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We measure the chirp rate of harmonics 13 to 23 in argon by cross correlation with a 12 femtosecond probe
pulse. Under low ionization conditions, we directly measure the negative chirp due to the atomic dipole phase,
and show that an additional chirp on the pump pulse is transferred tagtthéarmonic asq times the
fundamental chirp. Our results are in accord with simulations using the experimentally measured 815 nm pump
and probe pulses. The ability to measure and manipulate the harmonic chirp rate is essential for the charac-
terization and optimization of attosecond pulse trains.
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High harmonic generation provides a versatile laboratoryphase coefficienaq:al. Previously, only indirect measure-
source of ultrafast extreme ultravioleXUV) radiation[1]. ments ofa, have been performefl3,14. In addition, we
Single harmonics can be used for a variety of applicationsshow that a chirp applied to the driving laser pulse is trans-
e.g., in time-resolved studies of molecular dynani2s3].  ferred to theqth harmonic ag) times the fundamental chirp.
The coherent superposition of several harmonics can producgne comparison of our results to detailed simulations is con-
attosecond bursfel—€] for the study of intra-atomic electron gjstent with the interpretation that this imposed chirp simply
dynamics([7,8]. Recently, methods have been developed toydds to the intrinsic chirl6]. This allows us to alter the
measure the time-dependent frequency of individual harmonspacing between the pulses in an attosecond train, as we

ics [9-11], which is a direct measure of their coherence propincrease or decrease the chirp rates of the harmonics used to
erties. An important application of these measurements is idynthesize the train.

the characterization of the relative coherence between suc- The time-frequency structure of the XUV pulses is char-

cessive harmonics, since this determines the temporal proeterized via cross-correlation frequency-resolved optical
erties of their superposition. Indeed, control of the relativegating (XFROG) [17], as described ifi9]. The signal used
coherence between several harmonics allows both the durgsy the cross correlation is the photoelectrons resulting from
tion and spacing of the attosecond bursts to be tailored fofhe two-photon ionization of argon by the XUV pulses and
specific applications. . ~ . .an IR probe pulsgsee Fig. 1 We use transform-limited
The time-dependent frequency of the emitted radiation i3 fs pulses generated using self-phase modulation in an
strongly related to the dynamics of the generation procesgrgon-filled hollow fiber, followed by compression using
Each harmonic contains contributions from several spacechirped mirrors [18], to probe the harmonics of the
time quantum orbit§12-14 with different phase behaviors, transform-limited or chirped 815 nm fundamental pulses of
which can be written ag Jq(t_):—a gl(r,t), with 1(r,t) denot-
ing the laser intensity and{] a coefficient depending on the

. . MBES
process ordefq) and on the quantum patly). Macroscopic Brobs ™
phase-matching conditions can favor one of these quantum ' Y ?2
paths which, in combination with ionization effects, will then Aperture W
determine the harmonic coherence properties. A measure- ’ f
ment of the individual harmonic chirps can therefore be used I Alfilter
to characterize the harmonic generation process itself, when HHG

ionization is low [15], or to probe macroscopic time-

dependent processes such as blueshifting, depletion, and de-

focusing[11] when ionization is high.

. In this communication we measure and manipulate the FIG. 1. (Color) Experimental setup. The harmonics are gener-
time-dependent frequency of harmonics 13 through 23 gengieq by focusing part of the beam into a 3 mm, windowless cell
erated in argon with 815 nm light. The experiment has beeRjied with 30 mbar of argon and passed through a 200 nm thick
performed in such a way that ionization effects have beerjuminum foil in order to eliminate any residual IR light, and then
minimized, and the harmonic flux has been kept approxithrough a 1 mm aperture located 35 cm from the generation source.
mately constant as we vary the spectral phase of the drivinghe XUV light is focused by afi= +20 cm normal incidence, gold-
laser field. We find that in our experimental conditions wecoated, spherical mirror into a MBES, filled with ax11.0"* mbar
select predominantly harmonics generated via the shortestickground pressure of argon. The probe pulse is focused into the
quantum path, and we directly measure its order-dependeMBES by the same mirror as the harmonics.
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40 TABLE |. Fundamental pulse parametéaDD, duration, chirp
rate, intensity, aperture diameter, relative harmonic flux, measured
& 20 and simulated duration and chirp rate for sideband 18.
g0 Q @ ® © @ @©
0 20
GDDs g (9 -1 -06 0 03 0&10?%
40 Trund(fS) 90 44 37 42 57
19 21 bryng (579 -08 -11 0 09 1.x107
Harmonic order ltunag (W cm2) 1.0 1.8 15 19 1.&104
FIG. 2. (Color) Photoelectron signal obtained in Ar as a function Diameter(mm) 10 9 78 9 10
of energy and time delay between the XUV and IR pulses. Harmonic flux(arb. u) 0.7 1 1 1 0.8
Gafs) 41 31 23 28 36
duration between 35 and 90 fs. Both pulses are continuously™ (fs) 39 17 15 24 30
monitored using two online spectral phase interferometry fogymeass-2) 14 -11 -10 10 1X10%

direct electric-field reconstruction(SPIDER devices bSM (572)
[19-21]. The foci of the harmonic and probe beams are sepax- Pxuv
rated in the propagation direction due to the different diver-

gence of the two beams; the harmonics are focused in theakes the requirements on the MBES resolution less strin-
sensitive region of the magnetic bottle electron spectrometegent.

(MBES), while the IR field is focused slightly before it. This Our numerical simulations of the sidebands are designed
yields an IR focus in the sensitive region of the MBES that isto mimic the experimental conditions as closely as possible.
larger than the XUV focus, which ensures a homogeneous IR particular, we use as input fields the fundamental and
distribution over the XUV focus. The polarization vectors of probe pulses retrieved from the SPIDER measurements. The
the two fields are parallel and coincide with the direction ofoutput harmonic field is calculated by solving the Maxwell
electron detection. The accuracy of our cross-correlatiomnvave equation in the slowly varying envelope and paraxial
method depends on both the probe duration and the MBE&pproximations[22], using dipole moments and ionization
resolution. Using a short probe pulse, as we do in this workrates obtained from integration of the time-dependent

-17 -33 -7 7 18¢ 1077
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£
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FIG. 3. (Color) Measuredtop
pane) and simulated (bottom
_50 pane) photoelectron signal corre-
sponding to sideband 18 for nega-
tive (a), (b), zero(c), and positive
(d), (e) fundamental chirp rates
(see Table | for the chirp rate
values.
£
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Schrddinger equation in the single active electron approxi- x 10%

mation[23]. The XUV field is then propagated over a 35 cm 3

distance, where it is filtered through an apertgas in the

experimental setypbefore being focused again into the in- ol O

teraction region. The sideband spectrum is calculated from

2

S w,At) = ‘ J i dt d'Ey,(DER(E—AD | (1)

—

o

where Ejg,Exyy are the electric fields of the IR and XUV
pulses,At is the delay between them, and is the laser
frequency. This equation uses the framework of second-order
perturbation theory, which is valid for the low probe intensi-
ties used in this experiment. The spectrum of a given side-
band is obtained by adding two contributions, one from ab- -2
sorption of the(q—1)th harmonic and an IR photon, and one
from absorption of théq+1)th harmonic and emission of an

1
-y

Harmonic chirp rate (s’2)

=3
IR photon. . . ) . .
Figure 2 shows a typical experimental result obtained us- 12 14 16 18 20 22 24
ing a fundamental field with a significant negative chirp Harmonic order

[case(a) in Table I|. The photoelectron signals produced at

the harmonic frequencies are shown by the saturated vertical FIG. 4. (Color) Measuredclosed symbolsand simulatedopen
stripes. The sidebands are visible between the harmonicsymbolg chirp rates as a function of harmonic order for different
Their negative slope indicates that the harmonics are neg&/ndamental spectral phases in Tablée):red, (b) green,(c), black,
tively chirped. In general, we find that the slope of the side{d) purple, ande) blue. The measured chirp rates are plotted as a
bands does not vary rapidly with order. We regard the chirﬁU”Ct'on_ of the sideband ordeg, and_ mcluqle contribution from
deduced from a given sidebamglas the average chirp of harm_onlcsq—l andqfrl. The thgoretlcal chirp rates_are shown as
harmonicsq—1 andg+1. functions of harmonic order, since these can easily be extracted

Figure 3 presents a comparison of experimental and th(_:]‘[om the simulations. The lines are explained in the text.

oretical data for one sideband, obtained using fundamentgyeriment(estimated to be 18 fsThe chirp rate is then pro-
pulses with different spectral phases. In the experiment thesgortional to the sideband chirp rateg: bRea=bgd 1+(r2,
phases are varied by introducing glass plates in either theTSe()/T;Z(UV]. The XUV pulse durations vary between 0.5
probe beam or the beam generating the harmonics, while ghd 0.7 times the fundamental pulse duration, which is con-
the same time changing the distance between the gratings #istent with the assumption that ionization is low. The XUV
the compressor to keep the probe pulse transform limitecchirp rates are approximately a factor of 10 larger than the
The group delay dispersiaiGDD) is determined from SPI- fundamental chirp rates. In general the agreement between
DER measurements accounting for the effect of the entrancexperiment and theory in Table | is good. The calculated
windows. An increase of the magnitude of the GDD leads tpulse durations are in all cases somewhat smaller than the
an increase in the fundamental pulse duratieee Table )l experimental ones.
The chirp rate first increases in absolute value, reaches the In order to gain more insight into the origin of the har-
maximum possible for the available bandwidth, correspondmonic chirp rates, we study the order dependence of the
ing to casegb) and(e), and then decreasg¢sase(a)]. The  chirp rates for the fundamental pulses shown in Table 1. Fig-
resulting decrease in peak intensity, which leads to a drop iare 4 shows a comparison between experimental and theo-
harmonic yield, is partially compensated for by increasingretical results for the different cases. The agreement between
the aperture before the focusing mir@ee Fig. 1 In both  the experiment and theory is very good for the casgsc),
the experiment and simulation, varying the spectral phase qtl), and (e). In the case of the large negative chirp on the
the fundamental pulse has a dramatic effect on the tilt of thgundamenta(b), we have not been able to obtain good agree-
sidebands. For all the cases shown in the figure the tilt of thenent between experiment and theory. This is likely because
sideband has the same sign as that of the chirp on the fuve have been unable to accurately determine the fundamen-
damental pulse. We also note that when the fundamentahl pulse width and intensity in this case.
pulse is transform limiteicase(c)], the harmonics exhibita  The results presented in Figure 4 can be interpreted by
negative chirp. noting that the harmonic chirp rates in general have contri-
The measured and simulated durations and chirp rates ¢futions from three different sources. First there is the tem-
the XUV pulses are presented in Table |, lines seven througporal variation of the dipole phasgy(t)=—ayl (1), related to
ten. Experimentallys %55 is obtained from the duration of the electron excursion time for a given quantum orbit. Sec-
the sidebandrsg according to 7359=\735-7(r— 75,  ONd, there are contributions from macroscopic time-
where the infrared probe pulse duratigp is obtained from dependent processes, most importantly ionization. In our ex-
SPIDER measurements, amgl, is a geometrical factor ac- perimental conditions, we estimate that the ionization is less
counting for the slightly noncollinear geometry of our ex- than 5% in all the cases. Along with allowing us to neglect
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the ionization contribution to the chirp, this means that theproduced by these harmonics can be expressed(8s
harmonics are generated close to the peak of the driving S expliqwt+it 2/2+iqyt 2/2). The last term implies that

pulse. In this case, the dipole chirp conztribution is linear andne periodicity of the traif(T,= /), will become time de-
can be expressed bg=—8 IN(2) agl fynd/ 7 fyng for a Gaussian 4oy according td(t)=T,-myt/w 2. For a negativey,

pulse. Third, there is a contribution from the spectral phas e spacing between the pulses will increase throuahout the
of the fundamental, which in these cases is close to a linear P 9 P 9

chirp. In the single atom response, the fundamental chirp rat8U!Se- In the five cases studied here, we fib=T(t)-To
brung i Simply transferred to theth harmonic agjbyg as ~ =6<107%, 1.9x10°%, 1.56X10°%, 1X10°%, and 0 from(a)
expected in an adiabatic approximation. The propagation calo (€). In our conditions, the effect of this temporal variation
culations within the slowly varying envelope approximation of the period remains small, about 60 as in cageover the

obviously do not change this result. total pulse. These effects have a negligible influence on the
These considerations allow us to extragtfrom the re-  pulse duration of the attosecond pulses.
sults obtained using a transform-limited pulgease (c), In conclusion, we have measured harmonic chirp rates as

black symbols in Fig. # We find that the magnitude af,  a function of order. This allows us to obtain information on
increases with harmonic order, which is characteristic of thénow the single atom attosecond dynamics evolves during the
shortest quantum orb[tL2]. It dominates due to the spatial driving laser pulse, and is thus complementary to the time-
selection achieved by the 1 mm hole through which the haraveraged method used to characterize attosecond pulse trains
monic field propagate$l3,14. The second quantum path [4,6]. The linear variation of thénegative chirp rate with
would lead to much largefnegative chirps, decreasing in order that we have measured means that attosecond pulse
magnitude for increasing orders. The black line in Fig. 4 is arains synthesized from these harmonics have a pulse spacing
linear fit to the simulated chirp rates in ca@. We can, in  that increases linearly with time. In the semiclassical model,
turn, use these values fay, to calculate the expected chirp which describes our results very well, this implies an in-
rates in the other four cases with the simple formula:crease in the harmonic emission time relative to the laser
qbsung—8 In(2)aqlfund/rf2und, where we usdy,,q and 7;,n,q  period for lower laser intensities, i.e., at the leading and trail-
from Table I. The results are shown as the red, green, purpléng edges of the driving pulsg$]. We have also demon-
and blue lines for case®), (b), (d), and (e), respectively. strated a method for manipulating this emission time by us-
The fact that the expected values nicely overlap the expering chirped fundamental pulses. In particular, we
mental and simulated results indicates the robustness of tlilemonstrated that we can make a “perfect” tr@ie., equi-
transfer of the fundamental chirp rate to the harmonics. Evenistant as pulsgsby canceling the dipole phase variation
in case(b) the simple chirp rate estimate agrees well with thewith a small positive chirp on the fundamental.
simulation, though not the experiment. We note that the scal- We acknowledge the support of the European Communi-
ing of the dipole chirp withlfund/T?und greatly reduces its ty’s Human Potential Programme under Contract No. HPRN-
contribution for the longer fundamental pulgease(a)]. In  CT-2000-00133(ATTO), the Knut and Alice Wallenberg
case(e), the two contributions to the chirp rate approxi- Foundation, and the Swedish Science Council. K. S. ac-
mately cancel to give a chirp rate that is close to constant. knowledges the support from the National Science Founda-
The results presented above demonstrate that we cdion through Grant No. PHY-9733890. K. V. is on leave from
modify the coherence properties of the harmonics througlthe Department of Optics and Quantum Electronics, Univer-
the spectral phase and the duration of the driving laser pulseity of Szeged, Szeged, Hungary. We also acknowledge the
We expect these results to be valid also for higher-order hahelp from Fredrik Osterberg at Rejlers for the support with
monics. This method allows us to exert control over the temthe 3D figure. W. K., J. B., and U. K. were supported by the
poral properties of an attosecond pulse train. In this experiSwiss National Science Foundation and by Bundesamt fur
ment, we have found that to a good approximation the chir@ildung und Wissenschaft, Schweiz, Project BBW No.
rate varies with order ab,=g+qy. The attosecond train 03.0010.
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