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Time-gated high-order harmonic generation

O. Tcherbakoff, E. Me´vel, D. Descamps, J. Plumridge, and E. Constant
Centre Lasers Intenses et Applications, UMR 5107, CNRS, Universite´ Bordeaux I, 33405 Talence cedex, France

~Received 10 April 2003; published 6 October 2003!

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 (1 fs510215 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.
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High-order harmonic generation~HHG! has long been
predicted to be a potential source for attosecond pulsed e
sion @1,2#. It was a major experimental breakthrough when
was demonstrated that the harmonics are effectively em
in a train of attosecond pulses@3# from which a single at-
tosecond burst of XUV light can be extracted@4#. So far,
only state of the art 5–7 fs intense fundamental pulses@5,6#
allowed the production of isolated subfundamental opti
cycle XUV pulses@4# after the selection of near cutoff ha
monics @7#. An alternative way to generate isolated XU
attosecond pulses@2# is to rapidly modulate the polarizatio
of the fundamental pulse and use the strong ellipticity dep
dence of HHG@8# for confinement. If its polarization re
mains linear for a time much shorter than the pulse durat
the harmonic emission can then be strongly confined. In
way, even relatively long pulses (;15 fs) could be used fo
single attosecond pulse emission. Furthermore, we show
that modulating the polarization allows continuous control
the XUV pulse duration. A first attempt of HHG with a po
larization modulated pulse was performed in LUND@9# by
using nonlinear effects to control the fundamental elliptic
A confinment of the HHG was then observed but the stro
nonlinearity involved in the polarization modulation proce
made it hardly controllable for the emission of a single
tosecond pulse. Similarly, another test was recently p
formed with two orthogonally polarized laser pulses w
different frequencies@10# and showed harmonic confineme
but was hardly downscalable for attosecond pulse emiss

In this paper we introduce a linear technique for contr
ling the ellipticity modulation and we present experimen
evidence of a continuously controllable temporal confin
ment of HHG down to a minimum duration of;7 fs by
using a 35-fs fundamental pulse. This confinement is
served by studying the harmonic spectrum while controll
the ellipticity of the fundamental field. We first present t
experimental technique used to create a flat top intensity
file pulse with a time-dependent polarization. We then
scribe the experimental setup and experimental findings
both the plateau and cutoff harmonics and show that th
observations are in good agreement with an effective con
lable confinement of HHG. Finally, we conclude with th
possible implications of this technique.

The linear method used here to modulate the ellipticity
the fundamental pulse consists in transmitting femtosec
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pulses through two quartz quarter wave plates. The first th
quartz plate splits thet0535 fs incoming linearly polarized
pulse in two, delayed, linearly polarized pulses with perp
dicular polarization~Fig. 1!. At a central wavelength of 800
nm, the 1.05-mm-thick plate results in a delay,dt531.3 fs,
in between these two pulses and a dephasing of 47p/2
~multiple-order quarter wave plate!. The outcoming field is
circularly polarized at the time when the two perpendicu
fields have the same amplitude. When the incident polar
tion is at 45° of the axis of the first plate (u1545°), the total
field is therefore circularly polarized at the center of the o
going pulse. At the beginning and end of this pulse, the fi
is linearly polarized. Using a multiple order quarter wa
plate allows us, therefore, to create a pulse having a po
ization that continuously evolves from linear to circular a
back to linear@11#. Transmitting this pulse through an add
tional zero-order quarter wave plate~with its axis at u2
545° of those of the first plate! changes the circular field in
linear and the linear field in circular. The combination
these two plates~with u15u2545°) changes an input lin
early polarized pulse into a polarization modulated pu
whose polarization changes from circular to linear and b
to circular ~Fig. 1!.

While this polarization evolution strongly depends on t
dephasing between the two outgoing pulses, the inten
profile ~transmitted energy per unit of time! of the output

FIG. 1. Pulse intensity profile~full line! and time-dependen
ellipticity for two angles (u2545° andu2510°) of the zeroth-order
quarter wave plate. The crossed polarized 35 fs Gaussian pu
separated by 31.4 fs are shown~dotted lines!. The 13% ellipticity
defining the gate width is indicated.
©2003 The American Physical Society04-1
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pulse only depends on the delay,dt. For dt't0 , the inten-
sity is close to maximum at the center of the pulse and
mains constant duringt0 , creating therefore a pulse with
flat top intensity profile~Fig. 1!.

The temporal domain in which the electric field is close
linear ~ellipticity smaller than 13%! defines a temporal gat
inside which HHG can occur efficiently. We choose this 13
criterion since we observed that a~constant! 13% ellipticity
of the fundamental field reduced by 50% the emission e
ciency for the plateau harmonics~orderq519 and 27! gen-
erated in argon as compared to harmonics generated w
zero ellipticity. The width of this temporal gate,tG , is im-
posed by the durationt0 of the input pulse~supposed as
Gaussian in this paper!, the delaydt, and by the anglesu1
andu2 . For u15u2545° anddt't0 ~which corresponds to
the so-called ‘‘narrow gate’’ in this manuscript! this width is
equal tot0/5 (tg57 fs for t0535 fs). Controlling the width
of this gate without any other changes allows us to obse
the effect of a temporal confinement of HHG on the h
monic spectra. Changing the angleu2 allows us to change
this gate width without changing the output pulse intens
profile. Indeed, at the center of the outgoing pulse, the po
ization is linear for any angleu2 while at other times during
the pulse the degree of ellipticity depends onu2 . Changing
u2 changes the time at which the 13% ellipticity criteria
achieved and hence the gate width. In the case ofu250, the
output field is always linearly polarized and HHG can occ
throughout the full output pulse~this configuration u1
545°, u250° will be referred to as ‘‘large gate’’!. Simply
varying u2 by rotating the zero-order quarter wave plate
lows us, therefore, to vary continuously the gate width fro
a minimum value (t0/5) to the full pulse (;2t0) without
changing significantly the intensity profile of the outgoin
pulse.

This analysis is valid only for well-defined wavelengths
which the two plates are quarter wave plates. However, m
tiple order wave plates are chromatic and this analysis h
only if the field instantaneous frequency is constant, i.e.
the two output pulses are Fourier limited short pulses. Si
this technique is linear, it is only important that the pulses
unchirped in the HHG cell and the input pulse can be chirp
to compensate for the dispersion of the plates. This prec
pensation is possible only if one can neglect the dispers
difference between the two axes of the plate which is ind
negligible here~for a 35 fs unchirped input pulse, the outp
pulse duration differs only by 0.02 fs if the pulse propaga
along the slow or fast axis!. For shorter pulses (;15 fs),
thinner plates~0.5 mm! can be used and the same analy
holds.

In the present experiment we checked that the ou
pulse duration was minimum where harmonics are gener
by inserting a doubling BBO crystal after the wave pla
and the focusing lens~see the text below!. The compressor
was tuned so that the doubled signal was maximum
hence the pulse had its minimum duration in the HHG ce

Apart from the two quartz wave plates, the setup used
HHG was standard. After passing through the plates,
800-nm beam was focused by a 1.5-m focal length lens o
a 15-mm-long gas cell~filled with argon! located at focus.
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The harmonic beam was analyzed by a grazing incide
XUV spectrometer (f 51 m toroidal mirror and flat grating
470 g/mm, deviation5165°) equipped with a back illumi-
nated charge-coupled device~CCD! camera~protected from
the IR stray light by an 1000-Å-thick aluminum filte
mounted on a mesh!. The observed harmonic order range
from 15 to 35. We concentrate on results obtained with a l
pulse energy~1.1 to 1.4 mJ after compression! and a low
argon pressure~9 and 30 mbar! in order to avoid spectra
modifications due to ionization. The only parameter was
gate width controlled by changingu2 .

For the plateau harmonics, we could observe a spec
narrowing of the individual harmonics when the gate wid
was decreased~Fig. 2! as was already observed in@9#. This is
in contradiction with the intuitive thinking that a tempor
confinement of the HHG should lead to an increase of
harmonic spectral width but it can be explained by consid
ing the influence of the intensity dependent atomic phase
contrast, for the cutoff harmonics, we could observe a sp
tral broadening of the harmonics when the gate width w
decreased~Fig. 2!. For the 29th harmonic, for instance, th
spectral width~estimated with a Gaussian fit! changed from
300 meV for the large gate configuration to 400 meV for t
narrow gate.

These observations were robust and all the cutoff harm
ics showed such a spectral broadening. Reducing the p
sure from 30 to 9 mbar~while increasing the energy from 1.
to 1.4 mJ to maintain a reasonable level for the harmo
signal! allowed us to observe the same effect~Fig. 2!. At this
low energy level, this result confirms the negligible effect
ionization of the medium on the spectral modifications a
that the observed changes are induced by the temporal
finement. Furthermore, for these low energies and low p
sures, the spectrum of the fundamental pulse was
changed by propagation in the generating gas medium.

To further check these observations, we also selected
harmonics~25th and 27th! and changed the laser energy
order to put these harmonics either in the plateau reg

FIG. 2. Evolution of the spectral width of the plateau (q517
and 19! and near cutoff (q525 and 27! harmonics as a function o
the zeroth-order quarter wave-plate angle (u2). The large and nar-
row gate, respectively, correspond tou250° and u2545°. The
theoretically estimated gate width is indicated. Harmonics are g
erated with 1.1 mJ in 30 mbar of argon~full lines! and 1.4 mJ, 10
mbar of argon~dotted line!.
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(Elaser52.2 mJ) or close to the cutoff (Elaser51.1 mJ). Simi-
larly to our previous observations, when the harmonics ar
the plateau, their spectral width decreases when the
width is reduced~Fig. 3!. When those harmonics are in th
cutoff region, their spectral width increases when the g
width is decreased~Fig. 3!.

We also followed the efficiency of HHG as a function
the gate width and this efficiency did not dramatica
change. Usually for the plateau harmonics, the efficiency
creased when the gate width was decreased but for the c
harmonics, the behavior was more complex and there w
even some low-energy specific configurations where
HHG efficiency was larger in the narrow gate configurati
than in the large gate configuration.

The results presented here are consistent with a temp
confinement of the HHG induced by the modulation of t
fundamental polarization and with the current understand
of high-order harmonic generation, especially by consider
the crucial effect of the intensity-dependent atomic dip
phase@12#. For the plateau harmonics two quantum pa
~‘‘short’’ and ‘‘long’’ ! are involved in the HHG process and
was shown that they can be considered separately to ex
experimental findings@13#. For the cutoff harmonics, thes
two quantum paths merge into a single one.

For a given harmonic, the phase of the atomic dipole
proportional to the laser intensity and evolves asw ( i )

5a ( i )I , where I is the laser intensity@13#. For the plateau
harmonics,a (1)52.5 cm2/W ~with I in units of 1014 W/cm2)
for the short quantum path anda (2)525 cm2/W for the long
quantum path. For the cutoff harmonics,a (c)512 cm2/W.
For a pulse with intensityI (t), the phase of the harmoni
dipole iswq52qv0t2aI (t), and the corresponding instan
taneous harmonic frequency,vq(t)5qv01adI/dt, changes
with time. To estimate this frequency change, one need
know the intensity profile~considered here as Gaussian! and
peak intensity of the pulse. Observing the 33rd harmo
implies that the peak intensity is at least equal to 1
31014 W/cm2 ~calculated by using the cutoff law@14#! and

FIG. 3. Spectra of the 25th and 27th harmonics generated in
mbar of argon in the narrow~top! and large~bottom! gate configu-
ration. ~a! When these harmonics are in the plateau.~b! When
they lie in the cutoff region. The rapid modulations in the spec
are due to the mesh supporting the Al filter.
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we consider in the following a peak intensity of
31014 W/cm2 ~a perfect focussing of the 1.1 mJ pulse by t
1 m lens with a beam sizeW58 mm would lead to a peak
intensity of;1015 W/cm2).

In the large gate configuration, the plateau harmonics
be generated asI changes in the leading and falling edge
the pulse, andvq changes significantly during the emissio
process. For instance, the 17th harmonic can be generate
I .631013 W/cm2 ~for times 238 fs,t,38 fs) and its in-
stantaneous frequencyv17 changes by;2.4 eV. Note that
this 2.4 eV is an overestimate of the harmonic spectral wi
since the generation efficiency changes withI as well asa.
Still, this width is so large that this effect should be predom
nant and impose the plateau harmonic spectral width. C
fining the plateau harmonic emission to a few femtoseco
would result in confining the possible values ofdI/dt during
emission and therefore a narrowing of the spectrum as
served here and as was already observed and fully deta
in a former experiment@9#. For the short quantum path, th
instantaneous frequency change is much smaller and a
poral confinement of the harmonic generation should lead
a broadening of the spectrum~as we recently observed in a
other experiment@15#! which is inconsistent with our obser
vation. However, the relative efficiency between the tw
quantum paths emission strongly depends on the genera
configuration~gas pressure and laser focusing geometry! and
the long quantum path seems to be the dominant one
~this is further confirmed since here the plateau harmon
are naturally spectrally broader than the cutoff harmonics!. A
temporal confinement of the plateau harmonic emission
sults therefore in a spectral narrowing as observed here,
the minimum bandwidth~0.26 eV! is consistent with a tem-
poral confinement of;7 fs ~estimated, for Gaussian pulse
through the relationDE dthhg51.8, withDE in eV anddthhg

in fs!. Note that if the confinement was on the order of 1
one should also observe a spectral broadening for these
teau harmonics.

For the cutoff harmonics, the situation is different sin
a (c) is smal and these harmonics can only be genera
around the peak of the pulse wheredI/dt is small. The
intensity-dependent frequency shift is therefore smaller t
for the plateau harmonics. As the HHG is confined to a f
fs, the spectrum of these harmonics should be enlarge
observed here.

To estimate the enlargement due to confinement, we c
sidered that the cutoff harmonics have a natural bandw
DE0 that can be due to the laser bandwidth, the atomic ph
induced frequency chirp, and nonlinear effects in the g
medium. The confinement of the harmonic emission todthhg
also enlarges the bandwidth byDEconf ~with DEconf dthhg
51.8). ConsideringDE0 andDEconf as independent leads t
a total widthDE of DE5ADE0

21DEconf
2 . For the cutoff har-

monics @see Fig. 2~b!#, the bandwidth changes from 0.
~large gate! to 0.4 eV ~narrow gate! which corresponds to
DEconf50.26 eV, consistent with a temporal confinement
7 fs. Again, this is in good agreement with the estima
minimum gate width,tg57 fs.
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The simultaneous observation of a spectral narrowing
the plateau harmonics and a spectral broadening for the
off harmonics as the gate width is decreased are there
consistent with an effective temporal confinement of
HHG inside the polarization controlled temporal gate. A
though the spectral modifications are only an indirect sig
ture of confinement and the exact duration of the emiss
cannot be directly measured here, these experimental o
vations are consistent with a confinement inside a temp
gate having a minimum duration of;7 fs as expected by
theory.

Using a simple linear setup to modulate the ellipticity l
to experimental observations consistent with a controlla
confinement of the high-order harmonic emission for b
the plateau and cutoff harmonics. The essence of this t
nique is to continuously control the harmonic emission fro
v
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a maximum value down to a small fraction (;1/5) of the
input pulse duration. This opens new perspectives for the
of widely available ‘‘long’’ fundamental pulses in the a
tophysics domain and using high energy sub-15 fs pu
@5,16# should lead to the emission of an isolated attosec
pulse @17#. Furthermore, continuously controlling the num
ber of attosecond pulses in an attosecond pulse train c
ultimately be used directly to perform pump probe expe
ments by using directly the different attosecond pulses
pumps and probes which would remove the need to cre
two identical replica with XUV optics.
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