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Time-resolved ellipticity gating of high-order harmonic emission
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We present time-resolved cross-correlation measurements of extreme ultréxinepulses generated as
high-order harmonics of intense 35 fs pulses, using a gi@rfs) probe pulse. We modulate the ellipticity of
the laser driving the generation process such that the polarization is linear for short times around the temporal
peak of the pulse. Since harmonic generation is strongly suppressed for very small amounts of driving laser
ellipticity, the emission of xuv radiation can therefore be confined to times much shorter than the laser pulse
duration. In addition, our setup allows us to continuously confine the xuv emission as well as to determine its
frequency sweep during the pulse.
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Coherent attosecond light bursts produced during high- Experimental attempts to demonstrate this technique, all
harmonic emission of atoms irradiated by intense femtoseerformed in the spectral domain, reveal modulations in the
ond lasers bear the promise of being able to probe inner-shellarmonic spectrum which are consistent with a temporal
electronic motion in atoms with unprecedented resolutionzonfinement of the xuv emission but cannot be considered as
[1]. The discrete nature and broad envelope spectrum qfijrect proof[14—16. To the best of our knowledge, no direct
high-harmonic emission implies that appropriate phase lockime-resolved measurement of such a confinement has yet
ing of different harmonics can result in a train of pulses ofygap, reported.
attosecond duratiorj2]. Such early predictions are now |4 this article. we show that by modulating in time the
strongly supported by recent experimental evidence indicaty 4 ri7ation of ei 815 nm 35 fs pulse from a titanium sap-
ing that harmonic emission from a macroscopic medium o hire laser, we can temporally confine the emission of pla-

atoms effectively consists of a train of attosecond pulse . .
eau harmonicgl3 to 21 generated in argon. Moreover, we
r ne-half of the f . . : .
separated by one-half of the fundamental laser peidod can continuously tune the duration of the xuv pulses just by

The isolation of a single attosecond pulse from this train”" . h f the drivi lse f hich th
remains, however, a major physical challenge. Nevertheles2YINd the segment of the driving pulse for which the po-

different strategies can be devised from our theoretical un'@fization is linear and harmonic generation occurs effi-
derstanding of high-order harmonic generation, illustrated byi€ntly: The xuv pulses thus generated in argon are charac-
a simple semiclassical pictufs,6]. In this picture, the elec- terized by cross correlation with an ultrashd® fs) ir probe

tron initially released into the continuum and acceleratedPulse[17]. The cross-correlation signal is taken as the first
away from the parent ion in the direction of the linearly order sideband appearing in the photoelectron spectrum of
polarized driving laser field can return to the vicinity of the argon, corresponding to absorption of an xuv photon together
core and recombine every time the field reverses during awith absorption or emission of one probe photon. By delay-
optical cycle of the laser. This results in successive bursts dhg one pulse with respect to the other, we can retrieve the
extreme ultravioletxuv) radiation which are produced up to time-frequency distribution of the xuv pulse: the duration
a cutoff frequency dependent on the intensity of the field. S@an be inferred from the delay-dependent intensity of the
far, the only successful scheme for isolating a single attosesideband418,19, while the evolution of the instantaneous
ond light burst is one that relies on the use of phasesideband energy can provide a measure of the linear chirp
stabilized linearly polarized few-cycle laser pulses togetherate of the harmoni§20,21].

with spectral selection of the highest cutoff harmonics, for As illustrated in Fig. 1, the technique used to temporally
which the generation is naturally confined to a fraction of themodulate the ellipticity of the laser consists in transmitting
laser oscillation period at the peak of the pulge8]. Alter-  the 7o=35 fs driving pulses through two quarter-wave plates
native schemes for single attosecond pulse generation, erf quartz[22]. The first quarter-wave plat@nultiple ordej
ploiting the acute sensitivity of harmonic generation effi- splits the incoming linearly polarized pulse into an ordinary
ciency to the ellipticity of the driving laser fielfP], have and an extraordinary pulse with crossed polarization. The
been proposed. These are based on the temporal tailoring gfoup velocity difference between the two pulses leads to a
the driving laser ellipticity in order to confine harmonic delay through the 1.05 mm thick plate approximately equal
emission in the plateau region of the spectrum to a single xuto the pulse duratiomy. When the optical axis of the first
burst on a time scale less than a period of the laser fieldplate is oriented a=45° from the direction of incident laser
Theoretical calculation§10-13 predict the formation of a polarization, a pulse is produced which is circularly polar-
single attosecond pulgef duration of the order of 200 af ized at the temporal center, when the two perpendicular
short(10-15 f9 driving pulses are used. fields have the same amplitude, and linear at both the leading
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Laser
polarization

line in Fig. Ab). When 8=45°, the polarization is always
linear and the gate width is then tli@0 f FWHM of the
driving pulse. Except wheg=0 or 90°, the major axis of the
polarization ellipse rotates during the pulse, betwekp,
and 6,,,x Over the gate FWHM, as indicated by the solid lines
in Fig. 2b).

The experimental setup used to measure the time-

FIG. 1. Double quarter-wave plate arrangement used to tempof-rleqmahnCy (;Igtgbutgn O{ fll(egmtl)nlc DUIsetS has bgen de%cSrl]E)ed
rally modulate the ellipticity of the driving laser pulsé.is the elsewhere[20,21). Our Z 'aSer system produces S

angle between the major axis of the polarization ellipse of the reﬁujl-ses\](;ent?red_ at 81t5. ntm with a tot?lnogtﬂultlenefrgy Oj;?t mJ.
sulting ellipticity modulated pulse and the incident direction of laser m.J Iraction IS sent into an argon-filed hotlow Tiber. After

polarization compression with chirped mirrors, 0.5 mJ, 12 fs probe pulses
' are obtained. The remainder of the laser beam is routed
éhrough a variable delay line and then propagated through

and trailing edges. Transmission of this pulse through th the doubl 7 plat ‘] der to obtain dri
second(zero-ordey quarter-wave plate, with the optical axis |¢ ¢ouble guartz piate arrangement in oraer {o obtan driv-

oriented atB=0° from the original direction of driving laser ng Iaser pulses with the c_jeswed e”'pt'c'ty. modu_latlorj. These
o . . o are finally focused by d=+50 cm spherical mirror into a
polarization, results in a pulse with a polarization that

; . . 3 mm windowless cel(filled with 30 mbar of argopwhere
sweeps from circular through linear back to circular. Assum-the harmonics are generated. Care is taken in order to com-
ing an incident Gaussian shaped pulse of 35 fs durdfidh

width at half maximum(FWHM)], the temporal profile of pensate any material dispersion before the harmonic genera-

R . : tion cell. The generated time-gated harmonics are passed
the ellipticity modulated pulse is close to a flat top with 70 fsth h a 200 thick alumi filter to eliminat i
duration(FWHM), as shown by the dotted line in Fig(e. rougn a nm thick aluminum fitter to eminate any re

o . sidual driving infrared light. The harmonic generation point
The degree of ellipticity of the pulse strongly varies betweenSource is imaged downstream byfa+20 cm normal inci-
e=1 (circular polarizatiop at the wings toe=0 (linear po-

A ; : ) dence gold spherical mirror into the sensitive region of a
Ian;aﬂon) at thg center. The major axis of t'he'elllpse .de'magnetic bottle electron spectrome{®BES), filled with a
scribed by th_e tip of the electric field _veptor is fixed d_urlng 1x 10# mbar background pressure of argon. The collimated
t_he pulse, oEented_ zﬂlz (;45_|from tEe |n|;[|al Ifasher polarlzla- probe beam and the weakly diverging xuv beam are focused
tion. More t eoretical detalls on the role of the two plates;, e the MBES in a noncollinear fashion with the probe
can be found iM13]. The convolution of this ellipticity de-

. - . . beam polarization pointing toward the direction of electron
pendence with the sensitivity of harmonic generation to lase P P g

llivticity. obtained f : leads t Uetection. The 2° angle between the two beams in the inter-
ellipticity, obtained from previous measuremefﬁ}s 1eadsto - action region limits our overall temporal resolution to about
the narrow temporal gate shown by the solid line, of 7 fs

) ) 15fs. B both d be b I d
duration(FWHM). Changing the angl@ allows us to con- S. DEcause bofh Xuv and probe beams are overiappe

i | the width of th ¢ h by the dash sing the same focusing optic, the difference in divergence
inuously vary the width of the gate, as shown by the dashe@ayyeen the two ensures that the xuv beam experiences a

constant probe intensity throughout the interaction region.

a2 1K 1 ; i
£ =~ "o a Typical photoelectron spectra generated in the presence of
; XN /’-_' 2z the harmonic puls_es consist (_)f a co_mb of regulquy spaced
S 05 s 05 ) peaks corresponding to photoionization of argon induced by
> : - the individual harmonics of the plateau ranging from 13 to
[ . w 21. The observation of higher harmonics is limited by the
5':-’- 0" ) 0 reflectivity of the gold mirror used in the MBES. When
= _s0 o5 0 25 50 pump and probe pulses overlap in time and space, sidebands
Time (fs) appear at intermediate photoelectron energies due to addi-
80 180 tional absorption or emission of one driving laser photon.
a ,n (b) 5 The probe beam is attenuated by means of an external aper-
"; 60 RS 90 3 ture in order to minimize the absorption of more than one ir
I O max—_ ": photon by the ionizing atom. Figure 3 shows experimental
g 40 ___‘4:7—'— 0 oF data obtained under these conditions for sideband 18, labeled
£ 2 emin/ /I \\ -90 'E by the equivalent number of ir photons absorbed by the
o L__--~ ~ e @ atom, and therefore corresponding to either absorption of the
o0 " -180 17th harmonic plus one ir photon or absorption of the 19th

B (deg) harmonic minus one ir photon. The electron signal is plotted
as a function of energy and time delay fB=45° (large

FIG. 2. (a) Dotted line: laser pulse envelope. Dashed line: time-9at8, f=22° (intermediate gafe and 8=0° (narrow gatg
dependent laser ellipticity. Solid line: temporal profile of the ellip- AS B decreases, the xuv emission signal clearly becomes
ticity gate obtained fo=0°. (b) Dashed line: temporal FWHM of confined to shorter time delays.
the ellipticity gate. Solid lines: total angle of rotation swept by the ~ The temporal sideband intensity profiles, obtained by
laser polarization vector during this time calculated as a function oenergy-integrating the electron signal, are plotted in Fig. 4
angleg. for the large and narrow gate cases, as well as for the case

053811-2



TIME-RESOLVED ELLIPTICITY GATING OF HIGH-.. PHYSICAL REVIEW A 69, 053811(2004

50 80 80 -
(b) (c) <
=
& =
) 2 s
°
= 2
= a
w 3
Py 3
s o 2
& ]
Q
>
(] o u

0 15 30 45

p (deg)

FIG. 5. Dashed line: calculated gate widths. Solid line: expected
sideband widths after accounting for the generation and detection
26.5 27 27.526.5 27 27.526.5 27 27.5 efficiency and for the temporal resolution of the setup. Experimen-
tal results are presented for different sideband ordéps:14, (A)

16, () 18, (V) 20, (©) 22.

FIG. 3. Photoelectron signal obtained in Ar as a function of

energy and time delay corresponding to sideband 18, generated . ]
from harmonics 17 and 19, for different angles on the secondulse duration of 36 fs. In order to extract the confined xuv

quarter-wave platga) f=45° (large gatg, (b) 8=22°(intermediate  pulse durations, however, we have to account for the effect
gate, and(c) S=0° (narrow gate of the variation of the xuv polarization vector during the
pulse on the two-photon ionization efficiency. From previous
experimental studieg23], we know that the sideband inten-

Energy (eV)

when the ellipticity of the driving laser is not modulated
(a=0°, B=0°). In the absence of ellipticity modulation of the it . imatelv aB ~1-06 sif? bei
driving pulse, the sideband temporal profile is shifted towar yl,g :;;Sjeaggr???;\igen tsf?faa)xuv ol.ari?atiz’n aveilgg and
positive time delays, indicating that the incident laser poIar-th t of th t? field. | iy tal setup. th |

ization is oriented along the slow axis of the first quarter- at of the probe Teld. In our experimental setup, the polar-

wave plate. The fact that this shift is very close #g/2 ization vector of the probe field coincides with that of the
implies that the driving pulse experiences very little deple-

fundamental laser field prior to the double quarter-wave plate
tion during the harmonic generation process and that its pegangement as well as with the time-of-flight direction of
intensity is below the ionization saturation intensity for ar-the MBES. In addition, we observe that the collection effi-
gon. The temporal FWHM of the sideband profiles are 50 fciency of our MBES decreases by approximately 50% when
in the large gate configuration, 38 fs without any gate, andhe polarization vector of the electromagnetic field respon-
22 fs in the narrow gate situation. The strong ellipticity Sible for the ionization is at 45° from the direction of the
modulation in the narrow gate case clearly leads to a signifitime of flight. The harmonic pulse durations can be estimated
cant shortening of duration of xuv emission. by taking into account these effects and then by using a
In the absence of any ellipticity modulation of the driving simple Gaussian deconvolution procedure accounting for the
pulse, a simple Gaussian deconvolution of the probe pulsénite duration of the probe pulse. In the large gate configu-
duration from the sideband intensity profile yields an xuvration, this deconvolution procedure leads to pulse duration
actually larger than the measured 50 fs width, almost equal
to the 70 fs gate width. In the narrow gate case, the major
axis of the polarization ellipse does not tusee Fig. 2 and

1

7 0.8 a straightforward deconvolution of the data leads to an xuv
£ pulse duration of 18 fs, which is very close to the 15 fs
; 0.6 maximum temporal resolution afforded by the noncollinear
s beam geometry used in this work.
Z 04 Figure 5 compares the measured sideband temporal
% widths (symbolg with the expected onesolid line), based
£ on the theoretically calculated gate widtttashed ling but
0.2 accounting for theg-dependent detection efficiency as well
as for the temporal resolution of the experiment. The agree-
(] o . p ment be_tween_ the e_xperimental results ar_1d the expected side-
A (is) band widths is quite satisfactory, and independent of the

sideband numbe(from 14 to 20. This indicates that the
FIG. 4. Temporal intensity of sideband 18, generated from harduration of xuv emission is indeed limited by the ellipticity
monics 17 and 19, measured for different ellipticity gate configura-gate, rather than the harmonic generation process. These re-
tions: (a) large gate(a=45°, =45°), (b) narrow gate(a=45°, 8 sults also show that, just by rotating the second plate in the
=0°), and(c) no gate(a=0°, 8=0°). setup, the duration of xuv emission can be continuously con-
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fined right down to the limit of temporal resolution afforded 18 meV/fs. This indicates the possibility of recompressing
by the experiment, beyond which no further confinement canhe xuv pulse duration to values even shorter than those im-
be resolved. posed by the ellipticity gate.

~The other significant feature of the raw data presented in |5 conclusion, we have shown that by temporally modu-
Fig. 3 is the concomitant change in the rate of frequencyyiing the driving laser, the xuv emission can be confined to
chirp of the xuv emission, as inferred by the change in the tilty yime interval which is at least shorter than half the one

n r(}%frilr?r%yioftt.he suéeban?s, Ic_)bserlved alls _thedx?v gm'ss'?nll’ﬁeasured when the driving ellipticity is not modulated. This
contineéd In ime. £ven for linearly polanzed tundamental ., ghement factor does not represent a limitation of the

driving _pul_ses_, the harmonlt_: pulses are in gene_:ral chirpe echnique but rather of the cross-correlation measurement,
due to ionization of the nonlinear medium, the dipole phaseWhich could be improved by using a collinear aeometry and
variation, or some residual fundamental frequency variation P y 9 g y

[20]. The ellipticity modulation of the fundamental pulse shprter probe pulses. The_ xuv p“'s‘? shortening report(_ad in
might also lead to additional chirp on the harmonics. ForthIS work represents thg first unequivocal prc_)of of con_ﬁ_ne-
example, any increase of the spectral bandwidth due to th ent of 'plgtgau harmonics b.y temporally _gatmg the driving
confinement will lead to a change in the chirp rates. Th aser eI_Ilptl_C|ty, thereby offering encouraging prospects for
frequency chirp rate of the xuv emission which can be de—'tS application to shorter pulses.

duced from the experimentally observed sideband energy tilt

as well as the measured pulse duration is negative and is We acknowledge the support of the European Community
found to increase in value g decreases, with a maximum (under Contracts No. HPRI-CT-1999-00041 and No. HPRN-
around 10°, and to decrease again, in qualitative agreemefiT-2000-00133, ATTQ the Swedish Science Council, the
with recent theoretical predictiori$3]. The maximum nega- Knut and Alice Wallenberg Foundation, and the European
tive chirp observed, e.g., for the 19th harmonic isScience Foundation.
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