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Abstract. There has been remarkable progress in the deveprogressed very rapidly over the past decade [12—-22]. Ampli-
opment of high peak-power ultrafast lasers in recent yearsication of the energy in an ultrashort pulse by factord of
Lasers capable of generating terawatt peak powers with ummr more is now routinely achieved, resulting in a peak power
precedented short pulse durations can now be built on a singt# in the terawatt range from small-scale lasers, and of up to
optical table in a small laboratory. The rapid technologicak petawatt from larger systems. By focusing these high-power
progress has made possible a host of new scientific advanceptical pulses, light intensities of greater thEOf°W cm—
in high-field science, such as the generation of coherent fentan be generated, which correspond to an intensity greater
tosecond X-ray pulses, and the generationM@V-energy than that which would be obtained by focusing the entire so-
electron beams and high-energy ions. In this paper, we revielar flux incident on the earth onto a pin-head. Because the size
progress in the development and design of ultrafast highef a laser depends primarily on its pulse energy, by reduc-
power lasers based on Ti:sapphire, including the ultrafashg the duration of the pulse being amplified, we can achieve
laser oscillators that are a very important enabling technologgxtremely-high power densities using lasers of a realistic and
for high-power ultrafast systems, and ultrafast amplified lasecompact scale. As a result, by reducing the pulse duration to
systems that genera2@ fsduration pulses with several watts 10-20 fs even very small-scale laboratory lasers operating at
average power at kilohertz repetition-rates. Ultrafast wavekilohertz repetition rates [23, 24] are now easily capable of
form measurements of these pulses demonstrate that sugbnerating light intensities corresponding to an electric field
short pulses can be generated with high fidelity. Finally, wen excess of that binding a valence electron to an atom.
discuss applications of ultrafast high-power pulses, including Remarkable progress in high-field optical science has fol-
the generation of femtosecond to attosecond X-ray pulses. lowed as a direct result of this technological progress. It is
now possible to experimentally investigate highly-nonlinear
processes in atomic, molecular, plasma, and solid-state
physics, and to access previously-unexplored states of matter.
Ultrashort-pulses at ultraviolet and soft X-ray wavelengths
The 1990s have seen rapid progress in ultrafast laser tecban be generated through harmonic upconversion [25—-28]
nology [1,2]. Ultrafast light sources today are “turn-key” and also at hard and soft X-ray wavelengths through the
devices, producing peak output powers on the order ofreation of an ultrafast laser-produced plasma [29] or by scat-
a megawatt with pulse durations unded fs directly from  tering off electron beams [30—32]. Such ultrafast soft- and
a simple laser [3—8]. Since an optical cycle period in the visi-hard-X-ray pulses can be used to directly probe both long-
ble and near-infrared -3 fs, this pulse duration approaches and short-range atomic dynamics and to monitor the evolu-
fundamental limits for devices operating in this wavelengthion of highly-excited systems [33]. In other work, the use of
range. Important new measurement techniques [9] have alextremely short-pulse high-intensity lasers may make it pos-
been developed, which can extract the complete waveforible to generate coherent X-rays with pulse duration as short
of an optical pulse of only a few cycles in duration [10, 11].as10~6 seconds (or 10attoseconds[34—36].
Such precise measurement tools are essential to properly
characterize and utilize extremely short optical pulses.

A major application of ultrafast lasers is to study thel Ultrashort-pulse sources
interaction of atoms, molecules, and plasmas with intense
light. These high-field science applications require peak powthe technology of femtosecond lasers changed dramatical-
er in the range of019-10'> W. Such high-power short pulses ly with the demonstration in 1990 of the self-modelocked
are generated using laser amplifier systems. The technol@t.sapphire laser by Sibbett and his group [1]. Titanium-
gy for generating high-power amplified ultrafast pulses hasloped sapphire is a solid-state laser material with extreme-
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duce the required area of the pump beam. A flat mirror and
output coupler complete the laser cavity, with the only other
addition being a prism pair to compensate dispersion.

The most significant advance in Ti:sapphire oscillator
design since its original demonstration has been a dramat-
ic reduction in achievable pulse duration. This was accom-

plished in work of our group and others [2,3,5-7,10,40—
49] by reducing overall dispersion in the laser. This can be
done by using physically shorter Ti:sapphire crystals and
optimum prism materials, or special mirrors [46]. Disper-
sion is extremely important in femtosecond lasers. It stabi-
lizes the pulse in the laser and also determines the limit-
ing pulsewidth for a given design geometry. For long-pulse
(narrow-bandwidth) operation, Kerr-lens modelocked lasers
work in a negative-dispersion regime [50,51]. The lasing
bandwidth and pulsewidth can be controlled by adjusting the
9 mm amount of negative dispersion, i.e., by changing the amount
of glass in the laser by adjusting an intracavity prism.

2 mm In order to generate the shortest pulses, dispersion in the
laser must be reduced to near zero (with a small amount of
net-negative dispersion needed to compensate for self-phase
modulation in the laser medium). In other words, the round-
trip time (or group delay) for light in the laser cavity must
Fig. 2. Shortest pulse width vs. the square root of TOD in a Ti:sapphire lasehe nearly frequency independent, i Bg) = 8¢ /8w = To ~
(at800 nm) const., wherep is the total phase advance of light after one
cavity round-trip.T(w) can be expressed as a Taylor series
about the center frequeney
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Fig. 1. Schematic diagram of a self-modelocked Ti:sapphire laser
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whereg’, ¢”, etc. are the derivatives of the phase with respect
to frequency. From the above we see that the second-order
(¢") dispersion term (also called group velocity dispersion or
GVD) leads to a linear chirp. This GVD term can be adjust-
ed by adjusting the amount of prism glass in the laser, and
the separation of the prism pair. The next term, proportional
_ , o _ ~ to¢”, is the third-order dispersion (TOD) or quadratic chirp
Fig. 3. Autocorrelation of anll fs pulse from a TOD-limited Ti:sapphire term, while the next term again is the fourth-order dispersion
laser . .

(40D) or cubic chirp term.

Our past work demonstrated that the shortest pulsewidth
ly desirable properties [37,38]: a gain bandwidth spanfor a given laser set-up is determined by the presence of
ning the wavelength region from00 nmto 1100 nm very  higher-order dispersion in the laser, which prevents frequen-
high thermal conductivity, and an energy storage densitgies far from the line center from being modelocked. This
approachingl J/cm?. This last property, although desirable is illustrated in Fig. 2, which plots the shortest pulse dura-
for high-energy amplification, was thought to prohibit thetion obtained from a laser as a function of the net TOD (the
use of Ti:sapphire in femtosecond modelocked lasers. Exargest non-cancelable term) of the laser. In this series of ex-
isting passively mode-locked dye lasers [39] relied on theperiments [3, 5, 40, 41], we reduced the TOD in a Ti:sapphire
low-energy storage density of the laser dye to facilitate théaser by reducing both the material in the cavity, and choosing
mode-locking process. Thus passive modelocking is not fedhe prism glass type to minimize TOD. Reducing the crys-
sible using most solid-state gain media. However, the selftal length from2 cm (with LaFN28 prisms), td® mm (with
modelocked Ti:sapphire laser relies on a different and ver{zaKL21 prisms), thert.5 mm (with fused silica prisms), and
universal mechanism to facilitate short-pulse generation: thinally 2 mm (again with fused silica prisms) makes it pos-
Kerr nonlinearity of the laser crystal. Since this nonlinearity issible to minimize TOD in the laser and thus decrease the
instantaneous, and independent of the energy storage densitynimum pulsewidth fron82 fsto 17 fs and finally< 10 fs
of the laser medium, it makes possible an entirely new clasBigure 3 shows the autocorrelation of &hfspulse obtained
of reliable, high average power, ultrashort-pulse lasers basdrbm the most widely implemented laser configuration, which
on Kerr-lens modelocking. The resulting laser configuratioruses a4.5 mm laser crystal. The initial design of Sibbet,
is attractive in its simplicity, as illustrated in Fig. 1. The gain designed without regard to TOD, obtain6@-100 fs pulse
medium is sandwiched between two focusing mirrors to reduration. Figure 4 illustrates how proper choice of prism ma-
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o SF59 laser, taking into account the interplay between the exact
<& 5000 -T.‘/ intracavity dispersion, gain lineshape, Kerr lensing, and self-
- phase modulation [7,42-44]. The total dispersive phase de-
£ 4000 4 lay assumed in our models includes the dispersion of the crys-

§Z) ’ tal and the prism pair, as well as the resonant dispersion of the

§ 3000 - ) SF10 laser transition. In some cases we included a finite response
A V time for the Kerr nonlinearity to test if such an effect could
5 s limit the modelocked bandwidth. In more-challenging simu-
S 2000 1 = lations we included spatial effects, including diffraction and
Q . self-focusing of the intracavity pulses. The Kerr-lens mode-
_'g 1000 - .& *  Fused Silica locked laser is unique in that there is an intimate coupling
FE LSFIFLZm—"- ek - . of the spatial and the temporal evolution of the pulse. This

o T T uniqueness makes it challenging to develop a complete un-

20 40 60 80 derstanding of the operation of this laser, although the basic
concept of Kerr-lens modelocking was published over two

Prism Separation (cm) decades ago [53]. A complete model of these lasers must in-

clude the evolution of the optical pulses in space and time,
particularly for the sul®0fs regime of operation. We de-
veloped the first space-time coupled model of a modelocked
laser, which simulates the propagation of a pulse as it bounces
terial is essential for good TOD compensation, by plottingback and forth between the laser end-mirrors.
the value of the residual TOD in a cavity containing emm Several approaches have been used in the past to model
long Ti:sapphire crystal, for various glass types listed in thehe behavior of ultrashort-pulse Ti:sapphire lasers. Analyt-
Schott glass catalog [52]. The prism separation is chosen fac theories treat the steady-state pulse propagation by using
near-zero GVD. Typically, high-dispersion glasses have higlan extended ABCD formalism [53] ajar using a “master
TOD and therefore longer limiting pulsewidths. This is con-equation” approach [50]. These one-dimensional numerical
sistent with a simple limitation: the laser will operate with models concentrate on the multipass dynamics of the pulse
a bandwidth over which the net group delay in the laser iss it evolves toward steady state, taking into account the bal-
constant to within a fixed allowable error (experimentally de-ance between self-phase modulation in the laser crystal, and
termined to be- 2 fs). If TOD is the limiting dispersion error, group-delay dispersion due to the prisms (or chirped mirrors).
then the error is proportional " (wg) Aw?. The allowable Thus, the output pulse shape and duration are determined by
bandwidth (squaredj\w? thus scales inversely with TOD. a soliton-shaping mechanism, similar to pulse propagation in
Experimentally and theoretically, the pulse duration in theseptical fibers [55]. This approach had been used for many
lasers has always proven to be compressible to the bandwidjlears to model the behavior of dye lasers [56] where satura-
limit, although the pulse in general emerges from the lasetion effects cause pulse shortening down to the limit where
with some chirp due to optical path length in the Ti:sapphiresoliton-like effects begin to play an essential role. However,
crystal and the output coupler. it was subsequently demonstrated that even in the case of dye
lasers [57], the soliton shaping mechanism works only in the
atypical case of weak amplitude shaping and long pulses.
2 Fundamental limits of lasers Our simulations show that a stable steady-state pulse is
obtained primarily by a balance of self-phase modulation
In order to generate even shorter (sibfs) pulses from by the net negative dispersion of the intra-cavity compo-
solid-state lasers, the next higher-order dispersion, third-orderents, similar to a soliton process. However, the Ti:sapphire
dispersion (TOD), must be eliminated. A very simple methodaser can operate in a much richer parameter space than that
to overcome this limit is to operate the Ti:sapphire laser apredicted by analytical soliton theory. For example, Fig. 5a
a center wavelength &50 nm where, by using a fused silica shows two experimentally measured output spectra from
prism pair and a sho&@ mmTi:sapphire crystal, simultaneous a laser, where the only parameter changed in the laser to ob-
near-zero second- and third-order dispersion can be obtaingdin these two spectra is the insertion of one prism, changing
We used such a laser design to generate the firstl8di®- the net intracavity dispersion. Figure 5b shows the results of
pulses directly from a laser [5] and to explore the fundamennumerical simulations of the laser, discussed in more detail
tal limits of pulse duration in modelocked lasers. In additionbelow. The laser can operate continuously, as the spectrum
to operating the laser ne@50 nmto eliminate TOD, we also is adjusted continuously from the single-peak spectrum to
replaced the dielectric mirrors with metallic silver reflectors,the double-peak spectrum. The pulsewidth and shape also
to eliminate any limitations due to the finite reflectivity band-change continuously as the spectrum is altered. (Experimen-
width of dielectric mirrors. We found that the shortest pulsetal results on pulseshape measurements will be discussed
we could obtain from this laser wds5—8.5fs [5], measured below.) Thus the Ti:sapphire laser, when operating in an
by using conventional autocorrelation, even though we couldltrabroad-bandwidth mode, can generate a variety of stable
obtain very broad bandwidths f170 nmFWHM. pulseshapes.

To determine why the pulsewidth from the Ti:sapphire  The behavior of the laser can be understood in a sim-
laser was limited to~ 8fs, even though very broad band- ple way by considering the dispersion in the cavity. Figure 6
widths (with FWHM to support & fs pulse) could be gen- plots the calculated dispersion in the cavity corresponding to
erated, we developed self-consistent numerical models of thte two curves of Fig. 5. The dispersion is primarily 40D-

Fig. 4. TOD vs prism separation in the oscillator for various prism materials
(Schott Glass)
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Fig. 7. Heuristic picture of the effect of self-phase modulation in the cavity.
Wave]ength (p,m) Dispersion combined with self-phase modulation causes colors with nega-
tive group delay to red-shift, while those with positive group delay blue
Fig. 5a,b. Power spectrum out of a Ti:sapphire oscillatarexperimental; shift. The spectral energy thus concentrates at two wavelengths, as in Fig. 5

b theoretical, for two values of dispersion in the laser

indicates that a simple soliton picture or analytical master-
limited, since the shape of the dispersion curve is cubic. Thequation approach to pulse evolution in these lasers is of lim-
shapeof the spectrum corresponds to the shape of the disted applicability and can lead to incorrect conclusions. For
persion curve. A heuristic picture of spectral dynamics ighe limiting case of zero second-order dispersion, the soliton
illustrated in Fig. 7. Parts of the spectrum which have a relatheory predicts a collapse of the soliton; however, in prac-
tively short group delay will move towards the leading edgetice stable pulses can propagate under such conditions, but
of the pulse, which will experience a red-shift due to self-their shapes differ significantly from a séaprofile. We will
phase modulation (which results from the same nonlineasee below that this situation becomes even more pronounced
index which causes self-focusing). The reverse happens farhen spatial effects are taken into account.
the parts of the spectrum that move to the back of the pulse. For very broad-bandwidth pulses, it is not possible to de-
The overall negative dispersion at the extreme short and longgribe the group delay in terms of a Taylor series expansion,
wavelengths thus acts to “confine” the spectrum, and keep #ince the dispersion curves are not simply quadratic or cubic,
from broadening indefinitely. However, in this case, for wave-and since the various higher-order terms may not be a rapidly-
lengths neaB50 nm where there is positive dispersion, the decreasing function. Therefore, for accurate modeling of the
spectrum will spread, resulting in a “dip”. The width of the cavity, the net group delay must be used, and not individual
spectrum is determined primarily by the wavelength regiorhigher-order dispersion terms. Such an approach is straight-
for which the group delay is constant within 2 fs, corre-  forward to implement using numerical models [7,42-44].
sponding to a phase shift of approximately one wave. In thiResults of this dispersion model of the laser are shown in
picture, it also becomes clear that higher-order dispersion iRig. 5b, and the excellent agreement between the model and
such a laser can be beneficial, allowing one to broaden th#ata demonstrates that the model includes the most signifi-
wavelength range over which the dispersion is small, whileant pulse-shaping effects in the laser. Kerr lens modulation
still using negative dispersion to confine the spectrum. In facin this case is modeled simply by attenuating all light that
for some values of combined fourth-order and negative GVOalls below a threshold intensity of 1% of the peak intensity,
the output pulses have close to a sktime dependence [58, and the results are insensitive to the exact form of this am-
59], instead of the usual seclor Gaussian shapes (which plitude modulation. Altering the dispersion characteristics in
are usually assumed). A séctime dependence is in gen- the model allows us to predict with confidence that the ulti-
eral desirable, since it corresponds to a sharper rising-edgeate limits to pulse duration in a Kerr-lens modelocked laser
than conventional seétpulses. The fact that such strongly are at least as short &s. This value is obtained by using
modulated pulses are extremely stable in the Ti:sapphire laseero GVD and 40D compensation similar to that shown in
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Fig. 6b, but with a magnitude 10 times smaller. The use opersion within the laser means that the pulse duration varies
40D results in shorter stable pulse durations than in the cagkamatically depending on both the position and the direction
of simple negative GVD compensation. This result may seernf propagation of the pulse within the cavity [5]. Thus, even
paradoxical if a soliton picture of pulse formation is takenthough the laser cavity is physically a linear rather than a ring
too literally — in soliton theory, GVD is necessary for pulse cavity, modeling of the laser mode must assume an effec-
formation and higher-order dispersion is undesirable. Howtive ring cavity to account for the asymmetry of the nonlinear
ever, in light of the more complete modeling discussed hereirself-focusing.
and the simple argumentillustrated in Fig. 7, it is completely In two recent papers [7,44] we introduced more com-
reasonable to expect that a dispersion curve that flattens-oplete numerical models where the evolution of the pulse in the
near the center but is negative at the edges will allow théaser cavity is described in three dimensions. Axial symme-
pulse spectrum to broaden farther while still remaining welltry of the laser beam is assumed, which allows us to transform
confined. the frequency-dependent diffraction from two to three dimen-
sions. We can thus observe, for the first time, the spatial
evolution of the laser pulse from the initial stage to steady-
3 Space-time focusing in ultrashort-pulse lasers state value, without making any assumptions about the na-
ture of the nonlinear amplitude modulation. In these models,
As discussed above, modeling of solid-state femtoseconthode-locking is favored over cw operation simply because
lasers has advanced to such a point that we can now setfe restricted pump area in the laser crystal can result in high-
consistently model the laser to obtain theoretical bandwidther net gain for a self-focused pulse than for low-intensity
and pulsewidths in excellent agreement with experiments [Hight. Alternatively, we can model a “hard aperture” in the
7,10,42-44]. However, physical interpretation of these nulaser. In our modeling, we consider two different resonator
merical models is important to understand Kerr-lens modeeonfigurations: linear and ring, as shown in Fig. 8. To repro-
locked lasers in detail. One of the most important features thatuce our experimental results, we assume that the dispersion
distinguishes Kerr-lens modelocked lasers from other ultracontrol in the linear cavity is accomplished by a prism pair,
fast modelocked lasers is the role played by spatial effectsyhile in the ring cavity, we concentrate the dispersion close
including diffraction and self-focusing of the intracavity puls- to one or two flat mirrors to simulate a dispersion-controlled
es. A complete model of these lasers must therefore includairror compensated cavity [46]. Free-space pulse propaga-
the evolution of the optical pulses in both space and timetion in the region between the optical components is accom-
This is particularly true for the sub@ fs regime of opera- plished using Fresnel integrals, while the nonlinear propa-
tion. In addition, the astigmatic angles of incidence of thegation through the laser crystal is simulated by a split-step
beam on the laser mirrors, together with the Brewster anapproach.
gle of the laser crystal, makes the problem inherently three Figure 9 shows the evolution of the pulse spectrum and
dimensional. Finally, the large spectral bandwidth and dispulse duration at the output couplers of the linear and ring
cavities shown in Fig. 8. After a transient oscillatory phase,
the pulses evolve toward steady state, with small residual
M, C M, oscillations that depend on the precise tuning of the res-
onators. The important point to note here is that the final
pulse spectra and pulse duration at the output coupler do not
correspond to transform-limited pulses, but rather are posi-
tively chirped. The position of the transform limited pulse
(time waist) occurs within the laser crystal. This can clear-
ly be seen in Fig. 10, which shows the space-time focusing
-~ exhibited by the pulse in the crystal in steady state. This
M behavior has already been demonstrated experimentally in
1 M, our previous work [5]. Thus, we conclude that the nonlin-
ear Kerr-lens modelocked resonator tends to compensate for
the “astigmatism” between the space and time foci inside
cavity, and to match the beam waist in the crystal with the
“time waist” of the pulse to maximize the self focusing.
To show that the combined space-time focusing in the laser
crystal greatly improves the selective properties of the non-
linear resonator, in Fig. 11 we plot the transmission of the
resonator for a pulse that exhibits space-time focusing, as
compared to one with no time focusing. We see that space-
: time focusing ensures better transmission and better stability
M, M, against intensity fluctuations (narrower peak). Thus, owing
to the fast response time of the Kerr nonlinearity, space-
Fig. 8. Schematic of the linear and ring resonators used in our model caltime focusing in Kerr-lens modelocked lasers is the main
culations. The focal length of the curved mirrors3$cm the crystal  mechanism that sustains stable mode-locking. The role of

length is0.23 cm and D is the dispersion control. The distances for the lin- 4. . A . . )
ear resonator are M1-M2 58,8 cm M2-C = 3.443 cm C-M3 = 3.438 cm dispersion compensation is to ensure that space and time fo

and M3-M4= 101 cm For the ring resonator: M1-M2 50cm M2-C—=  Ci are appropriately positioned to maximize the nonlineari-
3.438 cm C-M3 = 3.449 cm M3-M4 =50 cm and M4-M1= 64 cm ty.
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The fundamental reason for this behavior is that the ne4 Ultrashort pulse amplifiers
intracavity dispersion is not a single entity: the positive dis-
persion within the crystal plays its own role in the pulseThe broadband, ultrashort-pulse, laser oscillators described in
dynamics. Owing to the time focus in the crystal, and dethe first part of this paper are ideal sources of low energy-
pending on the exact crystal thickness, the pulse that entesged pulses for high-power, ultrafast amplifiers. While it is
the crystal will be chirped. Self-focusing causes the cryspossible to routinely generate pulses as shoftCafs pulses
tal to act as a nonlinear spectral filter because the higtdirectly from a laser oscillator, for high-power amplifiers of
er and lower frequencies that are positioned at the leadinggrawatt peak powers, the pulse durations that can be gener-
and trailing edges of the pulse exhibit weaker self-phasated from state-of-the-art systems at the present time are ap-
modulation than the peak of the pulse. Therefore, use groximatelyl15-20fs[13-16,23, 24,60, 61]. Typically, sev-
a thinner crystal will ensure broader modelocked spectraral design choices must be made in developing high-power
and shorter pulse durations than in the case of a thickerltrafast lasers, involving trade-offs between pulse energy,
crystal, given equal dispersion compensation in the cavitypulse duration, spatial quality, pulse contrast, pulse repetition
These considerations apply for both linear and ring cavirate, and wavelength. Nevertheless most systems have many
ties. features in common: a front-end laser, a pulse stretcher, sev-
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ing limits the output bandwidth. For the case of infinitely
L broadband input pulses injected into a Ti:sapphire ampli-
fier with a gain of 107, the amplified output spectrum is
~ 47 nm FWHM, as shown in Fig. 12. This bandwidth is
capable of supporting pulses as shortl&8ds at millijoule
pulse energies. For the highest energy (TW) output pulses,
the gain-narrowing limit is~ 25 fs for Ti:sapphire. For all
other amplifier materials, the gain-narrowing limit is even
\ more severe. In practice, it is not necessary to have infinite-
B i ly broad bandwidth input pulses in order to obtain amplified
L output spectra as broad 43 nm This is because the input
; pulse spectrum from the oscillator can be adjusted to com-
pensate for gain narrowing and for the related effect of red
pud il Py shifting of the spectrum during amplification. This is illus-
10° 108 10° 10 10" 1012 trated in Fig. 13. Red shifting of the pulse spectrum results
from the fact that the leading edge of the chirped pulse be-
Intensity (W/cmz) ing amplified (longer wavelengths) sees a higher gain than the
trailing edge. It is therefore not desirable to center the wave-
Fig. 11. Transmission of the resonator for optimally chirped pulse (solic_i|ength of the low-energy seed pulses8&0 nm since then
!lne) and for an unchirped pulse (dashed line) as a function of peak mtensnihe red shift and gain narrowing causes the pulse spectrum
in the laser crystal . :
to severely narrow and shift from the peak of the gain of the
amplifier. In contrast, broad amplified bandwidths at high en-
eral stages of amplification, followed by a pulse compressoergies can be obtained by positioning the input spectrum on
This method of stretching the pulse in time prior to ampli-the short wavelength side of the desired output, as shown in
fication, in order to maintain fluences well below damagerig. 13. It is interesting to note that the spectral output from
threshold in the optical materials in the amplifier, is known ag#OD-limited prism-dispersion controlled Ti:sapphire lasers is
chirped-pulse amplification (CPA) [12]. Following amplifica- ideal for further amplification, and that in the case of gain-
tion, the pulse can be recompressed to a short pulsewidth marrowing limited amplification, the use of shorter-duration
reversing the chirp process. seed pulses will not alter the resulting output. The effects of
In designing amplifier systems for high-power pulses ofgain-narrowing can be ameliorated to some extent by intro-
duration« 100 fs there are two major effects that may limit ducing compensating spectral attenuation to flatten the net
the final pulse duration. First, the finite bandwidth of thegain profile in the laser amplifier [62—64]. However, this
gain medium results in narrowing of the pulse spectrum durgain reshaping also tends to result in phase distortion (due
ing amplification. Ti:sapphire is the broadest-bandwidth laseto the gain-modulating elements) and reduced pulse spectral
material known (FWHM gain bandwidth &30 nn); how-  content far away from the center wavelengths. The net re-
ever, after amplification by factors @0’—10'%, gain narrow-  sult is a modest reduction (10-20%) in pulse duration at the
expense of temporal “cleanliness” of the pulse. It is of in-
terest to note that shaping the spectrum of the input pulse
as we have done does not inherently compromise the fi-
delity of the amplified pulse. As mentioned previously, the
output from the mode-locked Ti:sapphire laser is essentially
transform-limited, even in the case of a spectrum that devi-
ates significantly from the setlshape. In the case of perfect
dispersion compensation in the CPA system, the output pulse
shape is thus simply the transform limit of the output spec-
trum.
- The second limiting effect on pulse duration in CPA sys-
<4—47 nm FWHM tems is higher-order dispersion. The CPA technique requires
a very accurate chirp and recompression of an ultrashort
laser pulse. Since typical stretching factors are in the range
of 10%, with such large stretch factors it is quite easy to
introduce unwanted higher-order dispersion into the optical
system. For pulse durations 30 fs both GVD and TOD
must be compensated. This compensation may be achieved
by adjusting the grating separation and incident angle in ei-
ther the pulse stretcher or compressor. For 30fs pulses,
yet another degree of freedom is required to minimize the
T T T ' residual fourth-order dispersion in the system. Given that the
700 750 800 850 900 contribution of most optical materials to 40D is negative,
material can be added to the beam path to cancel 40D. Al-
Wavelength (nm) ternatively, for constant GVD, the magnitude of the TOD
Fig. 12. Gain narrowing for an infinitely broad input spectrumi@f gain and 40D increases as the grating groove density is increased.

Transmission (a.u.)
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47 nm FWHM

I P RN 0 - Fig. 13a,b. Gain narrowing for an opti-
700 725 750 775 800 835 850 875 900 700 725 750 775 800 825 850 875 900 mally shaped input spectrume)(, and
for a non-optimally shaped oné)(. The

Wavelength (nm) Wavelength (nm) ipxeigflly—averaged gain in each case is

In previous work, we found that for the typical amount of 5 Specific amplifier systems
material present in the beam path of a multipass amplifi-
er system, the residual 40D was minimized by using 600n our work, we developed two novel ultrashort-pulse am-
line/mm gratings. We also found that by using an addition-plifier systems [13-15, 23, 24]. The first is a high-repetition-
al prism-pair in the amplifier [15, 24], we could eliminate all rate laser system, which generates several millijoules of en-
higher-order dispersion up to and including fourth-order, oveergy at kHz repetition rates. The second system is a high
extremely large bandwidths, to produce high-quality, 20 fgpeak-power laser system, capable of generating approximate-
pulse durations. This will be discussed below. Other possily 3 TW of peak power atlO Hz repetition rates (Fig. 14).
bilities for compensating higher-order dispersion are to us©ur amplifier design philosophy has been to reduce the com-
different groove densities for the stretcher and compressaiexity as far as possible, while optimizing the systems for
(although this choice is somewhat system-specific) or to useltrashort-pulse operation. We use highly-doped Ti:sapphire
specially-designed lenses to compensate for 40D [65, 66¢rystals in the amplifier, to reduce uncompensatable higher-
The most desirable and flexible method to eliminate higherder dispersion in the system, together with all-reflective,
order dispersion would be to introduce active control over théow-aberration, stretcher, and compressor designs. We also
spectral phase in a spatially and spectrally dispersed regiarse relatively modest stretch factors (600-12@6hg grat-
of the amplifier system [67—69]. However, at present, suclings), which stretch the pulses frdl2 fsto ~ 50-80 ps This
pulse-shaping systems are somewhat difficult to use and ae#lows us to compress the output pulses back to near their
lossy. original pulse duration following amplification.

Another factor that effects pulse shape is the overall spec- For our most recent work, we developetlkHz repetition-
tral bandpass of the system. The finite size of the pulseate, Ti:sapphire-based, amplifier system, which can simul-
stretcher and compressor gratings place hard cutoffs on th@neously generate high peak and average powed2afwW
spectrum. For good pulse fidelity, it is important that theand 4 W, respectively [23,24]. The laser system generates
spectral bandpass be 3 times the spectrum FWHM. Even 4 mJenergy pulses, witB0 fspulse duration, and is shown in
in this case, spectral clipping will result in a backgroundFig. 15. The seed pulses are derived from a self-modelocked
of uncompressed light. This effect, and the finite bandwidtiTi:sapphire oscillator [3], with the spectral shape and peak
over which dispersion is well compensated, are generallywavelength 760 nn) adjusted to compensate for spectral
the limiting factors in intensity contrast from these high-shifting and shaping in the amplifier. This allows us to max-
energy ultrafast systems. The use of low-groove density gratmize the amplified spectral bandwidth. The short pulses are
ings makes it more practical to obtain a large spectral bandhen stretched in time to a duration 66 ps using an all
pass. reflective pulse stretcher [13]. Higher-order dispersion com-

Output: 4.0 mJ, 20fs
0.2 TW,1kHz

A

Nd:YLF .
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Argon ion e
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ie _Ti:S laser/ ‘«T*%?C'ﬁ’f""l R
4 Fig. 14. Schematic diagram of &2 TW, 1 kHz,
50ps Ti:sapphire CPA system
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[ Argon Ton Laser | from 13x 107% /K at 300K, to 3x 1076 /K at 125K [72].

In our case, this corresponds to improving the focal length of
NG-YAG Ti:Sapphire Laser the thermal lens, in the case 22 W absorbed pump power,

: from fiherm= 45 cmat300 K to fiherm= 5.6 mat125K We
"%\\/‘\ used a simple, liquid nitrogen-cooled cryostat to accomplish

10 fs this. The first amplifier stage was pumped wés W from
Pulse a Quantronix 527 Nd:YLF laser [23]. The second stage us-
‘ stretcher es identical 1 meter ROC mirrors as the first stage, with the

pump spot size increased from500 to~ 1 mm The pump

PC power was26 W, and it was injected with seed pulses of en-

ergy 700uJ from the first stage. Given the output energy of
7mJ(7 W), this corresponds to a second-stage efficiency of
~ 30%. After compression using a pair of 600ngm grat-
WP ings, the output energy ¥mJfor our compressor through-
2nd stage amplifier Polarizer put of 57%. The output beam focuses to near the diffraction
7‘\ PC limit, and the ASE background (measured by blocking the
X ] seed pulse) is< 3pJ/pulse. In the near future, we plan to
replace our compressor gratings with higher-efficiency ver-
N sions, which should allow us to obtain5 mJat1 kHz
Output: 3TW, The second amplifier system we developed is shown in
70ml, 25fs Fig. 15 [13, 14]. This system can generate pulses with a du-
Pulse compressor ration of 26 fs and with an energy of5mJ from a sim-
ple two-stage Ti:sapphire amplifier system. The peak pow-
er of these pulses is thusTW, and the repetition rate is
10 Hz The amplifier design consists of two multi-pass am-
plifiers and is relatively simple and compact. As in the case
pensation is achieved by propagating the beam through af the high-repetition rate system described above, we use an
SF18 glass prism pair. Optimization of the stretcher gratingll-reflective, low-groove density, grating stretcher and com-
angle and position, and the prism separation, allows us tpressor, combined with relatively short material path length.
compensate dispersion in the system up to fourth order [70]This design allows us to minimize higher-order dispersion in
The laser system consists of two stages of amplificatiompur amplifier. The result is a system which generates multi-
both using multi-pass ring designs, which reduce the amounérrawatt, transform-limited pulses with good beam quality
of material in the amplifier compared with regenerative am-and low ASE levels, at a duration near the theoretical limit
plifier designs. The ring design is very flexible, since theimposed by gain narrowing in Ti:sapphire.
crossing point can be moved to an arbitrary point in the ring
to optimize the mode size in the amplifier crystal. One of
the major problems with high average power ultrafast sysé Precise measurement of ultrashort-pulses
tems is thermal lensing induced by the heat load of the large
pump laser fluence on the amplifier crystal. Thermal lensind\s a further confirmation of our understanding of the fun-
can lead to a mismatch between the pump and laser mode damental limiting physics of the Ti:sapphire laser, we de-
subsequent passes through the laser amplifier, and to possibloped sophisticated measurement technique4@e20 fs
optical damage. In the case of the first pre-amplifier stage, theulses [10, 11], in collaboration with Trebino and his group.
beam is approximately at a waist when passing through thim addition to its utility for understanding the fundamen-
crystal, which minimizes the influence of lensing on the beantal physics of modelocked lasers, accurate pulse character-
divergence. However, for the second power amplifier stagezation is essential for many ultrashort-pulse applications.
this is not the case. The beam propagation can be severely iRer example, in coherent X-ray generation via harmonic
fluenced by thermal lensing. Although the thermal lens can bap-conversion [27, 34,73, 74], laser-based particle accelera-
compensated for to some extent using corrective optics (i.etion [32, 75], or coherent control of wavepackets in ultrashort
lenses), high-order aberrations on the pulse can be introducetlemical reactions [76—78] the pulshapecan be tailored
that are difficult to correct. to optimize the results. Such precise shaping can be achieved
Given our goal of obtaining the highest possible focusabl@nly through proper understanding of the electric field of the
intensity, we chose to reduce, rather than compensate for, tipellse (amplitudendphase). Finally, in ultrashort-pulse (sub-
thermal lens. Ti:sapphire has excellent thermal characteri§0 fs) amplifier systems, as discussed above, accurate charac-
tics even at room temperature, where the thermal conductivitierization of the amplitude and phase of the output pulses is
is 46 W/mK. However, at77 K, the conductivity jumps to key to perfecting the optical system.
over 2000 W/ mK. The reduced thermal gradients result in  Prior to about 1995, ultrashort pulse systems were typ-
reduced lensing, with the focal length of the lens being directically characterized by measuring only the power spectrum
ly proportional to the thermal conductivity [71]. The thermal and second-order autocorrelation. The former provides only
lens is also inversely proportional to the change of refracspectral amplitude information, without spectral phase infor-
tive index as a function of temperaturén/dT, which is  mation, and therefore the Fourier transform gives information
also more favorable at low temperature. As a result, by coolen the ultimate pulse duration that could be obtaiifethe
ing the Ti:sapphire crystal, it is possible to reduce this effecfrequencies were all in phase. This situation has led to many

Fig. 15. Schematic diagram of aTW, 10 Hz, Ti:sapphire CPA system
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inaccuracies in the literature, particularly for sB@fs puls- Experimentally, there are many difficulties involved in
es, because of the significance of higher-order dispersion botheasuring ultrashort-pulses with bandwidths100 nmor
in determining the pulse shape generated by the laser, amggeater [10,11]. The optical elements in the measurement
the dispersive propagation of these pulses. The transformapparatus cannot limit the bandwidth and the frequency re-
limited FWHM pulse duration (assuming flat spectral phase¥ponse of any detector used must be accurately calibrated.
of a pulse with a spectral FWHM bandwidth 40 nmwill Finally, the phase matching bandwidth of the frequency doub-
be18fs 24fs or45fs depending on whether a séclbaus-  ling medium must be maximized. This finite phasematching
sian, or flat-topped pulse shape is assumed. To complicabandwidth becomes less of a problem as the crystal thick-
matters further, traditional autocorrelation techniques tend toess is reduced, and the thinnest possible crystals are gen-
underestimate the pulse duration, since the spectrum is almastally used for ultrashort-pulse applications (at the expense
always modulated or clipped due to finite bandwidths of mir-of signal level). Using very thin KDP crystalsc(50um
rors and gratings, and thus the spectral and temporal shapes found that phase matching of our extremely large band-
are never purely Gaussian or sécfihese limitations apply widths (= 170nm) was a problem, since the crystal has
equally to conventional and interferometric autocorrelationfo be oriented very precisely to achieve optimum phase-
since the interferometric trace contains essentially the sanmmaatching. This is an iterative process, and even then is not
data as the spectrum combined with the intensity autocorrelgerfect for ultra-broadband pulses. More recently, we used
tion [79, 80]. However, the interferometric technique adds the thin film (0.4 um) containing highly oriented NLO organ-
complication of a high degree of sensitivity to alignment.  ic chromophores with a large nonlinearity as a nonlinear
In this light, the recent development of new measuremedium [84]. These films were made of tricyanovinylaniline
ment techniques, which allow complete characterization ofPhTCV), which was specifically developed for Ti:sapphire
ultrashort pulsesaimplitudeandphasé, are a particularly sig- ultrashort-pulse SHG applications. A poled TCV was used
nificant development in the field [9,81]. We have workedin an SHG-FROG to characteriZe fs pulses from a mod-
in collaboration with Trebino et al. to apply one of theseelocked Ti:sapphire oscillator. The retrieved electric field is
measurement techniques, Frequency-Resolved Optical Gathown in Fig. 16.
ing (FROG), to ultrashort pulses [10, 11]. In traditional au-  The ability of FROG to fully characterize ultrashort puls-
tocorrelation techniques, the amplitude of a nonlinear signa¢s has proved extremely useful in verifying the predictions
is recorded as a function of the delay between two identief theoretical models of our laser. As discussed above, nu-
cal replicas of a short pulse. In FROG, both the spectrutmerical models of the Ti:sapphire laser are necessary to de-
and amplitude of the nonlinear signal are recorded as a funseribe the operation in the s} fsregime, because analyt-
tion of delay. FROG applies well-developed phase-retrievailcal models can describe the operation only in a very limit-
algorithms from spatial image analysis to solve [82,83] theed regime. As discussed above, in order to generate broad-
problem of retrieving a pulse shape from the measured ddandwidth pulses with which to test our models, we operated
ta. It has the added benefit of having very strong constraintst 850 nm where both the second- and the third-order dis-
in the different fourier domains of the algorithm, which re- persion in the laser cavity were near zero. Therefore, the
trieves the pulse by a self-consistent iterative process. A grelgmtosecond pulses were shaped and sustained by fourth-
advantage of FROG is that it also has internal self-consistenayrder dispersion. Fourth-order dispersion results in a large
checks on the data, which prevent systematic measuremesyectral region of near-zero group delay, which allows broad-
errors. For example, if the SHG FROG trace is integrater bandwidth operation than in the case of second-order
ed over the time axis, the result, known as the frequencgispersion. The output spectra from the laser were charac-
marginal of the trace, can be shown to be proportional to
an autoconvolution of the fundamental power spectrum. This
can be measured independent of the FROG algorithm, al- g
lowing one to detect problems with the experimental set-up.
Such checks are completely lacking in traditional autocorre- 7
lation. FROG has also been shown to be very robust against
noise. 6
FROG can be applied with nearly any optical nonlinear-
ity, but we have focused on two versions in particular: Sec- 57
ond Harmonic Generation (SHG) FROG, which is ideal for &
weak unamplified pulses, and Transient Grating (TG) FROG,; 47
which is perfectly phase matched and is ideal for high—power_§
ultrashort pulses. SHG FROG is similar to traditional auto-~~ 3*
correlation, except that thepectrumand amplitude of the
second-harmonic signal is recorded as a function of delay
between two pulses. In TG FROG, two identical beams are
overlapped in a medium (e.qg., fused silica) to generate an in-
duced grating. A third portion of the pulse scatters off the i : : : .
induced grating from the first two beams, to produce a fourth 80 60 -40 20 O 20 40 60 80
beam at the same frequency, which is the nonlinear signal to Ti £
be measured. In this section we will report on the applica- ime (fs)
tion of these two FROG geometries to measure the shortestig. 16. measured pulse temporal intensity and phase b8 & pulse using
fully-characterized pulses to date. SHG FROG and single layer non-linear SHG medium (TCV)
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FROG spectrograms of a 9-fs pulse
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Fig. 17a—c.Comparison of the SHG-FROG
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Delay (fs) Delay (fs) Delay (fs) pulse. The key differences are the two is-
lands present inb) and €) which are not

(a) (b) (c) present in §)

100 power of this FROG technique by comparing the measured
and calculated group delay and spectrum from an ultrashort-
/(b) pulse amplifier system (shown in Fig. 14). This is the first

time that FROG techniques have been used to character-
:“;/(c) ize such ultrashort high-power pulses. The measured pulse
I

501

duration is20fs and the shape of the group delay curve
indicates that the pulse duration is limited only by fifth-
order dispersion. It should be noted that if a Gaussian pulse
shape were assumed in an autocorrelation, the pulse width
would be incorrectly determined to B8 fs while by assum-
ing a sech pulse profile, the pulse width would be severely
underestimated di6 fs

To design our amplifier systems, we developed a model
that propagates the stretched pulse through the optical system,
and predicts the output pulse characteristics while including
the effects of gain narrowing, gain saturation, spectral shap-

-501

-100+

Group delay (fs)

=150

2200 buomrns ’ m
600 700 800 900 1000

Wavelength (nm) ing, dispersion, and gain dispersion. Figure 18 compares the
Fig. 18. Measured power spectruna)(and group delay k) along with model predictions to the experlmgntal data for the output
computed group delayc) for a high-energy20 fs pulse spectrum and group delay. There is excellent agreement be-

tween theory and experiment. The group delay is flat over

the entire spectrum, except at the very edge where there is
teristically double-peaked, and were in excellent agreemera slight distortion due to a small amount of residual fifth-order
with our model predictions (see Fig. 5), lending validity to dispersion. It should be noted that this degree of agreement
our theory of higher-order dispersion-limited pulse forma-was made possible only with the phase information provid-
tion in Ti:sapphire lasers. However, an alternative model oéd by FROG, which allowed us to identify and either correct
the double-peaked spectra suggested that the double-peakednodel sources of dispersion such as from the dielectric
spectrum was the result of coherent ringing in the laser medmirrors used in the system. FROG has proven to be very ef-
um [85]. Although both theories predict nearly identical pulsefective as an advanced diagnostic to help fine-tune dispersion
spectra and autocorrelations, the two theories predicted vecpmpensation in the re-compression process. Very recently,
different pulse shapes and shaping mechanisms. Howeveave also used TG FROG to measure the shortest, high-power
FROG can easily distinguish between the two different thepulses generated to date. These pulses were generated by self-
ories. Figure 17a,b shows the SHG FROG traces for the twphase modulation (SPM) of o@0 fs 3 mJ pulses either in
theoretically predicted pulses, while Fig. 17c shows the exair [23] or in a hollow-core fiber [57]. Pulses of durati®iiis
perimentally measured FROG trace. The experimentally obat a few microjoules of energy were obtained (as shown in
served FROG trace agrees much better with that predicted lyig. 19), as well as millijoule-energy pulsesi&5 fs. In the
our high-order dispersion-limited theory [10] and thereforeformer case, an argon-filled hollow-core fiberl meter long
proves that the Ti:sapphire laser is 40D limited7é&8-9fs.  was used for SPM, with compression using a grating pair. In
This result also illustrates the limitations of pulse measurethe latter case, SPM was accomplished by focusing the pulse
ment technigues based on autocorrelation fits — the theoig air and compressing it using dispersive mirrors. The in-
of [85] was supported by an excellent-looking fit to interfer- formation derived from TG FROG measurements allowed us
ometric autocorrelation data, where the fit assumes the pul$e optimize the SPM process and the recompression of the
shape which FROG clearly shows is incorrect. SPM-generated light.

A second very new type of FROG, transient-grating Recently, in collaboration with J. Peatross, we have also
frequency-resolved optical gating (TG-FROG) [86], hasexplored a deconvolution technique, called Temporal Infor-
proven exceptionally useful for characterizing the output oimation Via Intensity (TIVI) [87], which can rapidly obtain
our ultrafast amplifier systems [24, 70]. Figure 18 shows th@ulse amplitude and phase information from autocorrelation
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and spectrum measurements. This method splits the amptitassical theory for the motion of an ionized electron during
tude and the phase determination into two discrete stepthe first optical cycle after it is ionized due to the strong
Using the known positivity constraint on the second order aulaser field [90, 91]. In this picture, the highest photon energy
tocorrelation, the first step uses a one-dimensional iterativachievable is determined by the maximum kinetic energy of
loop which converges to the temporal pulse shape (with théhis electron as it returns to the nuclets: = I+ 3.2Up,

usual temporal ambiguities inherent in second order measureshereUy is the ponderomotive energy, aglis the ioniza-
ments). This result, along with the measured power spectrution potential of the atomUp is determined by the energy

of the pulse, is used in the second half of TIVI, which ap-gained by the electron in the laser field, which is in turn deter-
plies a one dimensional Gerchbg&naxton algorithm [88] to mined by the laser intensity at which the atom fully ionizes.
converge to the temporal phase. This method does very walle showed that, using very short-duratiad26{s) driving

on noise free data and is still very useful with up to 10%pulses, it is possible to generate photon energies substantial-
additive noise. However, it does suffer from the limitation,ly higher than with longef00 fspulses from a given atomic
inherent to autocorrelation fit techniques, that the fit can staggas. This is because the atom fully ionizes at a higher laser in-
nate to a qualitatively incorrect pulse shape, which yieldgensity for shorter duration excitation pulses, and the electron
a spectrum and autocorrelation that visually appear identthen gains more energy in the laser field (higbg), which

cal to the measured data. Nevertheless, this technique, whanturn results in higher radiated harmonic energies. Experi-
used in conjunction with full-blown FROG, can yield accu- mentally, we also demonstrated that shorter pulses generate
rate deconvolutions with dramatically reduced computatiornarmonics more efficiently, and that it is possible to tune the

time compared to FROG alone. wavelength of the harmonics by adjusting the chirp of the
driving pulse.

In our most recent work, we generated the shortest-

7 Applications wavelength femtosecond X-ray pulses to date. By focusing

a 4mJ 26fs pulse into a helium gas jet, we generated

As discussed in the introduction, the interaction of intensdéiarmonics down to a wavelength df7 nm as shown in
light with matter can make possible many new phenomenkig. 20 [74]. This wavelength is very close to the “water
of fundamental as well as practical interest, such as lasewindow” region, where good contrast between water and car-
based particle acceleration, new concepts in inertial confindson X-ray absorption is obtained. Moreover, our calculations
ment fusion, and ultrafast ultrashort-wavelength X-ray lasersshow that the pulse duration of the highest harmonics are
We have been pursuing the use of ultrashort amplified pulsels-3 fs, since they are generated only on the rising edge of
to generate X-ray pulses with duration of only a few fem-the excitation pulse. Given the modest energies needed to
toseconds [27, 34,73, 74]. These ultrafast, coherent, soft->Xgenerate these X-rays, it is now possible to produce very com-
ray pulses are produced simply by focusing a high-intensitpact sources of femtosecond X-rays, which can be used for
femtosecond laser pulse onto a gas. The highly nonlinedime-resolved X-ray studies of organic molecules.
interaction of the laser light with the atoms results in the More detailed calculations have determined that by using
emission of coherent high-order harmonics of the laser ivery short excitation pulses to drive high-harmonic emission,
the forward direction [25, 26, 89]. This process thus up-shiftsve are just beginning to enter a new non-adiabatic regime,
a femtosecond pulse from the visible into the soft-X-ray re-where the response of the system depends on the time-history
gion of the spectrum. (pulse shape) of the excitation [73]. For even shorter ex-

Coherent X-ray emission via high-harmonic generatiorcitation pulses, a new regime of harmonic generation by
can be understood to a first approximation using a semia “single-cycle” of the driver pulse can be reached [34, 35]. In



this regime, the temporal coherence of the adjacent harmonizs
orders is dramatically improved compared with longer exci-

tation pulses, even though the discrete harmonic structure %
the emission disappears. X-ray pulses as short as 100 attoseg:

onds can be emitted, with increased conversion efficiency of
laser-to-harmonic radiation.

28.

8 Conclusions

20.

A new generation of laser sources has greatly enhanced our

capability to generate and manipulate light, with pulse dura-3%:

tion of only a few optical cycles, and with peak power and

energy density achievable by few other methods on earthg;.

We can also characterize and manipulate these pulses with

unprecedented precision. This work has resulted and will con32- , _
é%S. J.H. Glownia, D.R. Gnass, P.P. Sorokin: J. Opt. Soc. Arl1B82427

tinue to result in the observation of new physical phenomen
and in new applications of such light sources.
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