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Time-gated high-order harmonic generation
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We generate high-order harmonics by using an 800-nm fundamental pulse whose polarization evolves with
time. Controlling the ellipticity modulation of the fundamental field allows us to continuously confine the
harmonic emission from an estimated minimum value of 7 fs €118 ° s) up to more than the 35 fs input
pulse duration. Depending on the observed harmonic, the harmonic spectrum can show either a narrowing or
a broadening when the ellipticity is changed in good agreement with an effective confinement of the high-order
harmonic generation.

DOI: 10.1103/PhysRevA.68.043804 PACS nuntber42.65.Ky, 32.80.Wr

High-order harmonic generatioHHG) has long been pulses through two quartz quarter wave plates. The first thick
predicted to be a potential source for attosecond pulsed emiguartz plate splits theg=35 fs incoming linearly polarized
sion[1,2]. It was a major experimental breakthrough when itpulse in two, delayed, linearly polarized pulses with perpen-
was demonstrated that the harmonics are effectively emittedicular polarizationFig. 1). At a central wavelength of 800
in a train of attosecond puls¢8] from which a single at- nm, the 1.05-mm-thick plate results in a delay=31.3 fs,
tosecond burst of XUV light can be extractpd]. So far, in between these two pulses and a dephasing ofm”
only state of the art 5-7 fs intense fundamental pulSe¢§]  (multiple-order quarter wave plateThe outcoming field is
allowed the production of isolated subfundamental opticakircularly polarized at the time when the two perpendicular
cycle XUV pulseg[4] after the selection of near cutoff har- fields have the same amplitude. When the incident polariza-
monics [7]. An alternative way to generate isolated XUV tion is at 45° of the axis of the first plat@{=45°), the total
attosecond pulsd®] is to rapidly modulate the polarization field is therefore circularly polarized at the center of the out-
of the fundamental pulse and use the strong ellipticity depengoing pulse. At the beginning and end of this pulse, the field
dence of HHG[8] for confinement. If its polarization re- is linearly polarized. Using a multiple order quarter wave
mains linear for a time much shorter than the pulse duratiorplate allows us, therefore, to create a pulse having a polar-
the harmonic emission can then be strongly confined. In thigzation that continuously evolves from linear to circular and
way, even relatively long pulses-(15 fs) could be used for back to lineaf11]. Transmitting this pulse through an addi-
single attosecond pulse emission. Furthermore, we show het@nal zero-order quarter wave plataith its axis at 6,
that modulating the polarization allows continuous control of=45° of those of the first plajechanges the circular field in
the XUV pulse duration. A first attempt of HHG with a po- linear and the linear field in circular. The combination of
larization modulated pulse was performed in LUN® by these two plategwith 6,=6,=45°) changes an input lin-
using nonlinear effects to control the fundamental ellipticity.early polarized pulse into a polarization modulated pulse
A confinment of the HHG was then observed but the strongvhose polarization changes from circular to linear and back
nonlinearity involved in the polarization modulation processto circular (Fig. 1).
made it hardly controllable for the emission of a single at- While this polarization evolution strongly depends on the
tosecond pulse. Similarly, another test was recently perdephasing between the two outgoing pulses, the intensity
formed with two orthogonally polarized laser pulses with profile (transmitted energy per unit of timef the output
different frequenciefl0] and showed harmonic confinement

but was hardly downscalable for attosecond pulse emission. o] O I 6=45" 1
In this paper we introduce a linear technique for control- ’ i
ling the ellipticity modulation and we present experimental > -0,85
evidence of a continuously controllable temporal confine- G B
ment of HHG down to a minimum duration of 7 fs by k=3 106 %
using a 35-fs fundamental pulse. This confinement is ob- & 057 g
served by studying the harmonic spectrum while controlling 1%
the ellipticity of the fundamental field. We first present the {02 2,
experimental technique used to create a flat top intensity pro- | 13% } <
file pulse with a time-dependent polarization. We then de- 0.0 0,0

scribe the experimental setup and experimental findings for

both the plateau and cutoff harmonics and show that these

observations are in good agreement with an effective control- FiG. 1. Pulse intensity profiléfull line) and time-dependent

lable confinement of HHG. Finally, we conclude with the ellipticity for two angles ¢,=45° andd,=10°) of the zeroth-order

possible implications of this technique. quarter wave plate. The crossed polarized 35 fs Gaussian pulses
The linear method used here to modulate the ellipticity ofseparated by 31.4 fs are showdotted lineg. The 13% ellipticity

the fundamental pulse consists in transmitting femtosecondefining the gate width is indicated.

Time [fs]
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pulse only depends on the dela},. For 6t~ 7y, the inten-
sity is close to maximum at the center of the pulse and re-
mains constant duringy, creating therefore a pulse with a
flat top intensity profile(Fig. 1).

The temporal domain in which the electric field is close to
linear (ellipticity smaller than 13%defines a temporal gate
inside which HHG can occur efficiently. We choose this 13% 0.301 '7 \ /. < N
criterion since we observed that(eonstant 13% ellipticity H25(30mbarf,.4-~-"'
of the fundamental field reduced by 50% the emission effi- 0,251 e H25(10mbar) \v
ciency for the plateau harmoniésrderg=19 and 27 gen- e @ 9 a
erated in argon as compared to harmonics generated with a Qe e g @

L . . o 0,205 ; : . .

zero ellipticity. The width of this temporal gateg, is im- 0 10 20 30 40 50
posed by the duratiorr, of the input pulse(supposed as Angle 6, (°)
Gaussian in this papgrthe delayét, and by the angle$;
and#,. For ;= 6,=45° andst~ 7, (which corresponds to FIG. 2. Evolution of the spectral width of the plateam:_(17
the so-called “narrow gate” in this manuscrighis width is and 19 and near cutoff =25 and 27 harmonics as a function of
equal tory/5 (r4="7 fs for ;=35 fs). Controlling the width the zeroth-order quarter wave-plate ang&gl( The large aond nar-
of this gate without any other changes allows us to observE®W 9ate, respectively, correspond #=0° and ,=45°. The
the effect of a temporal confinement of HHG on the har_theoretlcglly estlmat_ed gate width is |nd|ca_ted. Harmonics are gen-

. . erated with 1.1 mJ in 30 mbar of argdfull lines) and 1.4 mJ, 10
monic spectra. Changing the angle allows us to change mbar of argor(dotted ling
this gate width without changing the output pulse intensity '
profile. Indeed, at the center of the outgoing pulse, the polarThe harmonic beam was analyzed by a grazing incidence
ization is linear for any anglé, while at other times during XUV spectrometer {=1 m toroidal mirror and flat grating,
the pulse the degree of ellipticity depends @n Changing 470 g/mm, deviatios 165°) equipped with a back illumi-
0, changes the time at which the 13% ellipticity criteria is nated charge-coupled devi¢€CD) camera(protected from
achieved and hence the gate width. In the case,ef0, the  the IR stray light by an 1000-A-thick aluminum filter
output field is always linearly polarized and HHG can occurmounted on a meghThe observed harmonic order ranged
throughout the full output puls€this configuration §;  from 15 to 35. We concentrate on results obtained with a low
=45°, 9,=0° will be referred to as “large gatg” Simply  pulse energy(1.1 to 1.4 mJ after compressioand a low
varying 6, by rotating the zero-order quarter wave plate al-argon pressurg€9 and 30 mbarin order to avoid spectral
lows us, therefore, to vary continuously the gate width frommodifications due to ionization. The only parameter was the
a minimum value ¢,/5) to the full pulse -27y) without  gate width controlled by changing,.
changing significantly the intensity profile of the outgoing For the plateau harmonics, we could observe a spectral
pulse. narrowing of the individual harmonics when the gate width

This analysis is valid only for well-defined wavelengths atwas decreasedFig. 2) as was already observed[@l. This is
which the two plates are quarter wave plates. However, mulin contradiction with the intuitive thinking that a temporal
tiple order wave plates are chromatic and this analysis holdsonfinement of the HHG should lead to an increase of the
only if the field instantaneous frequency is constant, i.e., iharmonic spectral width but it can be explained by consider-
the two output pulses are Fourier limited short pulses. Sincéng the influence of the intensity dependent atomic phase. In
this technique is linear, it is only important that the pulses areontrast, for the cutoff harmonics, we could observe a spec-
unchirped in the HHG cell and the input pulse can be chirpedral broadening of the harmonics when the gate width was
to compensate for the dispersion of the plates. This precondecreasedFig. 2). For the 29th harmonic, for instance, the
pensation is possible only if one can neglect the dispersiospectral width(estimated with a Gaussian)fithanged from
difference between the two axes of the plate which is indee@00 meV for the large gate configuration to 400 meV for the
negligible hergfor a 35 fs unchirped input pulse, the output narrow gate.
pulse duration differs only by 0.02 fs if the pulse propagates These observations were robust and all the cutoff harmon-

0,40+

0,354

Spectral width (eV)

10,5 fs

along the slow or fast axis For shorter pulses~15fs), ics showed such a spectral broadening. Reducing the pres-
thinner plate§0.5 mm) can be used and the same analysissure from 30 to 9 mbawhile increasing the energy from 1.1
holds. to 1.4 mJ to maintain a reasonable level for the harmonic

In the present experiment we checked that the outpusigna) allowed us to observe the same efféfig. 2). At this
pulse duration was minimum where harmonics are generateddw energy level, this result confirms the negligible effect of
by inserting a doubling BBO crystal after the wave platesionization of the medium on the spectral modifications and
and the focusing lenésee the text below The compressor that the observed changes are induced by the temporal con-
was tuned so that the doubled signal was maximum anfinement. Furthermore, for these low energies and low pres-
hence the pulse had its minimum duration in the HHG cell.sures, the spectrum of the fundamental pulse was not

Apart from the two quartz wave plates, the setup used fochanged by propagation in the generating gas medium.
HHG was standard. After passing through the plates, the To further check these observations, we also selected two
800-nm beam was focused by a 1.5-m focal length lens ontharmonics(25th and 27th and changed the laser energy in
a 15-mm-long gas celffilled with argon located at focus. order to put these harmonics either in the plateau region
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E = 2.2 mJ (plateau) E = 1.1 mJ (cutoff) we consider in the following a peak intensity of 2
X 10* W/cn? (a perfect focussing of the 1.1 mJ pulse by the
H25 H27 H25 Ho7 1 m lens with a beam sizZé&/=8 mm would lead to a peak
intensity of ~10'° W/cn?).
Narrow In the large gate configuration, the plateau harmonics can
'Gate be generated dschanges in the leading and falling edge of
the pulse, andv, changes significantly during the emission
process. For instance, the 17th harmonic can be generated for
I>6x 10" W/cn? (for times — 38 fs<t<38fs) and its in-
Large stantaneous frequenay,; changes by~2.4 eV. Note that
Gate this 2.4 eV is an overestimate of the harmonic spectral width
since the generation efficiency changes witas well asa.
Still, this width is so large that this effect should be predomi-
nant and impose the plateau harmonic spectral width. Con-
FIG. 3. Spectra of the 25th and 27th harmonics generated in 3ﬂning the plateau harmonic emission to a few femtoseconds
mbar of argon in the narrotop) and large(bottom gate configu- \y1d result in confining the possible valuesdifdt during

ration. ?a) When these.harmon'cs are in the _plate_éb).When emission and therefore a narrowing of the spectrum as ob-
they lie in the cutoff region. The rapid modulatlons in the SpeCtraserved here and as was already observed and fully detailled
are due to the mesh supporting the Al filter in a former experimeni9]. For the short quantum path, the
instantaneous frequency change is much smaller and a tem-

(Ejaser= 2.2 mJ) or close to the cutoff{;se=1.1 mJ). Simi-  poral confinement of the harmonic generation should lead to
larly to our previous observations, when the harmonics are i@ broadening of the spectrufas we recently observed in an
the plateau, their spectral width decreases when the gatgther experimenf15]) which is inconsistent with our obser-
width is reducedFig. 3. When those harmonics are in the yation. However, the relative efficiency between the two
cutoff region, their spectral width increases when the gaiguantum paths emission strongly depends on the generation
width is decreasedFig. 3. _ configuration(gas pressure and laser focusing geometnd

We also followed the efficiency of HHG as a function of 4 long quantum path seems to be the dominant one here

the gate width and this efficiency di.d not d""?matica”y (this is further confirmed since here the plateau harmonics
change. Usually for the plateau harmonics, the efficiency de: e naturally spectrally broader than the cutoff harmaniss

creased when the gate width was decreased but for the Cth mporal confinement of the plateau harmonic emission re-

harmonics, the behavior was more complex and there WeTSults therefore in a spectral narrowing as observed here, and
even some low-energy specific configurations where th P 9 '

HHG efficiency was larger in the narrow gate configuration he minimum bandwidti0.26 g\)} 'S consistent W'.th a tem-
than in the large gate configuration. poral confmement of-7fs (estlmate_d, for _Gau35|an pulses,
The results presented here are consistent with a tempor§lrough the relatiod E dtyg=1.8, with AE in eV andtpng
confinement of the HHG induced by the modulation of thel" fs). Note that if the confinement was on th_e order of 1 fs,
fundamental polarization and with the current understandin@n€ should also observe a spectral broadening for these pla-
of high-order harmonic generation, especially by consideringeau harmonics.
the crucial effect of the intensity-dependent atomic dipole For the cutoff harmonics, the situation is different since
phase[12]. For the plateau harmonics two quantum pathsa(® is smal and these harmonics can only be generated
(“short” and “long” ) are involved in the HHG process and it around the peak of the pulse whedé/dt is small. The
was shown that they can be considered separately to explaintensity-dependent frequency shift is therefore smaller than
experimental finding$13]. For the cutoff harmonics, these for the plateau harmonics. As the HHG is confined to a few
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two quantum paths merge into a single one. fs, the spectrum of these harmonics should be enlarged as
For a given harmonic, the phase of the atomic dipole isobserved here.
proportional to the laser intensity and evolves @§ To estimate the enlargement due to confinement, we con-

=a, wherel is the laser intensity13]. For the plateau sidered that the cutoff harmonics have a natural bandwidth
harmonicsa(Y=2.5 cnf/W (with | in units of 13* W/cn?) ~ AEq that can be due to the laser bandwidth, the atomic phase
for the short quantum path anrd? =25 cnf/W for the long  induced frequency chirp, and nonlinear effects in the gas
quantum path. For the cutoff harmonias(®) =12 cn?/W. medium. The confinement of the harmonic emissio®tig

For a pulse with intensity(t), the phase of the harmonic also enlarges the bandwidth BYE o (With AEggn; Stpng
dipole is¢,= —qwot—al(t), and the corresponding instan- = 1.8). Considering\E, andAE . as independent leads to
taneous harmonic frequenay,(t) =qwe+ adl/dt, changes a total widthAE of AE= /A EonrAECZonf For the cutoff har-
with time. To estimate this frequency change, one needs tmonics [see Fig. )], the bandwidth changes from 0.3
know the intensity profiléconsidered here as Gausgiamd  (large gatg¢ to 0.4 eV (narrow gatg¢ which corresponds to
peak intensity of the pulse. Observing the 33rd harmonidE.,=0.26 eV, consistent with a temporal confinement of
implies that the peak intensity is at least equal to 1.867 fs. Again, this is in good agreement with the estimated
X 10" W/cn? (calculated by using the cutoff lajl4]) and ~ minimum gate width,ry=7 fs.
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The simultaneous observation of a spectral narrowing foa maximum value down to a small fraction-(/5) of the

the plateau harmonics and a spectral broadening for the cuitput pulse duration. This opens new perspectives for the use
off harmonics as the gate width is decreased are thereforef widely available “long” fundamental pulses in the at-
consistent with an effective temporal confinement of thetophysics domain and using high energy sub-15 fs pulses
HHG inside the polarization controlled temporal gate. Al-[5,16] should lead to the emission of an isolated attosecond
though the spectral modifications are only an indirect signaPulse[17]. Furthermore, continuously controlling the num-
ture of confinement and the exact duration of the emissio€r of attosecond pulses in an attosecond pulse train could
cannot be directly measured here, these experimental obséffimately be used directly to perform pump probe experi-

vations are consistent with a confinement inside a tempord['®Nts by using directly the different attosecond pulses as
gate having a minimum duration of 7 fs as expected by Pumps and probes which would remove the need to create
theory two identical replica with XUV optics.

Using a simple linear setup to modulate the ellipticity led We gratefully acknowledge discussions with Thomas Bra-
to experimental observations consistent with a controllabldec and P. B. Corkum. This study was supported by the
confinement of the high-order harmonic emission for bothRegion Aquitaine, the European Regional Development
the plateau and cutoff harmonics. The essence of this teclrunds (FEDER), and the European network “ATTO” No.
nique is to continuously control the harmonic emission fromHPRN-2000-00133.
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