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Nonadiabatic three-dimensional model of high-order harmonic generation
in the few-optical-cycle regime
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A numerical model to calculate the high-order harmonics spectrum of a macroscopic gas target irradiated by
a few-optical-cycle laser pulse is presented. The single-atom response, calculated within the nonadiabatic
strong-field approximation, is the source term of a three-dimensional propagation code. The simulation results
show remarkably good agreement with experiments performed in neon using laser pulses with durations of 30
and 7 fs. Both simulations and experiments show discrete and well-resolved harmonics even for the shortest
driving pulses.

PACS number~s!: 42.65.Ky, 42.65.Re, 32.802t
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I. INTRODUCTION

High-order harmonic generation~HHG! @1,2# is a rapidly
developing topic in the field of laser-atom interaction. B
sides its fundamental interest, it represents an attractive t
nique for the production of ultrafast coherent radiation in
UV and soft-x-ray regions of the spectrum using a table
system. Recent advances in ultrashort-pulse laser techno
have allowed the generation of light pulses with 20–30
duration and mJ-level energy; these pulses can be fur
shortened to sub-10-fs duration by hollow fiber compress
@3#. A number of theoretical studies have shown the adv
tages of using such short pulses for HHG@4–6#; since atoms
can be exposed to higher electric fields before a signific
fraction is ionized, the conversion efficiency increases a
higher energy photoemission can be achieved. In addit
the use of short driving pulses should allow one to comb
the fields of several harmonics and generate, under suit
conditions, soft-x-ray pulses with attosecond duration@7#.
Recently, several HHG experiments, performed using b
20–30-fs pulses@8–11# and sub-10-fs pulses@12–15#,
showed a strong dependence of the spectral characteristi
the observed harmonics on the experimental conditi
~driving pulse duration and intensity and laser-gas interac
geometry!. To understand these results, a detailed theore
model for the calculation of HHG spectra in the few-optic
cycle regime of the driving pulse is required.

Typical HHG calculations consist of two parts: first th
microscopic ~single-atom! response to the driving field i
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calculated, then it is inserted as a source term in the pro
gation equations of the harmonic field, to obtain the mac
scopic response of the excited nonlinear medium. The m
accurate way to obtain the single-atom response is the
merical solution of the three-dimensional time-depend
Schrödinger equation@16,17# for the atom interacting with
the laser field. Since this approach is quite time consum
analytical models based on the approximate solution of
Schrödinger equation have been proposed; a particularly s
cessful one, developed by Lewenstein and co-work
@18,19#, is known as the strong-field approximation~SFA!,
and shows good qualitative agreement with the exact s
tion. When the single-atom response is used to study pro
gation effects, two approaches are followed. A first set
studies uses the adiabatic approximation, assuming tha
atomic response is determined by the instantaneous lase
tensity. Using this approach three-dimensional propaga
models, calculating the single-atom response either with
Schrödinger equation@20–23# or with the SFA @24–26#,
have been developed. Other studies use a nonadiabatic
proach, calculating for each atom of the nonlinear medi
the full response to the electric field of the driving puls
again using either Schro¨dinger equation@27–29# or the SFA
@30,31#. However, to our knowledge, in the nonadiaba
case, only one-dimensional~plane wave! geometries were
considered.

For few-optical-cycle pulses the adiabatic approach
clearly not valid, because the electric field varies consid
ably during one optical cycle, and the atomic response to
entire pulse~not to an instantaneous intensity! needs to be
calculated. On the other hand, in many experimental con
©2000 The American Physical Society01-1
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E. PRIORIet al. PHYSICAL REVIEW A 61 063801
tions, the one-dimensional approximation appears to be
crude.

In this work, we present a three-dimensional propagat
model, using the nonadiabatic SFA to calculate the sing
atom response. The results of the simulations are comp
to the experimental HHG spectra, acquired using 30-
7-fs pulses. The simulations are in remarkably good ag
ment with the experimental results, both for the linewid
and relative strength of the harmonics and for the spec
position of the cutoff. The effects of carrier phase on t
HHG process are also investigated. The paper is organize
follows: Sec. II introduces the three-dimensional nonad
batic model used for our calculations. Section III describ
the experimental setup and presents the observed harm
spectra. In Sec. IV the simulation results are discussed
compared to experiments. Finally, Sec. V contains the c
clusions.

II. NUMERICAL MODEL

A. Single-atom response

In our numerical model, the single-atom response is c
culated using the SFA@18,19#, which analytically solves the
Schrödinger equation using the following assumptions:~i! all
bound states in the atom are neglected, except the gro
state; and~ii ! in the continuum, the electron is treated as
free particle moving in the laser electric field, with no infl
ence of the atomic potential. This approach has been sh
to provide good qualitative agreement with the numeri
solution of the Schro¨dinger equation, at least for harmon
photon energies significantly larger than the atomic ioni
tion potentialI p . In our model the SFA is used in a non
diabatic form, so that the full electric field of the laser pul
is used to calculate the nonlinear dipole moment~using
atomic units! as

dnl~ t !52 ReH i E
2`

t

dt8S p

«1 i ~ t2t8!/2D
3/2

3d* @pst~ t8,t !2A~ t !#d@pst~ t8,t !2A~ t8!#

3exp@2 iSst~ t8,t !#E1~ t8!J expF2E
2`

t

w~ t8!dt8G .
~1!

In Eq. ~1!, E1(t) is the electric field of the laser pulse~as-
sumed to be linearly polarized!, A(t) is its associated vecto
potential,« is a positive regularization constant,pst and Sst
are the stationary values of the momentum and quasiclas
action, andd is the dipole matrix element for bound-fre
transitions. The stationary value of momentum is given b

Pst~ t8,t !5
1

t2t8
E

t8

t

A~ t9!dt9, ~2!

and the corresponding stationary action is
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Sst~ t8,t !5~ t2t8!I p2 1
2 pst

2~ t8,t !~ t2t8!1 1
2 E

t8

t

A2~ t9!dt9.

~3!

The dipole matrix element for transitions from the grou
state to a continuum state characterized by the momentup
can be approximated, for hydrogenlike atoms, as@18#

d~p!5 i
27/2~2I p!5/4

p

p

~p212I p!3 . ~4!

The last term in Eq.~1! takes into account ground-sta
depletion using the theory of Ammosov, Delone, a
Krainov @32#, which works correctly in our excitation condi
tions @33#, and gives the following tunnel ionization rat
from the ground state:

w~ t !5vpuCn* u2S 4vp

v t
D 2n* 21

expS 2
4vp

3v1
D , ~5!

where

vp5
I p

\
, v t5

euE1~ t !u

A2meI p

, n* 5ZS I ph

I p
D 1/2

,

uCn* u25
22n*

n* G~n* 11!G~n* !
,

whereZ is the net resulting charge of the atom,I ph is the
ionization potential of the hydrogen atom, ande andme are
electron charge and mass respectively. Equation~5! also pro-
vides the free-electron densityne in the gas, given by

ne~ t !5n0H 12expF2E
2`

t

w~ t8!dt8G J , ~6!

wheren0 is the neutral atom density, and only first ionizatio
is considered.

B. Propagation effects

The single-atom response is inserted as a source term
the equations governing the evolution of the fundamen
and the harmonic beams, which are solved in cylindrical
ordinates and assuming radial symmetry. The propagatio
the fundamental wavelength beam in the ionizing gas is
scribed by the equation

¹2E1~r ,z,t !2
1

c2

]2E1~r ,z,t !

]t2 5
vp

2~r ,z,t !

c2 E1~r ,z,t !,

~7!

where

vp~r ,z,t !5Fe2ne~r ,z,t !

«0me
G1/2

is the plasma frequency,z is the propagation coordinate, an
r is the transverse coordinate. This equation takes into
count both temporal plasma-induced phase modulation
1-2
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NONADIABATIC THREE-DIMENSIONAL MODEL OF . . . PHYSICAL REVIEW A 61 063801
spatial plasma lensing effects on the fundamental be
while it does not consider the linear gas dispersion and
depletion of the fundamental beam during the HHG proce
which are negligible under our experimental conditions.
going to a moving coordinate frame~z85z and t85t2z/c!
and performing the paraxial approximation~i.e., neglecting
]2E1 /]z82!, we obtain the equation

¹'
2 E1~r ,z8,t8!2

2

c

]2E1~r ,z8,t8!

]z8]t8

5
vp

2~r ,z8,t8!

c2 E1~r ,z8,t8!. ~8!

The paraxial approximation, which is valid for beam siz
significantly larger than the wavelength@34#, does not im-
pose any limitation on the pulse duration. The temporal
rivative in Eq.~8! can be eliminated by a Fourier transform
yielding the equation

¹'
2 Ẽ1~r ,z8,v!2

2iv

c

]Ẽ1~r ,z8,v!

]z8
5G̃~r ,z8,v! ~9!

where

Ẽ1~r ,z8,v!5F̂@E1~r ,z8,t8!#,

G̃~r ,z8,v!5F̂Fvp
2~r ,z8,t8!

c2 E1~r ,z8,t8!G ,
andF̂ is the Fourier transform operator acting on the tem
ral coordinate. For the harmonic field we solve the propa
tion equation

¹2Eh~r ,z,t !2
1

c2

]2Eh~r ,z,t !

]t2 5m0

]2Pnl~r ,z,t !

]t2 , ~10!

wherePnl(r ,z,t)5@n02ne(r ,z,t)#dnl(r ,z,t) is the nonlinear
polarization generated by the gas. In this equation the f
electron dispersion is neglected because the plasma
quency is much lower than the frequencies of high-or
harmonics. The nonlinear dipole moment is calculated
each position inside the jet by using the corresponding f
damental field derived by solving Eq.~7!. Again going to a
moving coordinate frame and using the paraxial approxim
tion, Eq. ~10! becomes

¹'
2 Eh~r ,z8,t8!2

2

c

]2Eh~r ,z8,t8!

]z8]t8
5m0

]2Pnl~r ,z8,t8!

]t82 .

~11!

Also in this case we eliminate the temporal derivative by
Fourier transform, obtaining the equation

¹'
2 Ẽh~r ,z8,v!2

2iv

c

]Ẽh~r ,z8,v!

]z8
52v2m0P̃nl~r ,z8,v!,

~12!
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where Ẽh(r ,z8,v)5F̂@Eh(r ,z8,t8)# and P̃nl(r ,z8,v)
5F̂@Pnl(r ,z8,t8)#. Note that in deriving Eqs.~9! and ~12!
we did not perform the slowly varying envelope approxim
tion in time. These equations are solved, for each value ov,
using a Crank-Nicholson routine. Typical values of the p
rameters used in the calculation are 212 ~for the 7-fs pulses!
or 214 ~for the 30-fs pulses! points in time, 300 points along
the radial direction, and;400 points along the longitudina
direction. The fundamental pulse is assumed to be Gaus
both in space and in time. Since the longitudinal variations
the fundamental beam over the interaction region~typically
of the order of 1 mm! are not too large, we find that it is
enough to calculate the source terms in Eqs.~9! and ~12!

~i.e., G̃ and P̃nl! once every ten steps in the longitudin
direction, thus greatly increasing the speed of the comp
tion. For the harmonic field, gas absorption is also taken i
account. Once the harmonic field at the exit face of the
jet (z85zout) is computed, the power spectrum of the ha
monics is obtained by simply integrating over the transve
direction:

I h~v!}E
0

`

uẼh~r ,zout,v!u22pr dr . ~13!

Finally, to assess the usefulness of our three-dimensio
propagation approach, we also performed calculations u
a simpler one-dimensional model. To this purpose we
glected the transverse Laplace operator in Eqs.~9! and ~12!
and we considered uniform~plane wave! illumination of the
target in the transverse dimension. The resulting propaga
equations are

2
2iv

c

]Ẽ1~z8,v!

]z8
5G̃~z8,v!, ~14!

]Ẽh~z8,v!

]z8
52

i

2
cvm0P̃nl~z8,v!. ~15!

In this model the driving-pulse variation along the longitud
nal direction are only due to free-electron effects.

III. EXPERIMENT

The experiments reported in this work were perform
using a Ti:sapphire laser system with chirped-pulse amp
cation, generating nearly transform-limited 30-fs pulses, w
central wavelength of 795 nm, energy up to 0.8 mJ a
1-kHz repetition rate. These pulses are shortened to s
10-fs duration using the hollow-fiber compression techniq
@3,35#. The pulses are first spectrally broadened by propa
tion into a 60-cm-long hollow fiber, having an inner diamet
of 300 mm, filled with argon, and then compressed to
almost transform-limited duration using a high throughp
dispersive delay line consisting of six bounces on chirp
mirrors @36#; typical pulse durations ranging from 5 to 7
are routinely achieved. The spectral broadening in the hol
fiber gives rise to a slight blueshift of the pulse spectru
with a resulting carrier wavelength of 740 nm. In additio
1-3
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E. PRIORIet al. PHYSICAL REVIEW A 61 063801
the hollow fiber acts as a distributed spatial filter, so that
compressed pulses are diffraction limited and with a nea
Gaussian far-field profile. The sub- 10-fs pulses are focu
onto the gas jet by a 25-cm focal length silver mirror and
estimated spot size is'25 mm ~a half-width at 1/e2 of inten-
sity!. During the experiments we could easily switch fro
sub- 10-fs to 30-fs excitation pulses by evacuating the h
low fiber, in order to avoid spectral broadening. In this w
the spatial properties of the excitation beam remained
same, and the role of the pulse duration could be evalua

The gas sample~neon! is injected into the interaction
chamber using an electromagnetic valve. The gas pressu
the interaction region, having an estimated length of 1 m
is approximately 40 torr. The harmonic radiation is analyz
with a grazing-incidence Rowland mounting monochroma
designed for broadband efficiency in the 5–50-nm spec
range. A toroidal mirror is used to focus the harmonic be
onto the monochromator entrance slit in the tangential pla
The optical instrument achieves high sensitivity and h
spectral resolution~up to 1500!, thus allowing a detailed
analysis of the spectral structure of the harmonic radiat
The instrumental function was estimated by means of
tracing of the optical setup in the operative conditions, a
taken into account to deconvolute the harmonic linewidth

Figure 1 shows a typical harmonic spectrum obtained
neon using 30-fs excitation pulses, with the center of the
jet located;2 mm downstream the laser beam waist; t
estimated laser peak intensity in the interaction region w
;731014W/cm2. The spectrum displays well-resolved ha
monic peaks at photon energies up to;130 eV. A typical
harmonic spectrum obtained in neon with 7-fs excitat
pulses, in the same focalization conditions as the 30-fs p
and at a laser peak intensity of;931014W/cm2, is shown
in Fig. 2. Also in this case we observe discrete and w
resolved harmonic peaks at photon energies up to;160 eV.
The partial overlapping of the harmonic peaks gives rise
broad pedestal for short wavelengths.

Taking advantage of the well-resolved harmonic spec
for both driving pulses, we have analyzed the wavelen
dependence of the harmonic peak linewidths. The exp

FIG. 1. Measured harmonic emission spectrum of a neon ga
illuminated by a 30-fs laser pulse with a peak intensity
731014 W/cm2.
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mental results are reported by filled circles in Fig. 3 for 3
~upper panel! and 7-fs~lower panel! driving pulses. The line-
width ~at 1/e of harmonic peak value! was estimated by fit-
ting the spectral profile of a single harmonic with a Gauss
shape. The contribution of the instrumental function w
then quadratically subtracted. The harmonic order dep
dence of the linewidths is strikingly different in the two situ
ations: For 30-fs pulses, they increase by a factor of 4 in
50–100-eV energy range, while, for the 7-fs pulses they
main nearly constant with harmonic order.

jet
f

FIG. 2. Measured harmonic emission spectrum of a neon ga
illuminated by a 7-fs laser pulse with a peak intensity
931014 W/cm2.

FIG. 3. Linewidths of the harmonics generated by 30-fs~upper
panel! and 7-fs~lower panel! pulses. The points represent the e
perimental data, while the solid lines are the results of simulati
using the three-dimensional propagation model.
1-4
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IV. RESULTS AND DISCUSSION

Single-atom spectra calculated, within the SFA, us
30-fs and 7-fs driving pulses with peak intensities of
31014 and 931014W/cm2, respectively, are shown in th
insets of Figs. 4 and 5. In both cases, the spectra in
plateau region are highly structured, with the individual h
monics hardly recognizable; discrete harmonics reapp
only in the vicinity of the cutoff~not shown!. The noisy
structure of the single-atom emission spectrum in the plat
region is confirmed by the numerical solution of the Sch¨-
dinger equation@5,22# and is a typical feature of the shor
pulse regime, due to nonadiabatic effects caused by
variation of the driving-pulse intensity over one optical cyc
@37#. In fact, a plateau harmonic is made up of two relev
contributions, corresponding to two different electron traje
tories in the continuum, which have an intensity-depend
phase@38#. As the laser intensity varies in time, these tw
contributions are subject to a different frequency shift, le
ing to a splitting of the harmonic peaks. In ultrashort las
pulses, not only the intensity, but also its time derivativ
shows a rapid temporal variation; as a consequence, harm

FIG. 4. Macroscopic harmonic spectrum of a neon gas jet,
culated using the one-dimensional propagation model, for a 3
driving pulse with a peak intensity of 731014 W/cm2. Inset: single-
atom emission spectrum.

FIG. 5. Macroscopic harmonic spectrum of a neon gas jet,
culated using the one-dimensional propagation model, for a
driving pulse with a peak intensity of 931014 W/cm2. Inset: single-
atom emission spectrum.
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ics emitted over several optical cycles exhibit a broad ra
of frequency shifts, thus giving rise to highly structure
spectra. These results indicate that the single-atom resp
is not sufficient for the study of the spectral properties
harmonic radiation generated by few-optical-cycle la
pulses.

Figures 4 and 5 show HHG spectra obtained from a m
roscopic medium~a 1-mm-thick neon jet with uniform
atomic densityn051.331018atoms/cm3, corresponding to a
40-torr pressure! using the one-dimensional propagatio
code. The driving pulses have duration of 30 fs~Fig. 4! and
7 fs ~Fig. 5!, and peak intensities of 731014 and 9
31014W/cm2, respectively. Unlike in the single-atom cas
harmonics start to become distinguishable, although
spectra are still highly structured and noisy in comparison
the experimental ones. This partial cleanup of the spectra
be attributed to free-electron-induced phase mismatch, wh
selectively reduces the contribution of some trajectories.
much longer pulses~duration'150 fs! this mechanism has
been shown to be effective in recovering a clean harmo
structure after propagation@30#; in our temporal regime, it
cannot explain, alone, the observed features of experime
spectra.

Figure 6 shows a HHG spectrum calculated, using
previously described three-dimensional code, for a 30
driving pulse, focused to a waist of 25mm. The target neon
gas jet is located 2 mm downstream from the laser be
waist, has a length of 1 mm and an atomic density, assu
constant along the propagation direction, ofn051.3
31018atoms/cm3; the laser peak intensity in the center
the jet is 731014W/cm2. These parameters try to reproduc
as closely as possible, the conditions under which the d
shown in Fig. 1 were acquired. In this case the spectrum
strikingly different both from the single-atom and on
dimensional spectra, and remarkably similar to the exp
mental result; it shows discrete and well-resolved harmon
with widths strongly depending on their order, and very lit
residual noise between the peaks. This dramatic chang
the spectral features can be understood in terms of the p
mismatch mechanisms which are active in three dimensio

l-
fs

l-
fs

FIG. 6. Macroscopic harmonic spectrum of neon gas jet, ca
lated using the three-dimensional propagation model, for a 3
driving pulse with a peak intensity of 731014 W/cm2.
1-5
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in addition to the one induced by free electrons. In fact, i
focused beam, the nonlinear polarization phase depend
longitudinal and radial variations of both intensity and pha
of the driving pulse@24,39#: these additional phase mismatc
mechanisms lead to a more effective trajectory selection

Figure 7 shows the harmonic spectrum calculated, w
the three-dimensional model, using a few-optical-cycle dr
ing pulse. Its spectral width matches that of the pulse em
ing from the hollow fiber, and an additional chirp is intro
duced to reproduce the experimentally measured pulsew
of 7 fs. The interaction conditions are the same as in
previous calculation and the pulse peak intensity at the ce
of the jet is 931014W/cm2. Also in this case we obtain goo
agreement with experimental results~see Fig. 2!, and we
observe clean and distinct harmonics, due to the same ph
matching mechanisms discussed for the 30-fs pulses. B
calculations and experiments performed using 7-fs pu
clearly demonstrate that, in our interaction geometry, d
crete harmonic spectra can be obtained even with sub-1
pulses. We also made simulations with transform-limit
5-fs pulses, and still obtained well-resolved harmonics.
note that the previously reported harmonic continuum
served with 5-fs driving pulses@12–14# was obtained using a
completely different interaction geometry, with an intera
tion length one order of magnitude smaller and gas press
one order of magnitude larger.

Our numerical model also reproduces quite well t
wavelength dependence of the harmonic peak linewid
The estimated linewidths~full width at 1/e of the harmonic
peak value!, obtained from the calculated spectra by fittin
the spectral profile of a single harmonic with a Gauss
profile, are shown by solid lines in Fig. 3. Also in this ca
the agreement with experimental results is very satisfact
For the 30-fs pulses, the wavelength dependence of the
widths can be at least partially understood in terms of
different emission times of the harmonics: those well in
plateau are emitted over several optical cycles, while th
approaching the cutoff are emitted only over a few cycl
close to the peak intensity of the laser pulse. For the 7
driving pulses, the linewidth remains approximately const

FIG. 7. Macroscopic harmonic spectrum of neon gas jet, ca
lated using the three-dimensional propagation model, for a
driving pulse with a peak intensity of 931014 W/cm2.
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with the harmonic order, since all the harmonics are emit
over a few cycles of the driving pulse.

For sub-10-fs driving pulses, a strong influence of t
carrier phase of the pulse on the single-atom emission s
trum was recently predicted@31,40#. This effect has been
pointed out as a limiting factor for the use of few-optica
cycles pulses for HHG, and also proposed as a possible t
nique for measuring the absolute carrier phase. In orde
evaluate its influence in our experimental conditions, we p
formed simulations with different values of the absolute c
rier phase. We found that, for the 7-fs pulses used to simu
our data, the phase has a negligible influence both on
shape and the amplitude of the HHG spectra. We attrib
this result to averaging effects due to driving pulse ph
variations, both in the longitudinal and transverse directio
which wash out the phase dependence of the single-a
response in the three-dimensional interaction geometry.
study this effect in greater depth, we made simulations w
transform-limited 5-fs pulses, for which carrier phase effe
should be more pronounced. In these simulations we a
neglected free-electron-induced phase modulation, wh
would reduce the influence of carrier phase. The results
shown in Fig. 8 for two phase values differing byp/2. In this
case we observe some changes in amplitude and shape o
spectra, which, however, do not significantly alter their ma
characteristics. Our analysis therefore allows us to concl
that macroscopic HHG spectra with sub-10-fs driving puls
do not critically depend, at least in the plateau region, on
absolute carrier phase.

-
fs

FIG. 8. Macroscopic harmonic spectrum of neon gas jet, ca
lated using the three-dimensional propagation model, for a
driving pulse with a peak intensity of 931014 W/cm2, and two dif-
ferent values of the absolute carrier phase.
1-6
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V. CONCLUSIONS

In this work we have presented a numerical model for
calculation of the HHG spectrum emitted by a macrosco
gas target irradiated by an ultrashort laser pulse. The m
is nonadiabatic, i.e, the nonlinear dipole moment of ea
atom in the gas is calculated using the full electric field
the driving pulse; the single-atom response is inserted
source term in a three-dimensional propagation code, wh
fully includes plasma effects on the fundamental wavelen
beam. The nonadiabatic approach is obviously needed
few-optical-cycle pulses; our work shows that, in our inte
action geometry, only a three-dimensional calculation c
reproduce satisfactorily the experimental results. We fi
that, while the single-atom emission spectra are highly str
tured and noisy in the plateau, after propagation they
considerably cleaned and recover a discrete and w
resolved harmonic structure. Comparing our simulations
experimental results obtained focusing on neon pulses
duration ranging from 30 to 7 fs we find remarkably go
v
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.

P.
.

. A

06380
e
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h
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h
h
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agreement, both for the linewidth and relative strength of
harmonics and for the spectral position of the cutoff. It
interesting to note that, even with 7-fs driving pulses, bo
simulations and experimental results show discrete and
resolved harmonics.

The model provides a tool for studying the physics
HHG using few-optical-cycle driving pulses, and enab
one to investigate a number of topics~e.g., the effects of
carrier phase on harmonic spectra! under realistic experimen
tal conditions. In addition, it will allow one to study th
transverse properties of the emitted harmonics and their
cusability, which is an important issue for applications
soft-x-ray nonlinear optics.
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Schnürer, C. Kan, M. Lenzner, P. Wobrauschek, and
Krausz, Science278, 661 ~1997!.

@13# Ch. Spielmann, C. Kan, N. H. Burnett, T. Brabec, M. Geissl
A. Scrinzi, M. Schnu¨rer, and F. Krausz, IEEE J. Sel. Top
Quantum Electron.4, 249 ~1998!.
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