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Abstract—Intense ultrashort waveforms of light that can be I. INTRODUCTION
produced with an exactly predetermined electromagnetic field . L
are essential in a number of applications of extreme nonlinear HE STEADILY expanding applications of ultrafast laser
optics, most prominently in laser-driven sources of high-energy science demand an ever-increasing degree of control over

attosecond radiation. Field reproducibility in each laser shot many parameters of intense ultrashort laser pulses. Some forms
requires stabilization of the carrier-envelope phase. The authors of control, such as techniques of adjusting the spatial and tem-

analyze different schemes of phase-stable pulse amplification . . . .
and yidentify constraints Iimitingpthe precisionpwith Whi(F:)h the poral intensity pulse profiles as well as the sweep of the carrier

phase can be maintained. Next, they describe a phase-stabiIizedfrequency (chirp) across the electric field are already well es-
laser system based on a 20-fs multipass Ti:sapphire amplifier tablished [1]. There are also well-developed methods for pulse
supplemented with a fiber compression stage for producing pulses diagnostics that can fully characterize the envelope of the pulse
in the few-cycle regime. It is shown that the amplifier introduces gnq its chirp [2], [3] and are an integral part of any control

only a slow millihertz phase drift and, therefore, can be seeded by . P
a standard phase-stabilized oscillator. This residual phase drift scheme. New demands, like control over the time-dependent

is assigned primarily to the beam pointing instability and can be polarization state of the pulse field on the scale of a single op-
precompensated in the phase-control loop of the seed oscillator tical cycle [4], emerge in the context of strong field applications
using a feedback signal from a phase detector placed in the that are sensitive to the strength of individual light wave-cycles
amplifier output. The phase stability of the resultant 5-fs 4001J  \ithin the laser pulse rather than to its intensity envelope.

pulses at a 1-kHz repetition rate is subsequently independently ]
verified by higher order harmonic generation, in which different As advanced broad-band laser systems now approach the

carrier-envelope phase settings are shown, both theoretically and Single-cycle regime [5]-{8], the electric field strength of the
experimentally, to produce distinctly different spectral shapes of emitted pulses varies substantially from peak to peak of every
the XUV radiation. From a series of such spectral patterns, the optical half-cycle. Therefore, for such ultrashort waveforms
aﬁthors ?‘t‘ﬁceid in cg_libr;;lti)ng Lhehv'ahtje of :Ihe ca:;lrier (ten\;elllope of light employed in field-sensitive experiments, it becomes

ase (with a+7 ambiguity), which in turn allows them to fu : : e
Eharact(erize the tempor%l s¥ructure of the electric field of the Ias?/er necessary to control precisely the evolution of the electric f|e_Id
pulses. The estimated precision of the phase control on the XUy Underneath the pulse envelope. The parameter that determines
target is better than 7 /5, which reduces the timing jitter between the offset of the most prominent field peak with respect to the
the driving laser pulse and t.he XUV bursts to~ 250 as and opens pulse envelope is the carrier-envelope (CE) phase. The change
the way to generate stable isolated attosecond pulses. of the CE phase represents the slippage of the carrier wave

Index Terms—Frequency conversion, nonlinear optics, non- through the pulse envelope, which has been shown to take
linear wave propagation, optical pulse measurements, ultrafast place in conventional mode-locked laser systems [9], i.e., those
optics. without CE phase stabilization.

The proposal of techniques suitable for CE phase stabilization
of mode-locked oscillators [10]-[12] and demonstration of such
laser systems [13], [14] was a significant step toward accom-
plishing the full control over temporal as well as spectral prop-
erties of femtosecond laser pulses. Maintaining the value of the
CE phase and the repetition frequency fixed also manifests itself
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Fig. 1. Numerical simulation of laser-driven soft-X-ray emission from noble gas atoms. (a) Electric field of a 20-fs laser pulse. (b) ElecfrcHiéddaser pulse
optimized for generation of a single subfemtosecond X-ray pulse. (c) Electric field of a 5-fs pulse producing two highest energy X-ray pulstisa¢ddiefhain

structures of X-ray radiation emitted in a 10-eV bandwidth at half the cutoff energy. (g)—(i) Time-domain structures of X-ray radiation emitteiibaridwidth

at the cutoff energy. In this calculation, a neon gas target has the length of 2 mm and the pressure of 100 mbar. Pulse intensity was chosen toaféach the cut
frequency of 130 eV. Lower X-ray peak yield in (d) and (g) in comparison with (e), (f), (h), and (i) is the consequence of higher ionization by motesriigidero

peaks of the 20-fs pulse. In total, gas concentration loss due to ionization was 6.7% and 1.7% for the 20- and 5-fs pulses, respectively. Heriz¢aja{ar

show peak intensity threshold required to yield cutoff-frequency X-ray radiation.

significantly complicated by their low, typically 1-10 kHz, rep-acceleration of the detached electrons by the laser electric
etition rate. Whereas it is possible to trace the CE phase offfietd, and recombination of the electron into its ground state
in the output of an oscillator and compensate it by active stalidllowing a recollision with the parent ion, whereupon the
lization of the laser cavity [13], [14], the output of a standardum of the binding and the kinetic energy of the electron is
chirped pulse amplification system (CPA) is random [22]-[24}eleased as a high-energy photon. Notably, the highest-energy
Therefore, the information on phase excursions monitored ts®ft-X-ray quanta, which are emitted at the so-called cutoff
hind the amplifier is insufficient for the phase stabilization ofrequency, appear after approximately two-thirds of the optical
the kilohertz output pulse train, and other techniques, possildycle following the moment of ionization. This release of a
in combination with the use of an already phase-stabilized sg@tbton nearly coincides with the first zero crossing of the
oscillator, are required. Several different strategies toward @ectric field behind the strongest field peak.
stabilization of amplified laser pulses will be discussed in this Fig. 1(d)—(i) shows the corresponding temporal structure of
paper. the soft-X-ray radiation emitted around 65 and the 130 eV, re-
The significance of the CE control of intense ultrashort lasspectively. The latter photon energy represents the cutoff obtain-
pulses, as well as the motivation for pursuing it, can be readdyple under the chosen conditions that are listed in the caption of
grasped from the numerical example presented in Fig. 1. Tikg. 1. Itis obvious from Fig. 1(d) and (g) that for a 20-fs pulse,
simulation compares the XUV/ soft-X-ray emission from &ypical to many currently available laser amplifiers, the X-ray
target of noble gas exposed to three different driving opticalrsts are emitted repeatedly over many successive optical cy-
fields depicted in Fig. 1(a)—(c). The generation scheme of thkes. For this driving laser pulse the threshold of field strength
soft-X-ray radiation [25], [26] includes the following stepsihorizontal bars in Fig. 1(a)—(c)], required to generate cutoff fre-
ionization occurring in the vicinity of intense field peaksguency X-ray photons, can be overcome by multiple field peaks
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because of their comparable magnitude. Consequently, regaralibration either. Instead, the use of various high-order non-
less of the CE phase setting, the emitted X-ray will consist oflimear responses has been suggested for this purpose [6], [33],
train of attosecond spikes. [42], [43]. In the context of the numerical example, presented

The situation changes dramatically for a 5-fs driving pulse Fig. 1, we have seen that phase calibration is needed to as-
[Fig. 1(b) and (c)]. Whereas the emission at half the cutoffertain the presence of isolated attosecond pulses, especially if
energy also comprises a train of spikes [Fig. 1(e)—(f)], theuch pulses are intended for time-resolved attosecond applica-
soft-X-rays at the cutoff frequency [Fig. 1(h) and (i)] ardions.
extremely sensitive to the arrangement of the optical cyclesThis paper investigates both the problem of CE phase stabi-
in the driving laser field. Ar/2 change in the CE phaselization of amplified ultrashort laser pulses as well as a method
determines whether a single half-cycle or two field peaks fulfidf phase calibration that would be straightforward to implement
the threshold requirement that in turn leads to the generatiorexperiments utilizing the generation of subfemtosecond XUV
of an isolated subfemtosecond pulse [Fig. 1(h)] or a pair plilses. Several possible schemes of CE phase control capable
similar bursts [Fig. 1(i)]. of operating at kilohertz repetition rates are addressed. We look

The case study presented in Fig. 1 underscores sevenéd the origin of phase distortion added throughout pulse am-
compelling reasons for seeking CE phase control of amplifigdification and beam passage through peripheral components,
laser pulses in conjunction with the generation of subferstich as dispersive pulse compressors and stages of nonlinear
tosecond pulses [27], [28] and their use in the emerging fiefghectral broadening. We then explain in detail the operation of a
of attosecond metrology [29], [30] and spectroscopy [31LE phase-stabilized multipass Ti:sapphire 5-fs amplifier, which
First, pulse-to-pulse fluctuations of the CE phase lead to Aas been reported recently in a brief letter form [44]. Next,
unstable temporal profile of the soft-X-ray pulses, includinthe attention is focused on the problem of measuring the ac-
duration variations and, for some phases, strong prepulsesl value of the CE phase. To perform such phase calibration,
Second, variable CE phase results in great intensity instabilite¢e develop a method relying on spectral observation of XUV
of the soft-X-ray bursts, thus severely limiting their utility.emission from a noble gas. The robustness of this approach is
Third, the CE phase shift also causes a timing jitter betweeanfirmed both experimentally and by numerical simulations.
the soft-X-ray burst and the envelope peak of the drivinGubsequently, based on the parameters of the phase stabiliza-
laser field, which further reduces the temporal resolution ¢ibn loop and the results of the independent experimental ver-
excite-probe experiments that use the laser and the soft-X-ifigation by XUV spectral measurements, we evaluate the CE
pulses, respectively, as excitation and probe [31] and vice verphase stability presently available in our system.

The implications of CE phase variations on the higher order
harmonic generation (extending into the XUV/soft-X-ray Il. CE PHASE OF A MODE-LOCKED PULSE
range) have been studied in a number of papers [6], [25], [26], TRAIN AND A SINGLE PULSE
[32]-[34]. The lack of CE control has been identified as a cause
of an excessive spectral noise observed experimentally in X-rayThe temporal evolution of a linearly polarized electric field of
spectra [35], [36]. Similar critical dependence on the value 8fSingle pulse of light can be expressed in the following form:
the CE phase is expected in other nonlinear optical interactions
that exhibit a threshold with respect to the field strength of Ep(t) = AL(t) coswr(t)t + ¢] . 1)
the incident laser pulse [6]. In particular, the first clear experi-
mental evidence of a CE phase-dependent effect was obtaifiéis description includes three physical quantities: the ampli-
in an above-threshold ionization measurement in gas [37]. tide A, (¢), the frequency of field oscillationsy,(t) = wg +
this scheme, the angular yield of photoelectron emission wa§), and the CE phasg. The latter parameter determines the
found to be in correlation with the CE-phase of the circularliiming of the carrier wave oscillations with respect to the ampli-
polarized driving pulses. Once CE phase-stabilized pulsesle envelopel,(t), whereasi(t) stands for a possible chirp,
at the required intensity level become available, it should le., a carrier frequency sweep across the pulse. The actual re-
possible to steer photoelectrons from gas [37] or solid [38htionship between the carrier wave and the envelope changes
[39] targets in a predefined way by adjusting the phase of liglats the result of pulse propagation through a dispersive medium.
In principle, CE phase control of laser pulses would open tfAderefore, (1) is only relevant to a specific coordinate. Also, re-
way to synthesize intense waveforms of light, i.e., very briéérring to a CE phase-stabilized pulse train, we mean that at a
high-peak-intensity electromagnetic fields exactly reproducibggven point in space every pulse has the same parameters in (1)
in every laser shot, which could be used to control the moti@nd imply that the phase evolution with propagation is identical
of charged particles with an ultimate precision. for all these pulses.

Next to phase stabilization, an essential part of CE phase confFor applications of nonlinear optics that are sensitive to the
trol is the measurement of the actual phase value. Standard testtength of individual field peaks, a changedmmakes a phys-
nigues of pulse characterization [2], [3] are insensitive to CiEally measurable difference only if the amplitude is subject to
phase since its value has no influence on the shape of the pdigmificant variation within the light periody = 27 /wy, i.e.,
envelope. Information on the relative pulse-to-pulse phase dift4(t)/0t| = |27 /(To)AL(t)|. Evidently, this condition is
can be obtained by various methods involving interference filfilled in the case of 5-fs pulses [Fig. 1(b) and (c)], in which
spectrally overlapping harmonic orders [11], [12], [14], [22]the XUV emission sensitively depends gnas opposed to the
[24], [40], [41]. However, such techniques do not permit phasmse of a 20-fs pulse [Fig. 1(a)], where the strength variation
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between neighboring peaks is substantially smaller. Nevertt (a)

less, CE phase preserves a clear meaning regardless of the ¢ £,.=2 w/ MOI WLG MO2 X
duration. This can be easily understood by invoking the fr (photonic crystal fiben S|~ |
guency-domain representation of a mode-locked laser spectr 2
[10]-[12], [16]-[19], [45]. The frequency of each individual dé'{ector ——
laser modev,, can be expressed as Dichroic B

Polarizing Adjustable delay

beam _ &
O SHG O 2\ /

Wn = NWrep + wcE (2)

_splitter
2

wheren is the mode numbeu,., is the repetition rate of the
laser, anducg is a frequency shift from an exact integer mul Polarizer é

tiple of w,.,. Equation (2) describes the comb of frequencie «» detector
across the mode-locked bandwidth that is of interest to applic
tions of frequency-domain metrology [18]. The physical origil

Polarizer

of the frequency mismatclcg lies in the mismatch between b
the group delay (the cavity roundtrip time of the pulse envelop ( )
and the phase delay (the roundtrip of the carrier wave). Cc
sequently, the CE phase (i.e., the position of the carrier wa P
oscillation with respect to the envelope that is advancing al £, </ u/§
different velocity) is shifted with each successive laser pulse

= Spectrometer

WLG (sapphire) j

Ap = 2728 ©)

Wrep

Fig. 2. Schemes for measurement of CE phase drift. (a) Nonlinear

Mach-Zender interferometer for characterization of low-energy mode-locked

The phase slippage [Q}¢ can be compensated by managingscill_lators. (b)t Sle_tutprffor phtaseMc(:;\frzacte_rization of lE?mleifield puIse\s/NtlJDy
. ; : nonlinear spectral interferometry. ,2, microscope objective lenses. ,

the _CaVIty dlspersmn [13]' [15]’ [15]' [16]’ [40]’ [46]' the!'ebyvariable neutral density filter. SHG, sum frequency generator. WLG, white

forcing all emitted pulses to carry the same valuepofit is  light generatord/2, half-wavelength waveplates.

interesting to notice that the reduction of the repetition rate,

for exar_nple performed by selecting eventh pulse with a A Dpetecting CE Drift of Oscillator Pulses

pulse picker in front of a CPA system, leads to anfold

; . The standard tracking technique, employed in several CE
increase of the mode density but does not scale the frequen ) .
mode mismatch, which remains to A mi{wce}. In p%se-controlled oscillators [13], [14], [17]-[19] and later in

thf's work, relies on detecting the frequency beat from the laser

fact, the generation of new frequency modes is the result .
applying a modulation that is nonlinear in the time domain (ﬂ}rg\odes of the frequency comb which are separated by a spectral

2 . : i : ctave, i.e., differ in their frequency by a harmonic order. The
fast switching of the pulse picker). This nonlinearity, howeve|r0 er frequency mode is then frequency doubled and the two

does not destroy_ th? properties of the frequency comb, as @il jeg are brought in interference with each other producing a
the modes remain rigorously locked to each other. The sagigy; at the CE frequency

reasoning applies to the case of a single isolated laser pulse
wrep = 0, which corresponds to a laser spectruim(w), that wcE = 2 (MWrep + WeE) — (2nWrep + WeE) - (5)
is continuously filled with frequencies. In this treatment, This scheme requires the presence of a very broad-band oc-
can be interpreted as a frequency-independent offset of tage-spanning spectrum that is unavailable from a typical mode-
spectral phase;(w), which is immediately apparent fromlocked oscillator. To gain the necessary bandwidth, the laser
the following Fourier-transform link between the time- andpectrum can be broadened by white-light generation (WLG)
frequency-domain electric field: in a medium with a third-order nonlinearity. Using a photonic
crystal fiber (PCF) [47]-[49], this task can be accomplished
Ep(t) = 1 /mexp [i (¢1,(w) — wt + @) dw + c.c. even with nanojoule pulses from an oscillator. The device in-
2, 4 corporating the spectral broadening, frequency doubling, gen-
H the intensit i d the oh f (") erating the beat signal is called nonlinear interferometer or, for
ere, the intensity spec ruy,(w) and the phasg (w) fu y short,f-to-2 f setup. In state-of-the art broad-band mode-locked
determme the quantities, (¢) andw, (1) [2] t_’“t do .not sp_ecn‘y oscillators, it has already become possible to deriveftlaad
the carrier wave offset. The spectral manifestatioppgiven yhe s ¢ frequency components directly from the laser spectrum,
by (4), is particularly valuable describing various single-shef, ;s ohviating the need for extracavity spectral broadening [50],
measurements of the CE phase offset throughout the paper. [51].

Fig. 2(a) presents the schematic of a gengfio-2 f unit. The
beam is coupled into a piece of PCF, and recollimated behind
it with a pair of microscope objective lenses. The blue-shifted

In this section, we will address the practical methods for chagsart of the resultant white light is separated from the red-shifted
acterizing the changes in the CE phase, which are vital for irspectral wing with a dichroic mirror. A fraction of the infrared
plementing phase-stabilizing feedback loops that will be diseam is then frequency doubled in the second-harmonic genera-
cussed subsequently. tion crystal (SHG) [Fig. 2(a)] and recombined with the blue por-

I1l. M EASUREMENT OFPHASE VARIATIONS
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tion of the white light continuum on a polarizing beamsplittevhere the coefficient stands for the polarizer transmission for
Two glass wedges in one of the interferometer arms are usedtte polarization of the SHG light. For a sufficiently large pulse
adjust the timing of the two interfering wave packets. The paeparationry, which corresponds to many spectral fringes in
larizing cube enables their interference by selecting a commitre interferogrant(w), the argument of the cosine in (7) can
polarization component of the beams. Several half-wave platesrecovered using the standard algorithm of Fourier transform
are employed for choosing polarizations appropriate for the frepectral interferometry (FTSI) [53]. This procedure consists of
guency doubling and the subsequent interference. A bandpBesrier transforming into the time domain, applying a band-
filter, consisting of a diffraction grating and a slit, selects pass filter around = 7, (or, alternatively, around = —rg),
narrow frequency interval within the spectral overlap betweemd another Fourier transformation back to the frequency do-
the white light and its frequency-doubled part. This filtering ermain. The phase of the newly obtained complex spectral func-
ables observation of a beat between two quasi-monochromaiimn then directly yields the differential phase of the two fields,
frequency components, as suggested in (5). Two avalanche plwods . { ¢suc(w) — dwr(w) + ®}. In principle, such inter-
todiodes detect the repetition frequengy,, and the offset fre- ference measurement can be used not only to characterize the
guencywcg, respectively. According to (3), the informationpulse-to-pulse changes ¢f but even to find the actual value
provided by the measurement®f., andwcg is sufficient to of . In practice, however, this is not feasible because with the
characterize the drift of CE phase. The use of these inputs valirrently available methodgispc(w) and ¢wr(w) can only

be addressed below in the description of the feedback loop fr characterized with the precision of an arbitrary constant [2].

CE phase stabilization of an oscillator. Only by fully accounting for the evolution of the spectral phase
in the SHG crystal, which includes both linear and nonlinear
B. Detecting CE Drift of Amplified Pulses pulse propagation, would it be possible to retrieve the value of

@ inthis scheme. Therefore, tifeto-2 f interferometer can only

We now turn our attention to the phase drift characterizatigeasure the full CE phase after calibration by an independent
of amplified laser pulses. Compared with the case of an osakternal experiment, as will be shown in Section VII. Other-
lator, there are three significant differences. First, the repetitigiise, this device reflects the phase jump in jitle laser pulse
rate of the amplifier must be lowered, typically by five ordergiith respect to another (e.g., Oth) pulse arriving earlier from the
of magnitude, to 1-10 kHz, which complicates accurate detegame pulse train and chosen as reference, i.e., the interferometer
tion of wyp andwcg. Second, the availability of high-energymeasure@pj = p; — Yo
pulses simplifies the problem of producing an octave-spanningThe difference between the method outlined above and the
white-light continuum. Third, laser amplifiers exhibit a conFTS| based on the use of parametric waves, reported in [24],
siderably higher peak intensity noise compared with “quiefs that in the latter case one measures the interference between
Kerr-lens-mode-locked oscillators [52]. Consequently, the ethe frequency-doubled idler and the signal pulses. The advan-
cursions of a quasi-monochromafieto-2 f signal detected be- tage in this case is that the white-light continuum, injected into
hind the amplifier do not necessarily suggest a change of the §fe parametric device, does not have to span an octave and that
phase but might reflect pulse energy fluctuations. the interference is observed close to the spectral peak of the

Amplifier phase tracking schemes reported to date [22], [24ignal rather than in the continuum wing. In this work, how-
[44] took advantage of the abundant pulse energy and utilizeder, we opted for a simpler setup, shown in Fig. 2(b), similar
different types of single-shot nonlinear spectral interferometny the scheme published in [22]. For further simplification, we
The objective of the method is to use broad-band detectionigdve replaced the WLG in a hollow waveguide with bulk con-
the f-to-2 f beat as opposed to the narrow-band scheme accaftuum generation in a 2-mm sapphire window. Because of the
able in the case of an oscillator. Briefly, the essence of this afispersion of this window and of the 1-mm BBO frequency-dou-
proach can be described as follows. After generating a suffiing crystal, the white light and SHG are sufficiently sepa-
ciently broad-band white-light spectrumy 1. (w), the pulse is rated in time to employ the FTSI routine described above. The
sent to an SHG crystal resulting in a field up-shifted with frespectral interferogram is measured by a fiber-coupled spectrom-

quency eter (S2000, Ocean OMA) behind a polarizer cube that selects

the common polarization of the beams. With a 2-MHz acqui-

Esug(w) xexp (i2¢) /X<2> (w:w,w—w) sition card (AD2000, Ocean Optics) single-stfeto-2 f inter-
. ferograms can be detected for every third laser shot at a 1-kHz
x v/ Twr(w') Iwr(w — ) repetition rate.

x exp [i (pwi(w') + dwr(w — w'))] dw’ _ The two types off-to-2f interferometers, pre:-sented in Sec-
—VIsna(@) ’ 20)] ©) tions 1lI-A and B, possess many common traits but have also

=V lIsnc(w)exp i (dsna(w) +2¢ a difference in their sensitivity to mechanical vibrations. In the

device shown in Fig. 2(a), the variation of the interferometer
gim length affects the strength of the signal at the beat fre-
guencywcg, but does not directly influence the precision of
the measurement afcg. In fact, the sensitivity to timing re-
flects the fact that we are dealing with quasi-monochromatic

wheregwr, (w) is the spectral phase of the white light apd’

is the second-order susceptibility. The interference between
white light and SHG pulses, separated by the time dejagan
be then written as follows:

1 wave packets selected from the white light and its SHG pulse
S(w) = —a)fwr(w) + alsnG (w) rather than with purely monochromatic frequency modes. In the
+2v/a(1 — a) Iwr.(w)Isuc (w) f-t0-2f unit shown in Fig. 2(b), the timing jitter; = 7 + 67,

x cos (¢psuc(w) — dwr(w) + wro+¢)  (7) has an immediate impact on the fringe pattern of the measured
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intefrerogram, as will be shown in Section I11-C. However, for  (a)
the collinear arrangement, depicted in Fig. 2(b), the problem of
time jitter is negligible as the interfering beams follow the same
path.

Intensity

Intensity

C. Measuring the Phase Difference by Linear Interferometry

Above, we have presented interferometric methods that em- [ (p)
ploy (nonlinear) frequency conversion and reveal variations in
the value of CE phase. Here, we will discuss the technique of
linear spectral interferometry [54]-[56], which measures the
phase difference between the test and reference arms of an ir Ao +0(T+57)
terferometer. It is instructive to compare the relevance of this '
method to the characterization of CE phase drift with the situ- -

o . © N(0)+0dT
ation in the measurement of pulse envelope and chirp. Indeed (@) +5¢
if the intensity spectruniy (w) and the phasé (w) (with the
precision of acons) are determined in front of an interferom- _F— . __—
eter, and the phase accumulated inside the interferorgétey,
is recovered by FTSI, then the phase of the outgoing pulse is
also known and equalgy, (w) + ¢(w). Therefore, oncer,(w) 3t
was found with a nonlinear optical technique (e.g., autocorrela-
tion or frequency-resolved optical gating [2]), further complete
phase characterization can be performed with linear methods,
provided a reference beam derived after the nonlinear measure- o L .

. . . . .Fig. 3. Discrimination between phase and timing jitter in the
ment is available. In essence, we have just stated the pr'nc'p(%rier-transform spectral interferometry. (a) Intensity spectrum (solid curve)

of the pulse measurement by temporal analysis by dispersingnaspectral interferogram (dotted curve). (b) Spectral interferograms modified

pair of Iight E-fields (TADPOLE) [2] by a timing shift (solid curve) and a frequency-independent phase shift (dashed
. b d | ) h d é ve). Note fringe period change in the case of timing shift. (c) Differential
Linear FTSI can be used exactly the same way to study E{ectral phases after time-delay slope subtraction. Dotted and solid and dashed

phase deviations occurring behind a nonlingao-2 f interfer- curves correspond to interferograms in (a) and (b), respectively. Inset shows

ometer. To do so, a small fraction of the beam (reference) cip power spectrum of the Fourier transform to the time domain. Dashed
. . ’ . contour corresponds to a possible filter required in the phase extraction

be split behmq the point where the changes of are tracked Witfisolate the temporal peak af.

the f-to-2f unit and sent to propagate through free space (air).

For practical purposes, fluctuations of air density are the only ) o

cause of CE phase jitter of the reference pulses, and, theref@§ention to the phase jund and treat the test-reference timing

we consider these pulses CE phase stable. The main (test) b8iagt separately. . _ . )

is directed into an optical arrangement (e.g., an amplifier) andAS has been pointed out in Section III-B, a temporal jitter

accumulates a phase differerm(ed) with respect to the refer- between the Interferlng pulseS Cause.S .frlnge.realjrangement n

ence. As the consequence of beam pointing instability duriffge Spectrogrant(w). This timing variation is inevitable, es-

the propagation through elements with angular dispersion, d?@plﬂ”y if the reference beam is not interferometrically stabi-

other linear and/or nonlinear dispersion changes [45], the td3€d. For large laser systems, the path of the reference beam can

pu|se can also p|Ck up a frequency_dependent phase offset be several meters |0ng and fluctuate within several ||ght wave-
length cycles. For that reason, the ability of FTSI (both linear

O+t +5¢

Intensity

Phase

Frequency 0

§(w) = 8(wo) + 15/(%) (w — wp) and nonlinear) to discriminate betwe&p and the timing jitter
2 1 needs to be scrutinized.
+85”(w0) (w—wo)*+---. (8) Fig. 3 gives an overview of FTSI properties. Fig. 3(a) shows

a typical interferogram and the power spectrum of its Fourier
We assume that(w) corresponds to a very minute dispersiotransform (inset) used in phase retrieval. In Fig. 3(b), we ex-
modification that does not involve reshaping of the pulse envemine the impact on the interferogram by a pure time ghif
lope. Otherwise, if casely(t) is modified, CE phase control and a pure phase junifie), depicted by the solid and the dashed
would become irrelevant. Indeed, a tif1 um) change inthe curves, respectively. The corresponding phases after subtracting
propagation length within dispersive material already leads tioe phase sloper,, which is due to the delay between the test
a sizable leap in the CE phase [9], which we téim Conse- and reference pulses, are presented in Fig. 3(c). The particular
quently, it is justified to disregard higher order terms, startinghape of the intensity spectrufp(w) [solid curve in Fig. 3(a)]
with the parabolic phase distortion. In faéty represents the and differential phase(w) [dotted curve in Fig. 3(c)] are se-
sum of frequency-independent terms in (8). Next in significandected arbitrarily. The values ofr and 6 are chosen such
is the linear with-frequency part of (8), which simply representbat the interferograms in Fig. 3(b) closely resemble each other.
the time shift due to a modified propagation length and, therievertheless, there is a fundamental difference due to the fact
fore, has no bearing on the CE dynamics. Therefore, in the chirat the timing variation changes the fringe period, which can
acterization of the phase drift of the test pulse, we will only paye clearly observed in an interferogram consisting of a large
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amount of fringes. Therefore, using a charge-coupled devias the process of self-phase-modulation (SPM) [57]-[59], can
(CCD)-based spectrograph that covers the entire relevant sgee-given by
tral width and has a sufficiently high resolution, it becomes pos-
sible to separate the contributionségf andér as long as FTSI nl _ 3y, . _
noise criteria [55], [56] are met. Numerically, we have imple- P, w) = //X (g 0z, w1 + 0z —w)B(r,w1)
mented the time jitter correction in our FTSI code by extracting X E(r,w2) E*(r,w1 + wy — w)dwidws
alinear phase on the phase obtained by back-transformation into —expli(p+¢— )]
the frequency domain. 3)
The immediate implication of the solution of the timing X / x¢ (w:wi,we, w1 +ws — w)
problem is the ability to trace CE phase jumps with respect o
to a reference beam propagating in free space. We believe X VI, w)I(r,w2)I(r,01 + wp = w)

this method can be particularly useful for extending CE phase x exp [i (p(r, w1) + ¢(r, w2) — P(r, w1
stabilization in a multistage laser system, in which the earliest + wo — w))] dwydws (10)
stage is phase-stabilized and the subsequent ones are expected

to introduce slow phase drift only. whereyx (3! represents the effective third-order susceptibility and

Summarizing this section, we have presented two typesthg conjugation symbol marks emission [60]. The propagation-
nonlinear f-to-2f interferometers for CE phase drift characdependent change of dispersion is included){m, w). Here,
terization of low-energy (several nanojoules) megahertz—gigge assume that all mixing frequencies are positive [61]. The
hertz-repetition-rate oscillators and high-energy (starting frogppearance of the conjugation operator in the convolution in-
1 pJ) kilohertz-repetition-rate amplifiers. We have also showegral in (10) accounts for the preservation of the initial phase
a linear phase drift detection that is complementary to the nasfset > in the output field. After solving (9) over the interac-
linear techniques. Information on CE phase deviations, obtaingsh length of the WLG mediunt; — rg, the resultant output
with these methods, can be used as feedback for phase stabiliz@se will generally carry a different value of the CE phase [6],
tion loops discussed in Section V. [62] than the input pulse (i.epwr, # ¢), Which is also the
case for any type of dispersive linear or nonlinear pulse prop-
agation. Nevertheless, the important moment for an accurate
CE phase drift determination is the ability of the white-light

The f-to-2f phase characterization methods presentedntinuum to repeat without distortion the input phase offset,
in Section lll, and indeed all phase-stabilized laser systemich is the consequence of the rule for phase summation in
reported to date [13], [14], [19], critically rely on white-light(10). After plugging (10) in (9);,» cancels out, i.e., it has no
continuum generation as means of creating a phase-coherdfact on¢(ry,w) of the output field regardless of the micro-
spectrally broadened replica of the input laser pulse. The phasepic origin of the nonlinearity. The presence of a resonant or
noise added in the process of white light generation is @onresonant fifth-order parametric wave mixilgE* EE* E)
intrinsic problem of CE phase stabilization loops [19]. In thi§63] does not lead to &-dependent propagation either. How-
section, we first outline the reason for the phase coherermeer, the solution for pulse propagation does becgrtepen-
between the white light and the initial pulse and then study tldent if SHG and/or third-harmonic generation (THG) cannot be

IV. PHASE JTTER OF THEWHITE-LIGHT CONTINUUM

influence of intensity fluctuations on the phase noise. neglected. To account for these contributioR8!(r, w) should
also include the terms describing the three-wave mixing of SHG

A. Phase Lock Between the Input Pulse and the and the four-wave mixing of THG, with their phase summation

White-Light Continuum rules given by the field products EE and EEE, respectively.

I hite-liah . . f | Summarizing the considerations presented above, we would
Iingaern\?vg/g-’mvzlxilr:z_ ;)grot:gsesr:aesretlﬂz;]IgggstljtZe%ef:t\i/s;aofnr?ﬂ-ke to underscore two points. First, the phase shift added by
o . . ?)\gth the nonresonant and/or resonant white-light generation
frequency components. Theref_ore, It Is not |mmed|ate(¥0es not depend on the CE phase of the input pulse. Therefore,
clear whether WLG can be relied on for PrOdUC'r?g a frei- ese techniques of spectral broadening can be readily applied
quency-broadened but phase-offset-repeating replica of €y, o pames measuring the CE phase drift. Second, the
(?xing in of undesired mechanisms of frequency conversion,
ch as SHG (or, in a broader sense,—sum frequency genera-
n) and THG, can distort the frequency-independent phase of
the white-light pulse even if there are no intensity fluctuations

optics [6]) can be derived directly from Maxwell’'s equatior}io
[6], [57]-[59] and written in the frequency domain as

w? of the input pulse at all. In typical experimental conditions,
[VZ+ Kk (w)] E(r,w) = ﬁpnl(r:w) (9)  however, SHG and THG do not play a significant role. For

0 instance, nonphase-matched second harmonic radiation is often
where E(r,w) and P"(r,w) denote the electric field and observed in the cladding of conventional single-mode fibers
generated nonlinear polarization, respectively. The particulaut it is probably not sufficiently strong to cause a noticeable
form of P"!(r,w), which describes both the delayed Ramapulse-to-pulse phase jitter. For bulk-material chirping (typically
response (i.e., slow nonlinearity) and the parametric four-waperformed in sapphire afakFs), the contributions of SHG and
mixing based on fast electronic Kerr nonlinearity, also knowhHG are negligible.
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. L . Fig.5. Intensity-phase coupling of the white-light generation in bulk sapphire.
_ In Section IV-A, We_have_ dismissed the interplay betweeghig dots depict phase changes extracted from single-shot interferograms.
different types of nonlinearity as a concern for added phasSeaight line shows a linear fit marking the slope of phase intensity-dependent

jitter in WLG. In practice, a much more important phase didariation in the vicinity of the pulse energy used fto-2 f characterization.
tortion is the variation of the intensity-induced phase shift [64].
As the result of intensity-dependent nonlinear interaction, theNext, we recorded phase statistics for various settings of the
phase accumulated throughout the WLG can vary from pulseutral density filter. The resultant phase evolution, plotted as
to pulse and compromise the fidelity of CE phase drift chaa function of incident pulse energy, is presented in Fig. 5. The
acterization. In the case g¢f-to-2f interferometers suited for data cover several distinct regimes indicated in Fig. 5 by vertical
oscillators, these problems can arise from mechanical vibisections. First, we notice that there is an abrupt phase change
tions of the PCF, which affect the amount of light coupled irthat corresponds to the increasing strength of self-focusing and
In contrast, f-to-2f interferometers for amplified pulses carfilament formation. This can be explained by the change in the
employ bulk WLG (cf. Section III-B), which is almost insen-group velocity of light with the increase of the intensity-depen-
sitive to beam pointing fluctuations. Typical studies of WLGlent part of the refractive index of sapphire. After the markedly
phase stability consist of interference measurements of indepeaisy region of the onset of filamentation, the phase shows a
dently produced white-light continua [65]-[67]. The influenceertain “rebound” that probably indicates the increase of the fil-
of the WLG phase noise on the operation of phase-stabilizatiament length. This is followed by the interval of stable filamen-
loops has also been investigated by measuring the CE drift witttion, which is relatively broad in terms of pulse energy—about
two independent PCF-basgeto-2 f interferometers [19], [68], +8% around the energy set point of tfi¢o-2 f setup. At higher
[69]. pulse energies, we observe a collapse of the filament and mul-
Here, we check the phase jitter of the WLG in bulk sapphiréple filamentation. The phase noise and the downward phase
used in thef-to-2f interferometer described in Section IlI-B,trend somewhat resemble the situation before the formation of
against increased intensity noise of amplified pulses [52]. Thesingle stable filament. Measurement at even higher energies
WLG stage of the unit shown in Fig. 2(b) was supplementembuld not be performed with a multiflament beam because of
by a linear interferometer depicted in Fig. 4, which has allowete breakdown of the interference pattern into several modes.
us to measure the phase shift of the white light with respect toln the regime of a stable filament, the phase exhibits a quasi-
the replica of the injected pulse. The intensity of the beam whisear change with energy. The rate of this variation, given by
being varied with a neutral density filter (VND in Fig. 4) whilethe straight line in Fig. 5, is 12 mrad/nJ, which corresponds to a
single-shot laser—white-light interferograms and laser specB84 mrad phase shift for a 1% jump in the pulse energy.
were being recorded by a dual-channel spectrometer. The synthe presented phase evolution covers only the spectral
chronous registration of the laser spectra is necessary to calierlap region between the white light and the input pulse, i.e.,
brate the pulse energy in each laser shot. approximately a 60-nm bandwidth. Therefore, the results of
We used a multipass Ti:sapphire amplifier, the CE phase-star measurement correspond to the best-case scenario since
bilization of which will be described in Section VI, with a rootphase excursions in the bly2f) spectral region cannot be
mean square (rms) intensity noise of 1%. The optimized settingualized. Additionally, the SHG of the red-shifted part of the
of the neutral density filter corresponds to the pulse energy @dntinuum also causes an intensity-dependent phase shift and,
0.7 1J in front of the sapphire window and the diameter of theonsequently, is likely to worsen the precision of tfwo-2f
focal spot of about 3@m. These parameters allow us to gen€E phase drift characterization further.
erate the white-light bandwidth adequate for jeo-2 f mea- The considerations about the phase properties of WLG, pre-
surement. For these conditions, the rms phase jitter retrievahted in this section, are important to identify the limitations
from the measurement of the laser—white-light interferogranf CE phase control schemes discussed below and to evaluate
is ~100 mrad. the applicability of WLG as a tool for extending a mode-locked
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(a) optional post amplifier domly from pulse to pulse as the result of pump energy fluctu-
E>10 u OPA stabilized ations and, therefore, cannot be compensated with active phase
DUm, /OPA ()thpl(f HH . . . .
\ pump e = stabilization loops. To minimize this problem, the value of the
seed e :: so-called B-integral [75{ (t) = k(wo)n2 [ I(t,2)dz, i.e., the
\ ‘ accumulated nonlinear phase, or SPM in the amplifier, should be
on the order ofr. This condition is fulfilled in typical CPA am-
plifiers. Recent measurements of time-domain interferometric
(b) o cross correlation between seed-oscillator pulses and their am-
Oscillatorl2 Y N\ 3w op ;‘}ll?rpl- > plified replicas h'ave shovyrl thgt the phase jitter at the output
L‘_l.‘r,.,ge{.,.i,zg. of a multipass Ti:sa amplifier lies below 0.1 rad [76]. In fact,
2w ~-=5 signal with pump energy fluctuations being the chief contributor to the

\ jitter of the nonlinear phase, the use of low-noise diode-pumped

pump lasers should make it possible to phase-stabilize ampli-
fiers operating at higher B-integral values.

The second kind of CE drift is caused by beam pointing in-
stability that leads to path length fluctuations in dispersive el-
ements [45] of the amplifier. Such mechanical perturbations
occur on a relatively slow timescale, with characteristic time
constants of 1 s or higher. Therefore, the respective CE phase
modulation could be traced and (pre-)compensated rather easily.

The schemes of CE phase control amplification, discussed
here, can be divided into three categories: 1) all-optical phase
self-stabilization [Fig. 6(a)]; 2) passive triggering on a seed
pulse with an appropriate CE phase value [Fig. 6(b)]; and
3) use of CE phase-stabilized seed with a sub-loop for phase
correction of the amplifier output [Fig. 6(c)—(e)].

Recently, it has been shown that passive CE phase stabiliza-
| i % tion can be obtained in an appropriately configured OPA [23].
E,b 4 This is achieved by seeding the OPA with a white-light pulse
that is generated by the OPA pump pulse. According to the con-
siderations in Section 1V, both the seed and the pump pulses
are phase-coherent and, in the process of difference frequency
generation (DFG), the phases of these two pulses add up with
opposite signs. Therefore, the amplified idler pulse, which is a
result of DFG between the pump and the seed, becomes free of

-, CE drift even when the OPA is pumped with random-CE-phase
@ 4 pulses. This scheme, shown in Fig. 6(a), can be used as a phase-
stabilizing extension of a conventional free-running CPA am-
Fig. 6. Various concepts of phase-stable pulse amplification. (a) AII—opticQI“fler' SUbseq.uent power ampl'lflcatlon can be C'.amEd out by
(passive) phase stabilization with an OPA. (b) Phase-selective seed bppr@ad-band chirped-pulse OPA into a TW-PW regime [74]. The
freec-jrunni_ﬂgtoorss\jiliﬁtgr-sécc)é n(gz){r (e)hgggirgﬁzczgﬁnplgxgngb:hﬁ]zatsﬁ:;?g”ilﬁ_dfiawback of this approach is the red-shifted output wavelength
Eseagedots)fll linear (c), (d) and norﬁir?ear (e) phase drift d?etection. Concepr:s )the 'dle_r Wave'_WhICh does ”F’t perm_|t the post-amplification
and (d) require high-energy seed that can be attained with a cw-amplified dicabe carried out in the laser gain medium used to generate the
long-cavity oscillator (c) and a cavity—dumpgd oscillator (d). PP, pulse pickeﬁump beam. Consequently, implementation of all-optical phase
E&;eeheisfﬁaﬁﬁfgﬁ d loop. NLI, nonlinegto-2f interferometer. See textfor oo pijization in high-energy systems cannot be straightforward
and demands development of dedicated amplification stages.
o Other designs presented in Fig. 6(b) and (e) are intended as
u)(Jgrades of existing amplified systems. Fig. 6(b) represents the
simplest possible realization of phase control based on the fact
thatthere is a 10difference in the repetition rates of the seed os-
cillator and a kilohertz amplifier. It has been shown that the CE

In this section, we suggest several practical designs of @Base evolution of the oscillator pulse train is quasi-periodic [9],
phase-stabilized amplifiers. The corresponding schematics Hré] and the rate of the pulse-to-pulse phase slippagean be
sketched in Fig. 6 and can employ both CPA [70], [71] and opdjusted by manipulating the cavity dispersion. Withfato-2 f
tical parametric amplification (OPA) [72]-[74]. Two types ofinterferometer [Fig. 2(a)], one can monitor the evolution of the
CE phase drift in amplifiers must be considered. The first kindcg beat and employ this signal for triggering a pulse picker
of phase noise is associated with the fluctuations of the inten-select an oscillator pulse with a desired phase [14], [77]. To
sity-dependent nonlinear phase contribution. It can vary ragasure proper amplification, the pulse picker must be triggered
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frequency comb [66] and creating phase-coherent frequen
shifted pulse replicas [23].

V. CONCEPTS OFPHASE-CONTROLLED AMPLIFICATION
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shortly after the flash of the kilohertz pump laser and within thescillator (Femtosource Compact Pro, Femtolasers GmbH),
lifetime of population inversion, which leaves room to sele@n f-to-2f interferometer [Fig. 2(a)], and phase-locking
an “appropriate” seed pulse from thousands of oscillator shogdectronics driving an acousto-optic modulator that controls
The key drawback of this scheme is a relatively poor precisidhe intensity of the cw pump laser (Verdi V, Coherent). About
with which such a selection can be performed, since there co8la of the output of the oscillator is diverted into a 2-cm-long
be up to several additional laser shots between the triggeripigotonic crystal fiber for the detection of the CE beat frequency
pulse and the one actually sent to the amplifier. In this situatiopgg [Fig. 2(a)]. The reference signal (i.e., the local oscillator)
variations of the quasi-periodic phase change would introducéoa the phase-locked loop is derived by dividing the repetition
variable CE phase shift of the selected pulse. Another foreseate of the oscillator 80 MHz detected with theg [detector
difficulty in this method is the lack of obvious mechanism tghown in Fig. 2(a)] by a factor of 4. As can be readily under-
counter phase fluctuations arising from the amplifier itself. ~stood from (3), selecting,.,, (or its (sub)harmonics as the
The schemes drawn in Fig. 6(c) and (d) are based on tteference signal) is the best choice to control the value-gf.
use of a CE-controlled seed oscillator [13], [14] and explof@efore activating the phase-locked loop, we set the intracavity
the possibility of sending a reference (pilot) beam for the me&E phase shifAy approximately t@x(m + 1/4), wherem
surement of the phase offset in the amplifier. The informatida an integer. This rough adjustment Afp is performed by
on the slow phase drift behind the amplifier, obtained with theéhanging the optical path length through a pair of thin intra-
linear FTSI technique described in Section I1I-C, can then lwavity wedges of fused silica. At this stageis approximately
plugged into the phase stabilization loop of the oscillator. Theproduced in every fourth roundtrip in the laser cavity, which
core of the phase stabilizing electronics is the phase-lock lotgsults in a quasi-periodic modulation of tfi¢o-2 f beat signal
(PLL in Fig. 6), which forces the beat signatr to oscillate in  at a quarter repetition rate, i.e., 20 MHz. Next, to enhance the
phase with an external local oscillator via a feedback to the iaecuracy of the phase reproducibility, ther, (andw,.,/4) are
tracavity dispersion. The inverse value of the phase offset mélaen phase-locked, which is achieved by controllihg via
sured by FTSI at the amplifier output can then be combined witionlinear effects in the Ti:sapphire crystal through the variation
the phase of the local oscillator signgiw,.,, thus precompen- of the pump intensity [9]. For this purpose, the beam of the
sating this offset already in the oscillator. cw pump laser is passed through the acousto-optic modulator
The use of the reference beam for (a potentially single-shdty], [82], which varies the power of the transmitted beam
FTSI imposes the demand for high seed pulse energy. Pulgesordingly to the phase error signal derived in the phase
of tens of nanojoules can be obtained by an intermediate céietector of the phase-lock loop [Fig. 6(c)—(e)]. As a result,
tinuous wave (cw) amplification of the seed pulse train befoeyery fourth pulse in the 80-MHz pulse train carries the same
f-to-2f characterization or by employing long-cavity oscillaCE phase, giving rise to an accurate optical field reproduction.
tors [14], [78]. Another way to fulfill the pulse energy require- In our current work, we have employed a multipass Ti:sap-
ment is to use a cavity-dumped seed oscillator [79]-[81]. Thizhire chirped-pulse amplifier (Femtopower, Femtolasers
type of laser has a dual output: through the output couplerGimbH). The Q-switched diode-pumped pump laser (Corona,
emits a pulse train at the full repetition rate, which can be convéoherent Inc.) of the amplifier and the pulse picker (Pockels
niently used to drive thé-to-2 f interferometer, while the pulsescell) in the amplifier were synchronized with exactly every
ejected by the intracavity pulse picker are directly synchroniz€®.000th pulse from the oscillator, which ensures that only
with the amplifier and satisfy the needs for a kilohertz seed apdlses with identicalp are amplified (at a repetition rate of
FTSI reference. 1 kHz). The nanojoule pulses are temporally stretched by
The remaining concept for phase control of an amplifiex glass block before their energy is boostedatd mJ in
[Fig. 6(e)] offers the largest compatibility with existing CPAnine passes through a 4-mm-long Ti:sapphire crystal. After
systems and is well suited for retrofitting them. This schem@mplification, the duration of the pulses is reducedto20
requires implementation of a standard phase-lock loop of tfein a refractive pulse compressor consisting of two pairs of
seed oscillator (consisting of afi-to-2f interferometer for Brewster-angled prisms. To shorten the pulse even further, the
the oscillator [Fig. 2(a)] and electronics) and addition of autput of the amplifier is injected into a 1-m-long hollow-core
secondary feedback loop (high-enerfpto-2f interferometer glass fiber filled with neon gas and subsequently passed
and computer for FTSI). Importantly, neither the oscillatdihrough a set of ultrabroad-band chirped mirrors. To detect the
nor the amplifier needs to undergo significant modification§E phase variations, a small fractior1%) of the energy of
As will be shown below, we have followed this blueprint tdhe 20-fs pulses is split off from the main beam directly behind
upgrade a standard multipass Ti:sapphire CPA system [52] fbe amplifier and fed into the seconfdto-2f interferometer
CE phase-stabilized operation. sketched in Fig. 2(b), the working of which was discussed in
Section 1lI-B. The parameters of the resultant output pulses
are summarized in Fig. 7(a). The insets in Fig. 7(a) depict the
VI. PHASE-STABILIZED 5-FS0.1-TW AMPLIFIED SYSTEM measured spectrum and second-order interferometric autocor-
relation of the compressed pulses. An iterative pulse retrieval
In our high-power laser setup [Fig. 6(e)], we have incoffom these data [83] yields a near-bandwidth-limited pulse
porated a commercially available phase-stabilized 10-fs laseith an amplitude envelopd,(¢) (shown by the thin dashed
system (FS 800, Menlosystems GmbH). It consists of a dige in Fig. 7(a)] and a laser pulse duration (full width at the
persive-mirror-controlled Kerr-lens-mode-locked Ti:sapphirealf maximum ofAy,(¢)?) of 7, = 5.4+ 0.5 fs.
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Fig. 7. Performance overview of the phase-stabilized amplified system. (a) Pulse properties behind the hollow-fiber-chirped-mirror cdregriessdrpulse
envelope (dashed curves) and a possible electric field (solid curve) of the compressed pulse. Insets show measured intensity spectrum (eghtgénd me
and retrieved second-order interfrometric autocorrelation (left). (b) Carrier-envelope phase dynamics with oscillator-only phaseostétidiredi curve) and
combined oscillator-amplifier phase stabilization (solid curve). Insets ghtov2 f interference spectrograms recorded with the nonlinear interferometer at the

amplifier output [Fig. 6(e)].

Experimental results, obtained with the secqghitb-2f in- optical medium [9]. Beam direction instabilities in the micro-
terferometer in different phase stabilization regimes of the amadian range can produce path-length changes of this order of
plifier, are summarized in Fig. 7(b). In the case of a phase-umagnitude in the prism compressor and are likely to provide
locked seed oscillator, the interference pattern is completely @avsignificant contribution to the phase drifts on a longer time
eraged out within approximately 200 laser shots (black cunagale. It is important to point out that, compared with other fem-
left inset of Fig. 7(b), which signifies the importance of theéosecond amplifiers employing long pulse diffraction-grating-
single-shot capability of monitoring the drift. By strong con- based stretchers, our system presents a clear advantage in terms
trast, seeding the amplifier system with phase-locked pulses pséangular beam stability as the result of employing a bulk-ma-
serves a clear interference pattern for CCD exposure timestasal pulse chirping.
long as several seconds without any further stabilization otherThe slow drift ofp shown by the dotted curve in Fig. 7(b) can
than that performed by tracing the g at the oscillator output. be readily tracked by computer analysis of théo-2f fringe
The temporal evolution of the CE phase variation in this modpattern [right inset in Fig. 7(b)]. A voltage proportional to the
which we term simple phase-lock, is exemplified in Fig. 7(b}hange ofy is generated by a personal computer that performs
by the dotted curve. These data reveal that the CE phase oftthe FTSI analysis of thef-to-2f interferograms. As shown
high-energy 20-fs pulses remains virtually stable for periods up Fig. 6(e), this signal is combined with the fast-changing
to several seconds long. This is remarkable considering the sfaedback from the firsif-to-2f unit that monitors the phase
sitivity of the CE phase to the path length change in any sol@olution of the seed oscillator. The absence of fast phase



BALTUSKA et al: PHASE-CONTROLLED AMPLIFICATION OF FEW-CYCLE LASER PULSES 983

changes in the amplifier allows us to accumulate the intese far merely enable us to keep constant and vary it by
ferograms measured in the second nonlinear interferomeseknown amount, whereas the actual value wfremains
[Fig. 2(b)] for about 20—-30 ms (i.e., 20-30 laser shots). Thendisclosed. As opposed to tlfieto-2f technique, strong field
implementation of this signal integration smoothens the opeghienomena driven by few-cycle pulses have been predicted to
tion of the feedback loop by preventing accidental overshodie sensitive tap and potentially could serve for its determi-
of the CE phase control. Once stabilized at a certain valuation. The processes predicted to be suitable for this purpose
of ¢, the phase behind the amplifier can be controlled witinclude high-order harmonic emission [33], [34], [84] and
the FTSI computer by adding an offset value to the feedbaakove-threshold ionization [37], [42], [43], [85], [86]. Here,
signal. The simultaneous use of both feedback loops allows chose high-order harmonic generation as the subject of our
stabilizing the phase for extended periogsl{ min). The solid investigations because it has a relatively simple experimental
curve in Fig. 7(b) shows the typical phase drift measured in tiraplementation and relies on linearly polarized light readily
secondf-to-2f device with both feedbacks active and exhibitavailable in our setup. In addition, a clear intuitive insight into
an rms jitter of~ 75 mrad. This figure, however, should notthis process had been developed in several excellent models
be confused with the actual precision, with which the CE5], [26], [87] that have been tested and confirmed by a large
phase can be maintained behind the amplifier. Since the phasenber of numerical studies and experiments [32]-[34], [88].
characterization in the nonlinear interferometer is influenced The relevant aspects of the process can be summarized as
by the device noise (cf. discussion in Section Ill), the feedbaétdlows. The highest energy XUV or soft-X-ray photons are
loop would not be able to discriminate this measurement noismitted around the zero transition(s) of the laser electric field
from the real phase jitter in the amplifier. Therefore, an externakar the peak of the pulse. This is implicit in semiclassical
(out-of-loop) experiment is required to confirm the CE phaswodels [6], [25], [26], [87] and was recently verified in an
stability and will be presented in Section VII. attosecond experiment [30]. The energy of the emitted photon
An important point that has not been addressed so far is theessentially determined by the intensity of the laser half-cycle
CE phase stability of the pulses passing the hollow waveguigeeceding the emission. For a few-cycle pulse witk: 0 or 7
that is used to obtain the spectral broadening shown in the ridtite so-called “cosine” wave, shown in Fig. 1(b)] there is only
inset to Fig. 7(a). We have purposely placed the segot@2f one single most intense half cycle, which implies the emission
interferometer behind the amplifier rather than at the output of an isolated X-ray burst at the highest photon energies
the hollow-fiber-chirped-mirror compressor. The reason for thigig. 1(h)]. The presence of such an isolated feature in the time
is a better intensity stability of the 20-fs pulses (around 1% rmsjomain corresponds to a smooth spectrum. By a stark contrast,
The intensity noise of the white light emerging from the fibean identical pulse with a “sine” carriep(~ +7/2, Fig. 1(c)
is higher and varies from 1.6% rms in the spectral region ekhibits two most intense half cycles, giving rise to a pair of
the input laser pulse to 4% at 650 nm. At the same time, tBeft-X-ray bursts separated /2 in time [Fig. 1(i)]. In the
spectral breadth of this white-light continuum is insufficient técequency domain, this temporal structure implies a modulated
support anf-to-2f detection under the optimal conditions foquasi-harmonic) spectrum up to the highest photon energies.
the generation of 5-fs pulses. To assess the detrimental effect dh order to check the validity of this simple intuitive picture
the hollow-fiber WLG on the CE phase stability, we repeatede have developed a computer code simulating propagation of
the experiments described in Section IV (Fig. 4). The resultaam intense few-cycle laser pulse through an ionizing medium.
pulse-to-pulse rms phase noise was found to range from 80Tiwe program solves Maxwell's equations in three space dimen-
140 mrad, depending on the pressure of neon in the capillasions and calculates the emergence of high-order harmonics
We also conducted intensity dependence measurements ofubieg a refined version [6] of the quantum theory of Lewen-
phase offset within &15% energy range around the mean ensteinet al.[26], [89]. Fig. 8 summarizes the results of the sim-
ergy value (70QuJ) injected into the fiber. This study revealedilations relevant to the experiments described as follows: laser
a 3.4 mraditJ slope dependence of the phase change within thelse durationr;, = 5 fs, pulse energy: 0.2 mJ, beam diameter:
region of spectral overlap between the laser pulse and the wiite; = 122 ym; medium: neon, pressure: 100 mbar, length:
light. Unfortunately, with the FTSI method, it is impossible t® mm. Fig. 8(a)—(d) displays the computed spectral distribution
assess the phase jitter across the whole spectrum of the aafrfew-cycle-driven coherent soft-X-ray emission from neon in
tinuum. Nevertheless, one cannot expect dramatic phase exte-cutoff range for four different values of the CE phase of the
sions in the spectral wings since they would have an immediabéver laser pulse. Fig. 8(e) and (f) shows the temporal intensity
impact on the pulse profile. Such envelope fluctuations of theofile of cutoff X-rays transmitted through a Gaussian filter
compressed pulse have not been observed in our system. [Bodid contour in Fig. 8(a)] forp = 0 andy = w/2 (solid
results of the FTSI measurements presented above justify tueves) along with the instantaneous intensity of driving laser
use of thef-to-2f detection in front of the hollow fiber. (i.e., EL(t)?) depicted by dashed curves. It should be noted that
detailed numerical simulations show that the smoothest and the
most modulated spectral cutoff features actually correspond to
The reference phase in the combined feedback loop of dbe values 0~~20° and~11C°, respectively, rather than to the
high-power phase-controlled laser system can be adjustetlitively anticipated values of®0and 90. This discrepancy,
within a range of2w, providing a convenient means of sethowever, is insignificant in our experiments since it lies within
ting ¢ equal to an arbitrary value. Nevertheless, as has be@e uncertainty with which we can identify different CE phase
pointed out above, the techniques that we have implementedues.

VII. CONTROL OFLIGHT FIELD OSCILLATIONS
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; " j _n TABLE |
(a)I . . ¢=0 . EXPECTED SPECTRAL WIDTH OF THE CUTOFF CONTINUUM FOR A = 0
. . /—'\ . WAVE AS A FUNCTION OF PULSE DURATION. SEE TEXT AND FIG. 8 FOR
= \/,.\ . : DEFINITION OF PARAMETERS
ERi i \\
S : : z '
nE: (b) . . (P=n/6. TL /TO A/(EL (t)z )max A(h(l))cont@l25 eV
w)
8
k= 2 0.16 20eV
E
3 3 0.07 8.8eV
&
>
&
< 4 0.04 5.0eV
=
&
5 0.03 3.8eV

at 125 eV) for several values ef, /Ty, which is the number of
oscillation cycles within the laser pulse duration.

z According to the data in Table t;, /T, < 2.5 is required to

5 produce a continuum with a sizeal{le 10 eV) bandwidth in

€ 1 NE the 100-eV range. For few-cycle pulses that comply with this

g § demand, the appearance of the predicted continuum [Fig. 8(a)]

gz 0= is a robust feature appearing for a broad range of parameters

2 =, as long as the propagation length does not exceed half the co-

% 1S herence length [6]. Experimentally, this condition is readily ful-

;g = filled by operating the high-harmonic source at a gas density

% 0 equal to or below that resulting in maximum cutoff yield. We

B 2 -1 0 1 2 3 generated high-order harmonics by gently focusing 5-fs 0.2-mJ
Time [fS] laser pulses into a 2-mm-long neon gas medium. The cycle-av-

0 8 Numerical simulat o o erent sofix.reS720€d Peakintensity was estimated to beI0'* Wicn?. The
ig. 8. Numerical simulations of few-cycle-driven coherent soft-X-ra o . .
emission from ionizing atoms. (a)—(d) Cutoff-range spectra for diﬁere?heon_ gas was supphed in a thin-walled metal .tUbe [35] W'th_a
CE phase settings of the driving laser pulse. (e)—(f) Solid curves depict thacking pressure of 160 mbar. The pressure in the interaction
temporal intensity profile of the cutoff harmonic radiation filtered through @egion, however, was somewhat lower due to the gas expan-
Gaussian bandpass filter with a full-width at half maximum of 7 eV [solid; ~ . toth di hamber. Thin zi . foil
contour in (a)], whereas the dashed curves flg(t)2. These results support sion "? othe surroun Ing vacuum cham ?r' Inzirconium C_” S
the intuitive analysis: the field carrying = 0 is predicted to produce a single Were installed in the pathway of the emitted soft-X-ray radia-
soft-X-ray buLst [filtered ig th? c#toff, ('e)]b Deviatign gf from zero gradulf_tlly t'ilfm in order to block the laser light as well as low-order har-
suppresses the magnitude of the main burst and gives rise to a satellite spike. . .
Latter becomes most prominent figr] — /2 (f). In the frequency domain, prln%mcs' The high-energy part Of. the spectrum (above SQ e.V)
the isolated pulse emerging fgr= 0 implies a continuous spectrum shown inwas spectrally analyzed with a simple spectrometer consisting
E)a), w?ich becomeQS igcreaasingly modulated with the appearance of the secgficg 10 000-line/mm transmission grating and a backside-illu-
urst for| | — /2 (b)~(d). minated soft-X-ray CCD camera (Roper Scientific).
Fig. 9 shows a series of soft-X-ray spectra generated under

_The results of simulations, presented above, along with pigi o ditions described above for different values of the CE
vious numerical studies [6], [33], [34], [90] fully support O“”n'phase of the 5-fs pump pulses. For settings,of oo, the
tuitive analysis and show a strong spectral dependence betwﬁﬁﬂnonics near the cutaffiw > 120 eV)

the temporal structure of the X-ray bursts and the spectral Sh%ogontinuum. Notably, with a gradual change of the phase, the

of the cutoff region. The width of the smoothened spectral P ntinuous spectral distribution of the cutoff radiation begins

(continuum),A(7w)cont, that corresponds to an isolated X2—ra¥o break up into discrete harmonic peaks, with the maximum
burst, depends on the ratio of instantaneous interfsjtyt)

modulation depth appearing for settingsof ¢+ /2. This

of the strongest half cycle and its neighboring peak. The cqfapayior is in agreement with the above intuitive picture and
responding difference of instantaneous intensity is marked pgmputer simulations under the assumptiongf= 0 + nr

A, in Fig. 8(_9)' Because of the linear dependence betwegn fleren = 0,1. The residual ambiguity in the determination
highest emitted X-ray photon energy and the peak laser intg}- , 1o |ates to the inversion symmetry of the interaction with
sity, the continuum bandwidth can be expressed as follows: the atomic gas medium. A-shift in ¢ results in no change

A(hw)eons = hweutoft — IPA (11) of the light waveform other than reversing the direction of
(EL(t)?) max the electromagnetic field vectors. In an isotropic medium,
wherel, is the ionization potential. Table | lists the instantasuch a phase flip cannot lead to any measurable physical
neous intensity ratio and the width of the continuum (calculatednsequences.

completely merge to
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in the second'-to-2 f interferometer. After performing this cal-
ibration, we can subsequently changwith an accuracy better
thanw /10 using the interferometer.

Another noteworthy feature that has emerged from the
soft-X-ray experiments with phase-stabilized pulses is the shift
of the harmonic peaks with. This effect has been predicted
by previous [34], [91] as well as by our current simulations
and clearly manifests itself in the spectra shown in Fig. 9. This
shift indicates that the peaks visible in the few-cycle-driven
harmonic spectra, strictly speaking, do not represent genuine
harmonics, because the laser frequency is kept unchanged and
so its harmonics are expected to remain invariant as well. The
shift of these “quasi-harmonics” is a direct consequence of the
variation of the field amplitude withiff, and the confinement
of emission within only a couple of oscillation cycles. This
CE-phase-induced shift completely smears the harmonic
structure of the near-cutoff soft X-rays generated by our 5-fs
pulses in the absence of phase stabilization [Fig. 9(e)].

To gain further insight into this effect of spectral shift and
smearing, we have recorded X-ray spectra obtained with longer
/2 laser pulses. The pulse duration was lengthened to about 10 fs
and the energy of the pulses sent to the target was increased in
order to reach the same cutoff frequency as in the data in Fig. 9.
The obtained spectra are displayed in Fig. 10 and exhibit sev-
eral differences with respect to the 5-fs case. First, there is no

. . . ; pronounced continuum in the cutoff region that would permit
(e) ! ! : unlocked identification of thepy phase offset, as is expected for this pulse
' ' width in accordance with Table I. Second, there are clear spec-
: : N . tral peaks at photon energies up to 110 eV that survive even
,/\/\/"“/ f into the phase-unlocked regime (Fig. 10, bottom panel). The
5 ; : : blow-up in Fig. 10(b) shows that the frequencies of these peaks
90 100 110 120 130 do not vary with phase and, consequently, they represent true
Photon energy [eV] odd-number harmonic orders of the laser field. However, the
situation is dramatically changed toward the cutoff because the
Fig. 9. Measured spectral intensity of soft-X-ray emission from ionizin&peCtral peaks seen there [Fig. 10(c)] shift their frequency by
atoms driven by 5-fs pulses. (a)-(d) Data obtained with phase-stabilized pultlee full laser photon energy. A similar behavior has been ob-
for different CE phase settings. (e) Spectrum measured without CE phaggrved recently by another group of researchers who detected
stabilization. X-ray CCD exposure was 0.5 s in all cases. . .
single-shot X-ray spectra with a CE phase-unlocked laser [92].
Apparently, such a quasi-periodic spectral pattern is the result of

The presence of the distinct spectral behavior in the cutaficomplicated interference interplay among X-rays bursts gener-
region allows us to calibrate the actual value of the CE phasded by a laser field the amplitude of which changes significantly
A continuum with a bandwidth of 16 eV is clearly visible in within an optical cycle [90]. The “true” harmonics at low fre-
Fig. 9(b) and is in fair agreement with the valueXfiw)...s = quencies are produced by many participating peaks of the laser
20 eV predicted by our simple considerations for 5-fs 750-nffield, whereas the “false” harmonics, approaching the cutoff, are
(/1o = 2) light pulses (Table I). The X-ray spectra correformed by very few field peaks. In this regard, it is interesting to
sponding to the phase settings shiftedsby/2 [Fig. 9(a) and note the anomaly in the energy interval of 95-105 eV in Fig. 10.
(d)] on the contrary display a pronounced modulation survivinbhis “intermediate” region features quasi-harmonic peaks with
into the cutoff. Therefore, the CE phase can be evaluated wétperiod of one laser photon energy. This is remarkable, since
the highest possible accuracy by recording pairs of soft-X-rauch periodicity corresponds to laser field peaks separatég by
harmonic spectra gt; = ¢ andps = ¢ + 7/2, wherep is  rather than by the usudl, /2 (i.e., by the time spacing between
varied in small steps. In this methagd = 0 (or, equivalentlyr) the nearest half cycles). In our understanding, the reason for this
can be identified from a pair of spectra that exhibit, respectivelyansient behavior is the involvement of three neighboring half
the smallest and the largest modulation depth in the cutoff ranggcles capable of generating X-rays at that frequency, a con-
Applying this procedure to the data in Fig. 9, we conclude thdition that cannot be fulfilled at both lower and higher photon
the phase setting, ~ 0. The current amplitude and phase staenergies.
bility of our source permits identification of the CE phase value Both the experiments with 5- and 10-fs pulses, described in
with an accuracy better than/5. The obtained value ap is this section, signify the great benefits that CE phase stabilization
subsequently used to calibrate the interference pattern recordgédgs to the study of coherent laser-driven X-ray sources.

Soft-X-ray spectral intensity [arb. units]
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Fig. 10. Measured spectral intensity of soft-X-ray emission from ionizing atoms driven by 10-fs pulses. (a) Full-range spectra. (b), (c) Olospegprslo
regions with distinctly different spectral dependencies on CE phase.

VIIl. CONCLUSION AND OUTLOOK atomic, or possibly even nuclear dynamics. Finally, yet another
8tential application area of high-intensity waveforms is elec-
on acceleration in the forward direction to ultrarelativistic en-

gies in a highly controlled manner.

In this work, we have demonstrated the generation of interi
few-cycle light pulses with a reproducible temporal evolution df
the electromagnetic field. With these light waveforms we hae
explored the sensitivity of microscopic atomic currents to the
timing of light field oscillations with respect to the pulse peak.
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