceoivvveriiiiniciiincnciince e

3. 3 Multipass Amplifiers Performance ..........ccccocoeeivieiiiiiccncinciinececeee

3. 4 Pulse Compression and Temporal Characteristic..........ccevuecvervcciicnnrinnnnene.

3. 5 Spatial Beam Quality and Wave-Front Characteristic........cocvvcrvevueerenveneencns

4. Towards a Petawatt.......ccccoiviiiiiiiiiiiiiie s
4. 1 Supression of Transverse, Parasitic OSCIIation .......c..eceeerveerrereeireneerereniens

4. 2 Optimization of an Amplified Spectrum..........cc.cccoviiiiniiciinniiie,

4. 3 High-Order-Dispersion COMPENSation ...........coeueeivirernieniniinicnininrsensenes

O 0 APPHCAIONS ..ot e
5. 1 High-Field AtomicIonization EXperiments......c...ccoevveeriereeenininescnesseneenne

5. 2 OtherPotential APPLICAtIONS ......cccerueueriruiinieerieieeeeeeere e e

6. CONCIUSION .ottt et et
ACKNOWIEAZEMENL.......iiiiiiiiiiiicrcene ettt sttt
REfEIENCES. .....cviiiiiiii ettt ettt bbb bbbt st ae st

fii



JAERI-Research 2000-051

HX

2 U O T SO OU OO P TOFU U UOPEIUTOPROTRIOPPPPPITPIOS 1
CEREET T UL IR oo s seee s eee s 2

. 100-TW, H7 20-fs. 10-Hz F¥ ¥ 7717 L—¥—T AT LDEKE HRER

TRNBEEZEAE oot eeeeeve e eee et e e st essas s esss s sanas s e s rasa ettt 5
B 1 T INBITEEIER oottt et n b e b e ae ettt aes 5
3. 2 BBEINIVABETG oot eeeta e ette ettt st et 7
3. 3 BE S A B R D PERE oottt bbb 11
3. 4 )N AR R T TR oot en 16
3. 5 2R A T ETE oottt 20
AT TN R ATAIT T it te et et ess et e s e s e sab e s e sbesne i sassas b ar s s b enn e bansanne s 22
A 1 BETEIRDIIE oot ettt es e be ettt see s a st rs s 22
4. 2 BEEARY PIVDBTEIL v 25
B B BRI BT coeveeeeeeeeeeeeeeeeeres e esetet s aa et eb e ae st et n b 26
0 oot e et e et e e e e e et e et e et satae s e e e b e e ae e e aaaseahbt e st et e e ae e be st e e bt e b e e s e et s e e rasanesnne 28
5. 1 BB YA T BB oot e ettt 28
B 2 DD I oottt ettt r b ettt e b sa e neaeananeas 30
B . T D) et eeeerra————eeeeaaaar——ttteeeesaaar i —aaaaeaeeaearertestte s e bbb e s eeaee s bebaraaasenes 31
B e eee e ra—t ettt ettt ettt s s ar st sa At Rttt bbbt et h e R a e a e 32
TR oot e e e er e et et oo s ete ettt a et e e et ettt et et A ere s s eseReRessr bbb et s a bR e es 32



JAERI-Research 2000-051

1. INTRODUCTION

Recent advances in femtosecond laser sources are making intensities approaching ~
10% W/ cm? available for the study of nonlinear relativistic optics [1, 2]. At such intensities
the electron velocity in the laser field becomes relativistic and exhibits highly nonlinear
motion, thus making it possible to investigate entirely new classes of physical effects.
Potential applications of these lasers include the generation of ultrafast x-ray radiation [3-
7], ultrahigh-order harmonic generation [8-18], photo-ionization pumped x-ray lasers [19,
20], optical field ionization x-ray lasers [21-24], laser wakefield particle acceleration [25-
29], laser induced nuclear photophysics [30, 31], laboratory-based astrophysics {32, 33]
and fast ignitor fusion [34, 35].

The technique of chirped pulse amplification (CPA) has opened new avenues for the
production of very high-energy - ultrashort duration pulses without optical damage to
amplifiers and optical components [36, 37]. The combination of CPA and ultrabroad-
band solid-state laser materials has made it possible to produce terawatt and even
multiterawatt femtosecond pulses with ever increasing average powers [38-41]. The CPA
technique consists of four basic components: (1) a short pulse oscillator, (2) a pulse
expander, (3) an amplifier, and (4) a pulse compressor. In ultrafast CPA, a short pulse is
generated by a mode-locked laser oscillator and is temporally stretched by an antiparallel
grating pair pulse expander [42]. The low energy and long duration chirped pulse is then
amplified to a high energy commensurate with the saturation fluence of the solid state laser
amplifiers. The amplified pulse is then compressed to a transform-limited short pulse of
high peak power with a parallel grating pair compressor [43].

Over the past 12 years, peak powers from terawatt CPA systems have steadily
increased from less than a terawatt initially to a present record of 1500-TW (1.5-PW). At
the same time, pulse durations have steadily decreased from greater than a picosecond to a
current record 16-fs [44]. Extremely modest amounts of energy can now be used to
achieve multiterawatt peak powers. At the 20-fs pulse duration, for example, only ~ 20-
m] of energy is required to achieve a peak power of 1-TW. Because much less energy is
required to reach the same peak power, the size of the laser system can be significantly
reduced and the repetition rate of the system can be very high. ~ For instance, the size of the
inertial-confinement-fusion Nd:glass laser system such as the NOVA laser at the
Lawrence Livermore National Laboratory (LLNL) requires a 200 meter long building to
produce 100-TW peak powers in 1-ns duration and the system cannot be operated at more

than 1 shot per hour. On the other hand, our 100-TW Ti:sapphire laser system occupies an

area of only ~ 15-m? and produces the same peak power at 10 shots per second. This

capability is especially significant because it allows reliable, high repetition rate, ultrahigh
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peak power lasers to become realistic laboratory tools for investigations requiring ultrahigh
intensities. In addition the high average power is also desired to produce high fluxes of
energetic particles or x-rays and to allow signal averaging techniques to be applied to

relativistic laser / matter investigations.
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Fig. 1 Representative history of the evolution of terawatt CPA pulse duration.

In this paper we review the evolution of CPA into the 10-fs range. As an example,
the design, performance and characterization of a compact three-stage Ti:sapphire CPA
laser system at the Japan Atomic Energy Research Institute is described. This system is
designed to produce sub-20-fs pulses with peak and average powers of 100-TW and 20-
W, respectively at a 10-Hz repetition rate. We also discuss extension of this system to the

petawatt power level and potential applications in the nonlinear relativistic intensity

regimes.

2. ULTRAFAST CPA TECHNIQUES

The progression of the CPA systems with respect to pulse duration, is illustrated in

Fig.1. The CPA technique has been demonstrated with a variety of laser materials such as



JAERI-Research 2000-051

Nd:glass [45-51], alexandrite [52, 53], Ti:sapphire (Ti:ALO,) [38-41, 54-59] and Cr:LiSAIF
[60, 61]. These materials all have relatively large saturation fluences of the order of joules
per square centimeter, relatively long upper state lifetimes and broad bandwidths. While
the first generation of CPA systems were based on Nd:glass amplifiers and generated high
energy picosecond pulses, the relatively narrow bandwidth of Nd:glass has limited
amplified pulse duration to a few 100’s of femtoseconds. To date, pulses as short as
450-fs with over a petawatt peak power have been generated by using a large scale, single-
shot-per-hour, inertial-confinement-fusion, Nd:glass laser [62]. While Nd:glass amplifiers
have good energy storage and can easily be scaled to large volumes, they are in general
limited to low repetition rates and low average power operation because of the poor
thermal characteristics of laser glasses. Nevertheless, a terawatt laser with a repetition rate
of 1-Hz has been built using a flashlamp-pumped Nd:glass slab power amplifier [63].

Using larger gain bandwidth materials such as Ti:sapphire [64] and Cr:LiSAF [65],
however, permits the amplification of sub-100 femtosecond pulses from the Kerr-lens
mode-locked oscillators [66-72]. In particular, Ti:sapphire has several desirable
characteristics including a high saturation fluences (~ 0.9-J/cm?), a high thermal
conductivity (46-W/mK at 300 K) and a high damage threshold (> 5-J/ cm’) for producing
high-peak and high-average power pulses. Its gain bandwidth of ~ 230-nm FWHM could
in principle support transform limited pulses of ~ 3-fs. Recently pulses shorter than two
optical cycles have been generated directly from Kerr-lens mode-locked Ti:sapphire
oscillators by using prism pairs and double chirped mirrors in combination with and
without a semiconductor saturable absorber mirror [73, 74]. As for the amplification
system, Sartania et al. have demonstrated the generation of 5-fs, 0.5-mJ pulses at a 1-kHz
repetition rate using the technique of hollow fiber based pulse compression and
ultrabroadband chirped mirrors [75]. Although Ti:sapphire amplifier systems for the
generation of pulses with duration of around 20-fs have been demonstrated [76, 77], the
amplification of 20-fs pulses to energies greater than one joule has only recently been
accomplished [41, 59]. The difficulty lies in the control of two major effects: high-order
phase distortion in the amplification chain and gain narrowing in the amplifying media.

To obtain near transform limited pulses through the CPA chain, the phase (group
delay) of the pulse must be nearly constant over the broad bandwidth. We can expand the

spectral phase ¢ (@) in a Taylor series about the carrier frequency w,:
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(1)

The coefficient of the third term is the second-order-dispersion. The coefficients of the
fourth and fifth terms are third- and fourth-order-dispersions, respectively. = Terawatt
level pulses with durations of 100-fs — 1-ps have been produced with the elimination
second- and third-order dispersions by a number of laser systems. For ultrashort pulse
systems (< 20-fs), however, the fourth-order-dispersion must be eliminated. This concern
has been addressed by a number of groups, which have proposed and demonstrated
dispersive optical systems that are capable of controlling dispersion up to fourth order
[78-81]. For example, tests of the system described by Lemoff and Barty [79] indicate
that broadening during the amplification and recompression of a 10-fs Gaussian pulse
would be limited to less than 1-fs. With such a system, amplification of 10-fs optical
pulses is therefore limited primarily by gain narrowing during amplification and the
bandwidth of the optical components in the amplification chain.

The stretch factor in the expander-compressor combination system plays a key role
in determining how close to the theoretical maximum quantum efficiency (TMQE), the
amplification can be operated. In principle, if one considers the quantum defect and non-
radiative losses, Ti:sapphire lasers which are pumped by frequency-doubled Nd:YAG
lasers can achieve energy extraction efficiencies that approach ~ 57% of the pump pulse
energy. Most Ti:sapphire CPA systems, however, achieve only 10 - 30% efficiency. To
safely achieve TMQE, an amplifier must operate above the saturation fluence of the laser
material [82] but below the intensity dependent damage threshold of the optical
components in the amplification chain. For instance, to achieve efficiencies near the
theoretical limit of Ti:sapphire, the fluence needs to reach ~ 2-J/cm’ (twice the saturation
fluence of Ti:sapphire). Saturating the gain in the amplifiers also stabilizes the pulse-to-
pulse amplitude fluctuations. When operating at these fluences, the intensity in the
amplifier must remain low to avoid intensity dependent breakdown of dielectric materials.
This breakdown typically occurs at around an ~ 5-GW/cm’ for optical coatings and
stretched pulses in the ns-range. Dividing saturation fluence by maximum intensity
without damage, we find that the pulse duration in the amplifier must be at least 200-ps
and 1-ns for Ti:sapphire and Nd:glass, respectively in order to safely reach one times
saturation fluence. Most Ti:sapphire CPA lasers use stretched pulse duration that are
equal to or below 200-ps and are, therefore, unable to operate at the high fluences necessary
for efficient amplification. In this paper we will present a Ti:sapphire system which
stretches the pulses to order 1-ns and achieves final energy extraction efficiencies of >90%
of TMQE.
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Recent progress in ultrafast CPA systems has also utilized regenerative pulse
shaping to counter gain narrowing [83, 84]. By including a frequency dependent filter to
eliminate gain narrowing, regenerative pulse shaping allows the production of very short
duration and high energy amplified pulses. With this technique the pulse duration of the
amplified compressed pulses has been reduced by a factor of 2, reaching now 16-fs at a
10-TW level [44].

3. DESIGN, PERFORMANCE AND CHARACTERIZATION OF A 100-TW, SUB-
20-FS, 10-HZ TI:SAPPHIRE LASER SYSTEM

As an example, the design, performance and characterization of a compact three-
stage Ti:sapphire CPA laser system at the Advanced Photon Research Center (APRC),
Japan Atomic Energy Research Institute is described in this section. The laser system is the
front end of a 4-stage amplification system which is planned to eventually produce peak
powers on the order of one petawatt (20-] in 20-fs). A schematic of the laser system is
shown in Fig. 2. The system consists of a 10-fs Ti:sapphire oscillator, a cylindrical-
mirror-based pulse expander, a regenerative amplifier incorporating regenerative pulse

shaping, a 4-pass preamplifier, a 4-pass power amplifier and a vacuum pulse compressor.

3. 1 LASER SYSTEM FRONT END

Seed pulses were derived from an all-solid-state mirror-dispersion-controlled
(MDC) Ti:sapphire oscillator which is capable of producing ~ 10-fs pulses [85]. The
repetition frequency of the oscillator is 82.7-MHz. The pump laser is a 5-W frequency-
doubled cw diode-pumped Nd:YVO4 laser (Spectra-Physics, Millennia). Stable mode

locking can be achieved with 4-W of pump power. The FWHM bandwidth of the pulses is
~ 120-nm. The interferometric autocorrelation of the pulses has been measured using a
dispersion-balanced interferometric autocorrelator which is capable of measuring pulses
down to 5-fs in duration. The FWHM pulse duration of the mode-locked pulses is
typically 10-fs assuming a sech’ envelope. In addition the phase and amplitude noise
characteristics of the Ti:sapphire laser were greatly improved by using the diode-pumped
solid state laser as a pump source [86].

Before amplification, the pulses from the oscillator were stretched by a factor of
100,000 in an all-reflective, cylindrical-mirror-based pulse expander [79]. The expander
consists two gold-coated 1200-groove/ mm ruled gratings, two cylindrical mirrors with a
1-m radius of curvature, a roof mirror and a horizontal image inverter. This design allows

the compensation of dispersive phase errors up to fifth-order and eliminates
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inhomogeneities. In order to calculate the dispersive characteristics of the expander,
materials in the amplifier chain and the compressor, we use a dispersive ray-tracing
analysis. By calculating the phase distortions of the bulk material such as Ti:sapphire,
BK7 glass, KD*P, dielectric coatings and other dispersive elements in the laser system, we
were able to determine the optimum settings of the grating separations and grating incidence
angles for the expander and compressor that compensate the phase distortions and allow
the pulse to recompress close to the transform limit. The bandpass of this expander is
roughly 140-nm. The FWHM duration of the output of the expander is over 1-ns. Note
that in this arrangement the pulse double passes the expander, i.e. is incident upon grating
surfaces 8 times, before exiting.  After passing through the expander and Faraday isolator,
the stretched pulses are amplified in the regenerative amplifier.

We have installed a pointing-stabilizer system in the front end of the laser system.
The system consists two piezo-driven reflection mirrors and two quadrant photodiode
position-sensitive detectors which is similar to those in Ref. 87. The seed pulse from the
oscillator is brought to the pulse expander using two piezo-driven mirrors providing of the
resolution of 3 pradians, sufficient to control long term environmental drifts. By using this,
beam wander of the seed pulse to the regenerative amplifier is reduced from 110-pradians
root-mean-square (RMS) to 5.6-uradians RMS, thus greatly improving the long term stable

operation of the laser system.

3. 2 REGENERATIVE PULSE SHAPING

If the saturation is negligible, the amplified spectrum of the pulse, Iout(w), is
determined by [88],

Tout(w) = Iin(w) [T(w) G(w)] N (2)

where Iin(w) is the input spectrum of the pulse, G(w) is the frequency-dependent small
signal gain, N is the number of passes, and T(w) is the frequency-dependent single-pass
transmission function of the amplifier. In most terawatt CPA systems, a net gain of >10° is
necessary to reach the desirable output pulse energy. Even though Tisapphire is the
broadest bandwidth material as described in Section I, because of the frequency dependent
gain profile G(w, amplification leads to gain narrowing of the pulse spectrum. A reduction
in gain bandwidth not only reduces the stretched pulse duration but also results in a longer
pulse after compression. The spectrum which results from seeding the amplifier with
infinite bandwidth, zero energy pulses has been termed the "gain narrowing limit" of the

system. Systems which include frequency dependent, lossy elements, such as polarizers
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and Pockels cells, will require more total small signal gain to achieve the same output energy
and will thus experience more gain narrowing. For this reason, regenerative amplifiers tend
to limit amplified bandwidths more than multipass amplifiers. Therefore, conventional
wisdom is that multipass amplifiers are better than the regenerative amplifier in terms of
spectral narrowing. |

Equation (1), however, suggests three ways to alleviate gain narrowing, First, the
gain bandwidth of the amplification medium could be increased. = A number of groups have
attempted to increase the effective gain bandwidth of the amplification medium through
mixed gain media with different peak gain wavelengths in Nd:glass [88, 89]. In this way
pulses as short as 275-fs have been generated in a Ti:sapphire/Nd:phosphate and
Nd:silicate glass hybrid laser [89]. Second, while narrower spectra will experience less
percentage narrowing, for fixed input energy, a larger input bandwidth will always result in
a larger output spectrum. This fact is exploited by reshaping the pulse spectrum before
amplification by increasing lin(w). Multiterawatt pulses with duration of 30-fs have been
produced [54] in this manner by placing a spatial mask in the focal plane of the expander.

A third possibility is to introduce a frequency dependent loss during amplification
with greater attenuation at the peak of the gain profile than in the wings. The net
amplification on each round trip is small, typically 2 - 3. Therefore, gain narrowing can be
compensated on each round trip by inserting a linear filter that selectively attenuates the
pulse spectrum after each transit of the amplifier. This method is practical for systems
that employ multiple passes of single gain medium since the gain narrowing on any one pass
is also relatively small. This is conveniently accomplished in regenerative amplification
schemes by placing a frequency dependent attenuator inside the regenerative amplifier
cavity. We have tested birefringent filters, spatially masking in the dispersive end of a
cavity incorporating a prism pair, angle-tuned thin etalons, angle-tuned air-spaced etalons,
and thin film polarilzer etalon as spectral filters. In the sample amplification system,
angle-tuned thin etalons are used in the regenerative amplifier to broaden the amplified
spectrum beyond the gain narrowing limit.

A layout of the ultrabroadband regenerative amplifier is shown in Fig. 3. The
regenerative amplifier is a stable TEMgQ cavity and the resonator is 1.8-m long and uses two
cavitymirrors. The cavity consists of a 10-m radius of curvature concave dielectric mirror,
and a 20-m radius of curvature convex dielectric mirror. The MgF, anti-reflection (AR)
coated Ti:sapphire crystal (Union Carbide Corporation) is 7-mm long with 0.15 wt.%
doping. The crystal is end pumped with a frequency-doubled Q-switched Nd:YAG laser
(Continuum, Powerlite 8010) that produces 7-ns pulses at a 10-Hz repetition rate. A 50-
cm focal-length lens focuses the pump beam onto the Ti:sapphire crystal. Pulse injection in

the regenerative amplifier is achieved by an intracavity Pockels cell (Cleveland Crystal Inc.)



JAERI-Research 2000-051

placed between thin film dielectric polarizers (CVI Laser Corp.). The thin film dielectric
polarizers have a single-pass transmission (Tp > 98%) from 700- to 950-nm. The Pockels
cell is coated with a sol-gel material. A high voltage pulse generator (Medox E-O, Inc.)
capable of producing up to ~ 6-kV pulses with a FWHM of 8-ns is used to drive the Pockels
cell. A pulse is injected after reflecting off of one of the polarizers and passing through the
Pockels cell which is pulsed with a half wave voltage coincident with the optical pulse
arrival. After 12 round trips, the pulse is ejected from the cavity, having fully depleted the
gain, by once again pulsing the Pockels cell to have a half wave voltage and reflecting off of

the other polarizer. The amplified pulse energy is typically ~ 13-m].
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Fig. 3 Schematic of the regenerative amplifier with the spectral filters. Pol 1, 2, thin film polarizers; M1,

-20 m dielectric mirror; M2, +10 m dielectric mirror.

Two, 3-um thick etalons (Melles Griot Corp.) are used in transmission and are angle
tuned so as to be off resonance (highest attenuation) around the peak of the gain profile
centered at 790-nm. Tt should be noted that for a given thickness etalon which has been
tuned to anti-resonance, there corresponds one value of single pass gain which gives a
maximally flat spectrum. Higher values of gain produce narrower spectra and lower
values produce double peaked spectra. The single pass gain.is conveniently adjusted by
changing the pump energy to the regenerative amplifier. The total output can be held
constant by adjusting the number of cavity round trips. The amplifier output energy was
adjusted to be approximately 8-mJ. When the stretched pulse was amplified in the

regenerative amplifier without a spectral filter, the spectrum narrowed to 28-nm as shown
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in Fig. 4. However, by using the etalons to produce a frequency dependent attenuation and
selectively amplifying the wings of the spectrum, in the spectrum of the amplified pulse was
broadened to 82-nm FWHM (Fig. 4). These etalons can however produce significant cubic
phase error [44]. The delay is largely quadratic over most of the bandwidth of the pulse
indicating that the predominant phase distortion is cubic. This predominantly cubic phase
of the etalons as well as the cubic phase distortion of the high damage threshold mirror
coatings (CVI Laser Corp.) has been compensated by slight alteration of the grating angle of

incidence in the compressor.

I
> N oo

Normalized Intensity
<
[\

70 750 800 850 900
Wavelength (nm)-

Fig. 4 The spectra for amplified pulses from the regenerative amplifier (a) with and (b) without the thin solid

etalons.

In addition, it should be noted that modified filters also permitted the simultaneous
amplification of two colors. Pulses centered at 765-nm and 855-nm have been amplified
simultaneously without unwanted amplification at the peak of the gain profile as shown in
Fig. 5. Such pulses should lead to compact sources of high power, tunable mid-infrared
light via difference frequency mixing. It should also be possible to produce energetic,

multi-wavelength, femtosecond pulses with this technique.
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Fig. 5 Spectrum of two color pulses centered at 765 nm and 855 nm amplified simultaneously.

3. 3 MULTIPASS AMPLIFIERS PERFORMANCE

The 8-mJ output beam from the regenerative amplifier is enlarged by a Galilean
telescope to an approximately 6-mm diameter. Further amplification is accomplished in a
four-pass preamplifier. This amplifier uses a 20-mm diameter, 15-mm long, Ti:sapphire
crystal (0.15% doping, Union Carbide Corporation) with MgF, AR coatings on both faces.
The amplifier is pumped with 532-nm pulses from a frequency-doubled, Q-switched
Nd:YAG laser (Continuum, Powerlite 9010) that produces, 690-m], 7-ns pulses at a 10-Hz
repetition rate. The beam from the pump laser is split into two outputs, which are then
relay imaged to opposite faces of the amplifier crystal. Relay imaging optics with a
demagnification (M = 0.67) provide spatially uniform pump beams with diameters of ~
6-mm at both faces of the crystal. The signal and pump beams propagate in a near
collinear manner to maximize the gain and absorption, respectively. ~Since thermal lensing -
occurs in the Ti:sapphire crystal at ~7 W average pump power, the beam diameter on the
last pass is decreased to ~ 4.5-mm. For high efficiency, the pulse fluence on the last pass

in the amplifier was designed to be ~ 1.6-]/cm’. The resulted output pulse energy was ~
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320-mJ. This amplifier provides total saturated gain of 40. The small signal gain in the
amplifier has also been measured to be 3.7.

The output of the preamplifier is up collimated to an ~ 18-mm diameter with a
Galilean telescope and then introduced into the four-pass power amplifier. This amplifier
uses a water cooled 40-mm diameter 25-mm long Ti:sapphire crystal (Union Carbide
Corporation) with anti-reflection coatings on both faces and is pumped with a custom built
Nd:YAG laser which is capable of producing ~ 7 J of 532-nm radiation at 10-Hz.

Output of conventional Ti:sapphire CPA systems, is typically limited in -energy
and average power to few hundred millijoules and several watts.  This is primly due to the
limited energy and average output power of commercially-available, flash-lamp-pumped
Nd:YAG lasers which produce maximum outputs of order ~ 1-J and ten watts.
Nevertheless, a ultrashort pulse Ti:sapphire laser which generates pulses of ~ 25-TW peak
power and ~ 30-fs duration at a 10-Hz repetition rate pumped by three Nd:YAG lasers
[39] has been demonstrated. In addition, a high energy amplifier system based on single-
shot Nd:glass pumped Ti:sapphire has also delivered ~ 1.1-] pulses with 120-fs duration
[57]. Because the first laser system requires large number of pump lasers, however, cost
and complexity are high. The second system is limited in repetition rate, because the
Nd:glass pump laser can only be fired every 4 minutes. To obtain greater than 3-J of energy
from the Ti:sapphire disk at 10-Hz requires a pump laser with > 6-J of energy and > 60-W
of average power at 532-nm.  For this purpose we have developed a flash-lamp-pumped
high energy and high average power Nd:YAG laser.

The pump laser uses Nd:YAG rod amplifiers up to a diameter of 12-mm in the
master oscillator - power amplifier (MOPA) configuration. The goal of this type of pump
laser design is to extract as much energy as possible and to ensure the high frequency
conversion efficiency while maintaining a uniform spatial beam profile. This had been
previously accomplished with relay-imaged amplifier chains in large scale Nd:glass laser
systems [90]. In this architecture a master oscillator generates tens of nanosecond pulse of
several hundred millijoules that is then spatially shaped and split into parallel chains of
single-pass rod amplifiers of increasing size. Faraday isolators and Pockels cells are used
to isolate pulses from propagating backward down the laser chain. The amplifier chains
are separated by relay telescopes or spatial filters that reimage a beam forming aperture at
several places through the amplifier chains. Our custom pump laser uses a similar
architecture and consists of an oscillator, a preamplifier chain, two power amplifier chains
and two frequency doubling crystals. 18-ns pulses from a long cavity single-longitudinal-
mode Nd:YAG oscillator, are passed through a Faraday isolator and the soft aperture.
The pulses are then relayed with a spatial filter (M = 1.0) through Nd:YAG amplifier rods

of 9-mm diameter. A relatively long duration pulse compared with most Q-switched
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Nd:YAG lasers enables the Ti:sapphire amplifiers to be pumped at high fluence level
without intensity-dependent, 532-nm damage to the Ti:sapphire crystal. Next, the 470-
m] output pulses pass through two Pockels cells and are split into two beams. Each beam
is further amplified in four 12-mm-diameter Nd:YAG rod amplifiers. Energies up to 7-]
per beam in the IR have been achieved. Four relay imaging optics per arm (M = 2.0 and M
= 1.0) are used to relay the images into those 12-mm rod amplifiers and the frequency
doubling crystals. Faraday isolators and Pockels cells are used to prevent parasitic
oscillation (PO) and amplified spontaneous emission (ASE) between the amplifiers.
Ninety degree rotators placed between first and second 12-mm rod amplifiers, third and
fourth 12-mm rod amplifiers are also used to cancel the birefringent depolarization
introduced by the amplifiers. The IR outputs from the power amplifier chains are
frequency doubled to 532-nm using type I KD*P crystals. The conversion efficiency
defined as the green energy output from the crystal divided by the IR energy input to the
crystal was ~ 50% which yields output pulse energy of ~ 3.5-] per pulse at 532-nm.
Figures 6 (a) and (b) show vertical and horizontal cross sections of a typical pump beam

profile image on the Ti:sapphire amplifier crystal, respectively.

Fig. 6 (a) Nd:YAG pump beam profile imaged on the Ti:sapphire power amplifier crystal. (b) Vertical and

(c) horizontal cross sections of the profile, respectively.
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The saturation characteristics for the frequency-doubled Nd:YAG laser pumped
power amplifier are shown in Fig. 7.  The three curves are the calculated efficiencies of the
power amplifier as a function of pump pulse fluence at different input pulse fluences based
on a Frantz-Nodvic simulation [82].  Squares, circles and a triangle represent the measured
efficiencies in the power amplifier. With 6.4-] of pump light incident upon the crystal the
amplifier has produced 3.3-] of 800-nm radiation. This amplifier provided a total saturated
gain of 10 and a small signal gain of ~ 5. Under these conditions, this amplifier has
reached 90% of the theoretical maximum conversion efficiency of 532-nm pump light to
800-nm radiation. Nearly identical extraction efficiencies have also been recently obtained
from a similar laser at the University of California, San Diego [59]. These results agree

well with our model calculation [91].
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Fig. 7 Saturation characteristics for the Ti:sapphire power-amplifier. The three curves are the calculated

efficiencies of the power amplifier as a function of pump pulse fluence at different input pulse.
Squares (input fluence of 96 mJ/em?), circles (input fluence of 115 mJ/em?), and a triangle (input

fluence of 168 mJ/cm?2) represent the measured efficiencies in the amplifier.
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One important note in operating a Ti:sapphire amplifier with such high fluences is
that the amplified pulse spectrum is reshaped and red-shifted due to saturation. In this
case, it is not desirable to center the wavelength of the pulses at 800-nm in the regenerative
and pre- amplifier stages, since the effect of gain saturation causes the pulse spectrum to
show an appreciable red-shift with respect to the peak of the gain spectrum of the power
amplifier. Instead, a broad amplified bandwidth at high-energy output was obtained by
shifting the spectrum of the input toward the short wavelength side of the desired output.
This was accomplished by slight tuning the incidence angle of one of the etalons in the

regenerative amplifier (Fig. 8).
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Fig. 8 Measured amplified spectrum after the regenerative amplifier (solid line), the 4-pass pre-amplifier

(dashed line) and the 4-pass power-amplifier (dotted line), respectively.

We have checked the thermal lensing effect in the power amplifier under full power
operation. To obtain near-field and far-field beam profiles lenses with a focal length of f=
1-m were placed just after the amplifier and at 7.6-m away from the amplifier, respectively.
These profiles were recorded on the CCD cameras. The thermal lens in the horizontal
plane is about f= + 25-m whereas it is f = + 9.5-m in the vertical plane. This difference

between two planes may be caused by inhomogeneties of the Ti:sapphire crystal or thermal
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aberration in the crystal. To compensate for this lensing in the vertical plane, we placed a

cylindrical mirror of f = - 9-m just after the preamplifier.

3. 4 PULSE COMPRESSION AND TEMPORAL CHARACTERISTIC

The output of the power amplifier passes through relay imaging optics with a
magnification (M = 3.3). This provides a spatially uniform beam for the pulse
compression gratings and collimates the beam diameter to an approximately 50-mm. The
vacuum pulse compressor consists of two parallel, gold-coated, 1200-grooves/mm, ruled
gratings (Richardson Grating Labs.), which had a measured diffraction efficiency of ~ 91%.

A fraction of the compressor output was sent to a single-shot autocorrelator, which
utilized a 50-pm BBO doubling crystal. The FWHM of the measured pulse duration is
18.7-fs. The duration of the transform limit, as calculated from the measured, amplified
spectrum after the compressor is 17-fs. The high degree of agreement suggests that the
compressed pulses are nearly transform limited. The transmission of the compressor,
including the multilayer dielectric- and gold-coated turning optics, was ~ 57%, yielding a
compressed output pulse energy of 1.9-], which implies a peak power for the laser pulse in
excess of 100-TW. Because gain saturation in the amplifier stabilizes the pulse-to-pulse

amplitude fluctuation, the energy stability is typically less than +£2%. The final output
energy that is achievable from the laser system is limited by the damage threshold of the

pulse compression gratings. The first grating has been operated at a fluence of 80-m]J/cm?,
an average power density of 0.8-W/cm’ and a peak power density of 2.5-TW/cm?’,
respectively, with no indication of damage on the grating.

In high-field physics experiments, such a pedestal and/or ASE would create a low
density plasma in advance of the main laser pulse and thus significantly alter the physics of
the laser/ matter interaction [92-94]. Therefore detailed characterization and control of the
temporal shape and phase of the laser pulse is crucial to the study of high-intensity laser-
matter experiments. For this purpose, the phase and contrast of the laser pulse were
measured with the techniques of second harmonic generation (SHG) Frequency Resolved
Optical Gating (FROG) [95-98] and high dynamic range cross-correlation [99].

The nonlinear material used in the SHG FROG was a 100-um thick KDP crystal.
The SHG signal was detected by an imaging spectrometer (Acton Research Corporation:
SP-150-S) with a grating of 300 groove/mm and a CCD camera (Princeton Instruments:

TE/CCD-512-TKM/1PI - 512 X 512 pixels). The sensitivity as a function of the
wavelength of the detection system was calibrated by using a Halogen lamp (Ushio: JPD-
100-500CS).  The measured FROG trace was extracted using the central 256 X256 pixel
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area of the CCD camera and then retrieved until the FROG error decreased to less than ~

0.01. The number of iterations was 20 in this case.

Figure 9 (a) shows the pulse intensity

and phase in time retrieved from the SHG FROG trace. The pulse duration is 20-fs full
width at half maximum (FWHM) accompanied with pre- and post-pulses. The intensity

and phase of the pulse in frequency are also shown in Figure 9 (b). The spectral width is

67-nm FWHM. Each term of phase distortion was determined by polynomial fitting to the

spectral phase of the FROG measurement. The measured pulse contains of a group delay

dispersion (GDD) of 2.83X10*fs?, a cubic phase of 3.73X 10’ fs>, and a quartic phase of

3.80X10° fs*. Based on these results, we conclude that the predominant phase distortion is

quartic.
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Fig. 9 Retrieved intensities and phases of the SHG FROG trace for the compressed pulse. (a) Pulse

(b) Spectral intensity (circles) and phase

intensity (circles) and phase (squares) in time.

(squares) as a function of wavelength.
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Minimization of the total phase error can be achieved by balancing the phase terms
of the GDD and quartic [100, 101]. In Ref. 101, an optimization algorithm is used to find
the best setting for as many variables as experimentally available. We then apply to the
experimental result of SHG FROG measurement for the total phase simulation. The

modified total phase of @, is determined from the experimental result of @ )" ROG by

Mod __ FROG Com CompN
o’ = (o - (w)p)+¢(m) ; (3)

where ¢, is the phase term introduced by the new compressor. In Eq. (3), the phase
term @) ¢ - @ () " represents the phase including the expander and amplifier
components in the laser system. We then calculate the modified total phase as a function
of w-w, for various settings of the separations and incidence angles for the new
compressor gratings. The values of the root mean square (RMS) and the peak to valley of

the modified total phase as a function of w-w, are also calculated for each setting.
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Fig. 10 Measured (SHG-FROG) and calculated (Case 1 and Case 2) total phases as a function of w-

w, Casel and Case 2 minimize the RMS and peak to valley of the modified total phases as

a function of w-w,, respectively.
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| Figure 10 shows the experimental result of spectral phase (circle) which is the
measured value as shown in Fig 9 (b) and modified total phases (solid and dashed lines).
Two cases are found in order to make the modified total phase as flat as possible. The

separations and incidence angles of the compressor gratings of two cases correspond to

115.192 cm, 62.95° (Casel: solid line) and 115.179 cm, 62.94° (Case2: dashed line),
respectively. In Casel the RMS of the modified total phase as a function of w-w, is

minimized. In Case2 the peak to valley of the modified total phase as a function of w-w, is

minimized. In this simulation, Casel is better in terms of the reduction of pre- and post-
pulses than Case2, although the pulse durations of these three cases are almost unchanged.
The level of the prepulse occurring ~ 35 fs before the main pulse using the parameters of
Casel can be reduced below to half that of the experimental value. More precise control of
the total phase can also be realized by using an active phase compensator. For example, a
deformable mirror can be used for an ultrashort pulse laser system as an active phase

compensator [102].
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Fig. 11 High dynamic range cross-correlation trace of a compressed pulse. Each point of the cross-

correlation trace corresponds to an average of ten laser shots.

The arrangement of the cross-correlator is that of a Type I phase-matched,
noncollinear geometry which incorporates SHG and THG nonlinear crystals. The SHG and
THG signals were obtained with 1-mm and 500-um thick KDP crystals, respectively. The
THG signal was then recorded by a standard photomultiplier tube (PMT, Hamamatsu:
H6780-06). A computer controlled stepping-motor (Newport: M-UTM50PP) was used to

vary the delay between the two cavity arms (up to +160-ps). Calibrated neutral density

filters were also used to obtain the THG signals at a different attenuation level. The signal

from the PMT was time gated (50-ns) to avoid any other long-time-scale noise and averaged
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over ten laser shots in a Boxcar integrator (Stanford Research Systems: SR250). The
cross-correlation signal of the compressed pulses is shown in Figure 11. Each point of
cross-correlation trace with a time resolution of 670-fs corresponds to an average of ten
laser shots. The detection limit of this apparatus is approximately 10°%. The measured
contrast is of the order of 10" ° limited by ASE mainly coming from the regenerative
amplifiers. ASE can be eésily suppressed by two orders of magnitude by using a solid-

state saturable absorber with a preamplifier before the pulse expander [102].

3. 5 SPATIAL BEAM QUALITY AND WAVE-FRONT CHARACTERISTIC

Since the CPA laser systems are now approaching focused laser intensities of 10% -
10" W/cm?, the quality of the beam corresponding to diffraction limited spot size is crucial.
The spatial beam quality was determined by focusing the attenuated output with a 3-m
focal-length spherical mirror and measuring the spot size at the focus with a CCD camera.
Under the full power operations of the laser system, the spatial quality of the beam
produced a spot which was 2- and 2.5-times that of a diffraction limited gaussian beam in
vertical- and horizontal-planes, respectively. -We have determined that approximately
80% of the focused energy lies within the spot. With an f/3 off-axis parabolic mirror,
focused intensities of ~ 3 x 10 W/cm? should be possible with this beam quality.

While a focused beam profile can be taken with a CCD camera as mentioned above,
a measurement of the spatial phase of the laser beam is more useful from a viewpoint of
improving the beam quality. Such measurements can be used to provide input to active
phase correction schemes using deformable mirrors. Several phase measurement methods
such as Shack-Hartmann wave-front sensors and lateral shearing interferometers have
already been proposed and demonstrated [104-107]. We have recently demonstrated
that single-shot wave-front measurements of high-peak-power femtosecond laser pulses by
using the Fresnel phase retrieval method [108]. The wave-fronts are reconstructed from
only two intensity distributions at two planes along the optical axis, which are measured by
means of simple CCD cameras.

The Fresnel phase retrieval algorithm is based on the Gerchberg-Saxton [109] and the
Fienup [110-113] phase-retrieval algorithm. ~Assuming that the monochromatic laser beam
propagates along the z-axis and the two amplitudes measured at the two positions of z=0
and z = Z are uy(x,y) and u,(x,y), respectively, where Z is the distance between the two
measured points, this algorithm would consist of the following five steps: (1) the amplitude
measured at z=0 and an initial phase given by uniform distribution, (2) propagate through
the distance + Z, (3) replace the amplitude with the amplitude measured at z = Z, leaving

the phase unchanged, (4) propagate through the distance - Z (i.e., inverse propagation
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through the distance + Z), (5) replace the amplitude with the amplitude measured atz = 0,
leaving the phase unchanged. This iteration loop (2) - (5) is repeated until the root-mean-
square (RMS) error of intensity distribution decreases to an acceptable level, and then the
phase distribution at z = 0 (or z = Z) is retrieved. In this algorithm, the propagation
calculation in the Fresnel region is implemented by a convolution integral with a convolution
kernel depending on the propagating distance Z [114]. For the inverse propagation, the
distance Z is substituted with - Z.

Image 1 Image 2 Wave front
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Fig. 12 Two measured two intensity distributions (Image 1 and Image 2) and the reconstructed wave-
fronts of the 100 fs pulses at different output power levels. The output energies of the four-
pass amplifier were (a) 42 mJ and (b) 2 mJ both with 450 mJ pump lights and (¢) 2 mJ with
210 mJ pump light, respectively. The reconstructed wave-fronts were measured to be (a)
0.36 A PV and 0.05 A RMS, (b) 0.22A PV and 0.031 RMS, and (c) 0.254 PV and 0.04A

RMS, respectively.

Figure 12 shows the two measured intensity distributions and the reconstructed
wave-fronts of the 100-fs pulses at different output power levels. Output energies of the
Ti:sapphire amplifier were controlled by changing the timing of the flash-lamps of the pump
laser in the case of Fig 12 (a) and 12 (b) and by changing the pump energy in Fig. 12 (c).
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Output energies were 42-mJ in Fig. 12 (a) and 2-mJ in Fig. 12 (b) both with 450-mJ pump
energy and 2-m]J in Fig. 12 (c) with 210-m] pump energy, respectively. The wave-fronts are
somewhat deformed with increasing the output energy of the amplifier mainly due to
thermal aberrations in the Ti:sapphire amplifier crystal. Because of these distortions, the
beam diameter for 42-m] output [see Fig. 12 (a)] was reduced to ~ 6.5-mm compared to the
initial 8-mm diameter beam. The accumulated B-integral through the laser system was also
estimated to be 0.07 in Fig 12 (a) and less than 0.01 in Fig. 12 (b) and 12 (c), respectively.
The reconstructed wave-front of the 42-mJ output, corresponding to terawatt-level output
peak power after compression, was 0.36A PV and 0.05A RMS, respectively. The spot
diameter of the measured focused beam of this high peak power pulse was measured to be
~ 170-pum, corresponding to a 1.04 and d 1.07 times diffraction limited in vertical- and
horizontal-planes, respectively and agreed with the calculated FFP.

We are currently implementing this method on the 100-TW Ti:sapphire laser chain.
We also believe that the wave-front correction of laser beams could be achieved with a

deformable mirror with the diagnostic technique described in this section.

4. TOWARDS A PETAWATT

The potential scalability of ultrafast CPA architectures described in this paper to
higher energies is an important issue considering peak powers up to the petawatt level. To
scale the system to peak powers above 100-TW requires larger size gain media, higher
energy pump lasers and larger diameter gratings. In this section, we discuss these issues
including of suppression of parasitic oscillation across the large-aperture Ti:sapphire
amplifier disk, optimization of the spectrum of the amplified pulse at the output of the

amplifier and compensation of high-order dispersion in the laser chain.

4. 1 SUPRESSION OF TRANSVERSE, PARASITIC OSCILLATION

Ti:sapphire disks with up to 100-mm in diameter are available with current growth
technologies [115]. To obtain greater than 40-] of energy from this Ti:sapphire disk
requires a pump laser with ~ 70-J of energy. We present here the calculated results of the
Ti:sapphire booster amplifier, which is based on Frants-Nodvic simulation [82]. The goal
of performing these calculations is to achieve higher amplifier efficiencies under parasitic
oscillation threshold, and to determine an optimum beam diameter in the amplifier crystal
and the number of passes in the multipass configuration. The booster amplifier will use an
80-mm-diameter 33-mm-long Ti:sapphire crystal (Crystal Systems Inc.) with antireflection
coatings centered at 800-nm on both faces and the Ti:sapphire crystal will be pumped on
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both sides with a custom-built single-shot Nd:glass laser that is capable of producing ~ 75-]
energy at a 532-nm radiation. The 532-nm absorption coefficient of the crystal is ~

0.85/cm. Inthis calculation, we assume the entire pump energy is fixed at 70-J and the

beam diameter of 532-nm pump light is equal to that of 800-nm incident light. Thus, the

pump fluence would depend only on the diameter of the pump light.

The major problem with a high-energy laser amplifier such as the this final booster
amplifier is parasitic oscillation and ASE across the large-aperture amplifier disk at high-
energy pump fluences. Parasitic oscillation is due to the Fresnel reflection at the transverse
material interfaces of the gain medium. Above the parasitic oscillation threshold,
transverse spontaneous emission lases and the gain is clamped, no additional energy can be
stored in the amplifier, and the amplifier efficiency is thus significantly reduced. These
phenomena have well been studied and characterized in large-aperture Nd:glass disk
amplifiers [116, 117]. For Nd:glass, techniques for parasitic mode suppression include
using absorbative glass claddings to lower the disk edge reflectivity. This technique has
successfully suppressed parasitic oscillations even in very large aperture (> 30-cm in
diameter) Nd:glass amplifier disks. Unfortunately, suppression of parasitic oscillation in
Ti:sapphire is more difficult due to the significantly higher refractive index (n = 1.76) which
leads to higher Fresnel reflection at the interfaces and due to the relatively large transverse
gain present in final amplification stages. Nevertheless, a technique for suppressing these
parasitic oscillation modes based on index matching the crystal edges with an absorbing
doped polymer thermoplastic has recently been developed and demonstrated for large
aperture (10 cm in diameter) Ti:sapphire disk amplifiers [115]. The thermoplastic has a
refractive index of 1.6849 for 800-nm light and the thus Fresnel reflection at the Ti:sapphire
interface is estimated to be ~ 0.048%. According to the model calculation, no parasitic
oscillation occurs across the input face of the crystal until the transverse gain is reached to ~
2100.

Figure 13 (a) shows the calculated transverse gain on the disk faces as a function
of the beam diameter. The parasitic oscillation limit (gain ~ 2100) for the crystal edge
with the edge cladding is also indicated. According to the calculated result, the beam
diameter should be set to be at least ~ 40-mm in order to prevent the parasitic oscillation.
The pump fluence is calculated to be ~ 5.6-J/cm’ at the parasitic oscillation threshold.
Figure 13 (b) then shows the calculated results for the achievable output energy depending
on the beam diameter. Number of passes of the 800-nm beam is varied from single- to
triple-pass configuration and the 800-nm input energy is assumed to be 2.5-] in this
calculation. At the diameter of 50-mm, sufficient amplifier efficiencies to produce
petawatt pulses would be achieved in the triple-pass configuration. Here, the achievable
amplified output energy is estimated to be ~ 40-] in the triple-pass configuration and at the
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beam diameter of 50-mm.
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Fig. 13 Calculated results of (a) transverse gain and (b) output energies as a function of the beam

diameter for 70 J pump energy. A broken line (single-pass), a doted line (double-pass), and a
solid line (triple-pass) represent the calculated output energies. Shaded regions are above

parasitic oscillation threshold.
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A plan is also in place to develop a repetitive (> 1-Hz) petawatt class laser in
APRC. Scaling of the system to higher repetition rates is primarily limited by the
availability of suitable pump lasers. Dane et al. have developed a flash lamp pumped
Nd:glass zig-zag slab amplifier system with SBS wave-front correction for x-ray generation
from laser produced plasmas and other applications [118]. The system produces
diffraction-limited output pulses of nearly 30-] with an average output power of 150-W at a
6-Hz repetition rate. Recently this amplifier design has been used to generate spatially
and temporally coherent 120-] output pulses from four discrete Nd:glass zig-zag amplifiers
[119]. Such systems would be ideal for pumping the large aperture Ti:sapphire disks to
produce high-energy pulses with near diffraction-limited beam quality at a few Hz
operation. The recent advances in diode-pumped solid-state laser (DPSSL) technology
may also become available for pumping of Ti:sapphire. For instance, the Mercury laser
which is currently scheduled to be built at LLNL is designed to produce 100-], 10-Hz pulses
by diode pumping Yb:S-FAP.  1047-nm output with an overall electrical efficiency of ~
10% is predicted [120, 121]. This technology should allow the development of more

efficient, compact and high-repetition-rate petawatt Ti:sapphire lasers in the near future.

4. 2 OPTIMIZATION OF AN AMPLIFIED SP