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Attosecond pulse generation using high harmonics in the multicycle regime of the driver pulse

Fam Le Kien,* Katsumi Midorikawa, and Akira Suda
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako-shi, Saitama 351-0198, Japan
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High-harmonic generation in He atoms illuminated by high-intensity femtosecond excitation pulses is stud-
ied. It is shown that single attosecond pulses as well as trains of several attosecond pulses, one per half a
period, can be generated in the multicycle regime of the driver pulse.@S1050-2947~98!06910-8#

PACS number~s!: 42.65.Ky, 42.65.Re, 32.80.Rm, 42.50.Hz
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I. INTRODUCTION

In recent years there have been very significant advan
in short-pulse high-intensity laser technology. The discov
of high-order harmonic generation by intense laser-atom
teraction provides a new method to produce coher
extreme-ultraviolet emission. Coherent x rays in the wa
window have been generated using high harmonics@1,2#.
The durations of extreme-ultraviolet femtosecond hig
harmonic pulses have been measured by a cross-correl
technique @3#. The nonadiabatic effects in high-harmon
generation with ultrashort pulses have been examined@4#.
The phase-matching conditions for optimal coherence
high harmonics emitted by atoms in strong laser fields h
been studied@5,6#.

One of the recent topics of high-harmonic generation is
potential application to the generation of attosecond pul
Since the time scale for a Bohr orbit of ground-state hyd
gen is about 152 attoseconds, it is expected that attose
pulses will expand the horizon of ultrafast measurement
include observing electronic processes. Several scheme
the generation of light pulses in the attosecond regime h
been proposed. Ha¨nsch has proposed a Fourier synthesi
@7# that can generate subfemtosecond pulses by superpos
of equidistant frequencies from separate laser oscillators
chronized by a nonlinear phase-locking technique. Far
and Tóth @8# have suggested a method of attosecond li
pulse generation that is based on a Fourier synthesis of e
distant high harmonics. Harriset al. @9# have shown that a
strongly driven classical oscillator in a soft Coulomb pote
tial will exhibit short bursts of acceleration and consequen
produce ultrashort pulses of radiation. Corkumet al. have
suggested the use of two short perpendicularly polari
pulses@10# to create a laser pulse whose polarization is lin
only during a short time, close to a laser period. Due to
high sensitivity of harmonic generation to the degree of
larization ellipticity, the emission will be limited to this in
terval and, therefore, an attosecond pulse will be genera
The production of a train of several attosecond pulses
half cycle and the selection of one pulse from this train
propagation have been numerically demonstrated by Anto
et al. @11#. Schafer and Kulander have shown that the h
harmonics emitted when a nonlinear medium interacts w
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an ultrafast intense laser pulse are, in principle, compress
to subfemtosecond time scales@12#. The high-harmonic gen-
eration of attosecond pulses in the single-cycle regime
been studied by Christovet al. @13#. A scheme using a lase
pulse with a time-dependent degree of ellipticity and inclu
ing propagation has been investigated by Antoineet al. @14#.

A simple picture of underlying physics in high-harmon
emission has been given by Corkum@15# and Kulanderet al.
@16# using a semiclassical approach. In this picture, an
tense laser pulse ionizes the outer electron of an atom
suppressing the Coulomb barrier binding the electron to
atom, so that the electron can tunnel through the core po
tial. Once free, the electron moves in the laser field and g
a kinetic energy. When the laser field reverses, the elec
can reencounter the parent ion, and emit high harmonics
undergoes stimulated recombination with the parent ion.

An analytic quantum theory of high-harmonic generati
has been suggested by Lewensteinet al. @17#. This theory
recovers the semiclassical interpretation@15,16# and allows
us to calculate the harmonic spectrum.

We use this simple analytical quantum model@17# in the
present paper to study the generation of high harmonics f
He atoms illuminated by high-intensity femtosecond exci
tion pulses. In order to understand the single-atom asp
clearly, we do not consider the propagation of the genera
harmonic field in the nonlinear medium. We show that sin
attosecond pulses as well as trains of several attosec
pulses, one per half a period, can be generated in the m
cycle regime of the driver pulse by performing the Four
synthesis of the frequency components in relatively regu
regions of the harmonic spectrum.

The paper is organized as follows. In Sec. II we revie
the model and present the basic equations. In Sec. III
perform a numerical analysis. Finally, Sec. IV contains co
clusions.

II. MODEL

We consider an atom or an ion in the single-electron
proximation under the influence of a laser fieldE(t). In
atomic units, which we use for all calculations in this pap
the Schro¨dinger equation takes the form

i
d

dt
uC~r ,t !&5@2 1

2 ¹21V~r !1E~ t !•r #uC~r ,t !&. ~1!

Here, V(r ) is the effective potential of the outer electro
with respect to the nucleus. We assume that the syste
i,
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initially in the ground state, denoted asu0&, which in general
has a spherical symmetry. The peak amplitudeE0 of the
electric field is related to the peak intensityI 0 by I 05E0

2 .
We consider the case when the ionization potentialI p is very
large compared to the laser-field photon energyv and the
ponderomotive energyUp5E0

2/4v2 is comparable to or
larger thanI p , that is, whenUp>I p@v. In this regime, the
electron undergoes tunneling transitions to the continu
statesuv&, which we label by the kinetic momentumv of the
outgoing electron. We assume that the contribution of
bound states except the ground stateu0& to the evolution of
the system can be neglected. In the continuum, we trea
electron as a free particle moving in the electric field with
effect of V(r ).

In order to calculate the time-dependent dipole mome
we have to evaluater (t)5^C(r ,t)ur uC(r ,t)&. According to
the theory of Lewensteinet al. @17#, we have

r ~ t !52 i E
0

t

dt8E d3p E~ t8!•d„p1A~ t8!…

3exp@2 iS~p,t,t8!#exp@2g~ t !2g~ t8!#d* „p1A~ t !…

1c.c., ~2!

where

d~v!5^vur u0&

is the atomic dipole matrix element for the bound-free tra
sition,

A~ t !52E dt E~ t ! ~3!

is the vector potential of the laser field,

S~p,t,t8!5E
t8

t

dt9H 1

2
@p1A~ t9!#21I pJ ~4!

is the quasiclassical action, andg(t) is the ionization rate.
For all calculations in this paper, the ionization rateg(t) is
assumed to be a real function of time and is numerica
estimated by using the Ammosov-Delone-Krainov~ADK !
formula @18#

2g~ t !5WADK[S 3e

p D 3/2 Z2

n* 9/2F 4eZ3

n* 4uE~ t !u
G 2n* 23/2

3expF2
2Z3

3n* 3uE~ t !u
G , ~5!

where Z is the charge of the atomic residue andn*
5Z(2I p)21/2 is the effective principal quantum number.

Equation~2! can be interpreted as a sum of probabil
amplitudes corresponding to the following processes: T
first termE(t8)•d„p1A(t8)… in the integral is the probability
amplitude for the electron to make a transition to the c
tinuum at timet8 with the canonical momentump. The elec-
tronic wave function is then propagated until timet and ac-
quires a phase factor given by the term exp@2iS(p,t,t8)#.
The depletion of the ground state is described by the t
m

ll

he

t,

-

y

e

-

m

exp@2g(t)2g(t8)#. The electron recombines at timet with an
amplitude equal to the last termd* „p1A(t)… of the integral.

In the case of hydrogenlike ground states, the field-f
dipole matrix elements can be approximated by@17#

d~p!5 i
27/2a5/4

p

p

~p21a!3
~6!

with a52I p .
The integral overp in Eq. ~2! can be evaluated by th

saddle-point method. The result is

r ~ t !52 i E
0

t

dtS p

e1 i t/2D
3/2

E~ t2t!•d„ps1A~ t2t!…

3exp@2 iSs~ t,t!2g~ t !2g~ t2t!#d* „ps1A~ t !…

1c.c. ~7!

Here, we have introduced the notation

ps52
1

tEt2t

t

dt9A~ t9! ~8!

and

Ss~ t,t!5S~ps ,t,t2t!, ~9!

wherease is a positive regularization constant.
The harmonic amplitudeaq is obtained by Fourier trans

forming the time-dependent dipole accelerationa(t):

aq5
1

TE0

T

a~ t !eiqvtdt. ~10!

Herea(t)[ r̈ (t) is the dipole acceleration andT is the dura-
tion of the fundamental pulse. We apply a spectral filter
select only the high frequency components starting from h
monicqmin to harmonicqmax and then apply an inverse tran
form. The intensity of the signal emitted by this synthesis
given by

I ~ t !5U E
qmin

qmax
aqe2 iqvtdqU2

. ~11!

We will use the above model to calculate the emiss
spectrum and the Fourier synthesis of the spectral com
nents. It has been shown by Antoineet al. @11# that, although
the harmonics in the plateau region are not strictly speak
phase locked, the time-dependent single-atom emission
sists of a train of ultrashort pulses, with several pulses
half cycle, corresponding to various energetically allow
electron trajectories giving rise to harmonic emission. Due
the interference between these trajectories, the emis
spectrum is highly structured. The interference is minima
the spectrum part, which is more or less regular. Therefo
we expect that the Fourier synthesis of a relatively regu
part of the spectrum may select a single narrow pulse
half cycle.
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III. NUMERICAL RESULTS

We will consider the situation when the laser electric fie
is linearly polarized along thez direction. We denote thez
components of the vectorsE(t), A(t), andps by E(t), A(t),
andps , respectively. We study the case when the field w
a time-dependent envelope is given as

E~ t !5E0sin2S pt

T D cosvt. ~12!

The vector potential then reads

A~ t !5
E0

4 S sinv2t

v2
1

sinv1t

v1
22

sinvt

v D , ~13!

wherev2[v22p/T andv1[v12p/T. When we insert
the above expression into Eq.~8!, we find

ps52
1

t
@F~ t !2F~ t2t!#, ~14!

where

F~ t !5
E0

4 S 2
cosvt

v2
2

cosv2t

v2
2

2
cosv1t

v1
2 D . ~15!

The value of the quasiclassical action at the saddle p
reads

Ss~ t,t!5~ I p2 1
2 ps

2!t1 1
2 @G~ t !2G~ t2t!#, ~16!

where

G~ t !5
E0

2

16H S 1

2v2
2

1
1

2v1
2

1
2

v2D t

2
sin 2v2t

4v2
3

2
sin 2v1t

4v1
3

2
sin 2vt

v3

1
1

v1v2
Fsin~v12v2!t

v12v2
2

sin~v11v2!t

v11v2
G

2
2

vv2
Fsin~v2v2!t

v2v2
2

sin~v1v2!t

v1v2
G

2
2

vv1
Fsin~v2v1!t

v2v1
2

sin~v1v1!t

v1v1
G J . ~17!

We perform numerical calculations for He atoms, who
ionization potential isI p524.58 eV. We consider the case
when the driver fields are generated by the Ti:sapphire
KrF lasers.

A. Ti:sapphire laser driver field

In this subsection, we use the Ti:sapphire laser for
generation of the driver field. The wavelength and the per
of the driver pulse are 794 nm and 2.65 fs, respectively

We first consider the case when the peak intensity is
31015 W/cm2. We show in Fig. 1 the power spectrumuaqu2

in the log10 scale for the cases when the duration of t
nt

e

d

e
d

.4

driver pulse is 4~a! and 16~b! optical cycles. In femtosec
onds, the duration of the driver pulse is 10.6~a! and 42.4~b!
fs. A fractional ionization of 4.5%~a! and 17%~b! is reached
at the peak of the driver pulse. We see the character
shape of the high-harmonic spectra: they fall off for the fi
few well-resolved odd harmonics, then exhibit a plateau, a
end up with a sharp cutoff. The dip in the front of the plate
occurs at the harmonic orderI p /v, which is the ionization
potential in the unit of the photon energy and is appro
mately equal to 16 in the case considered. The cutoff occ
at the harmonic order (I p13.17Up)/v, which is the energy,
in the unit ofv, gained by the electron after tunneling an
oscillating in the driver laser field, and is approximate
equal to 180 in the case considered.

As a typical feature of the short-pulse regime, there i
complicated structure with broadening of the peaks and n
between the peaks in the plateau region. Moreover, a su
continuum near the cutoff occurs in the case of Fig. 1~a!,
where the pulse duration is 4 optical cycles. The obser
broadening of the harmonics is due to the rapid change in
driver-pulse intensity. An electron that enters the continu
while the pump intensity is increasing or decreasing exp
ences an additional acceleration or deceleration and, co
quently, radiates with blueshift or redshift, respectively, af
returning to recombine with the parent ion. Since the h

FIG. 1. Power spectral densities (log10 scale! of the dipole ac-
celeration of helium illuminated by the Ti:sapphire laser field w
the wavelength 794 nm and the peak intensity 1.431015 W/cm2.
The duration of the driver field is 4 and 16 optical cycles in t
cases~a! and ~b!, respectively.



le
rg
b
e
rin
rg

to

tic
ha
cs
on
d
ec
s
f
n
th
th

a
c
ps

ur
v
ls

b

a
t

ly

m
00
th
hig

t
w
th
ls
el
e
pr
2
on
s

ls
es

gs
se
f
e
g
he
lse

on
in-
f the

the
e

b-
nts

and

e to
trum
son
the

ose
a-
the
he
ig.

Le-
the
fact
in

w-
e-

osi-
and

3314 PRA 58FAM Le KIEN, KATSUMI MIDORIKAWA, AND AKIRA SUDA
monics in the plateau are produced over many optical cyc
they have a broad range of frequency shifts and unde
large phase distortions. This explains why the spectrum
low the vicinity of the cutoff is highly structured. Since th
harmonics at the end of the plateau are produced only du
a few cycles near the peak of the driver pulse, they unde
a simple broadening in the short-pulse regime; see Fig. 1~b!.
This broadening results in a supercontinuum near the cu
when the driver pulse is very short; see Fig. 1~a!.

It is worth noting that the effect of the nonadiaba
atomic response on the low-order harmonics is weaker t
on high-order harmonics. Unlike the high-order harmoni
the low-order harmonics with energies smaller than the i
ization potential cannot be described by the two-step mo
@15,16#. The lowest harmonics are emitted due to the traj
tories corresponding to the case when the electron remain
the ground state but experiences the near-to-node areas o
laser field. The acceleration of the electron moving alo
these trajectories is small. This is why the broadening of
lowest harmonics is small and simple compared to that of
high harmonics.

Comparison between Figs. 1~a! and 1~b! shows that the
high harmonics are stronger when the driver pulses
shorter. Furthermore, the plateaus of the harmonic spe
consist of several spectral bands separated by sharp dro
the harmonic intensity. Christovet al. @13# have shown that
the spectral components of the bands are generated d
different parts of optical cycles of the laser pulse. They ha
found that the harmonic generation by a very short pu
ensures a good correspondence between the frequency
time evolution of the harmonic emission. This effect can
used to control the properties of the high harmonics and
generate attosecond pulses. It has been shown@13# that, by
separating an appropriate spectral band with filters or bro
band mirrors, single attosecond pulses can be emitted in
single-cycle regime of the driver laser field. We will app
this method to the case of multicycle driver pulses.

We use a spectral filter to select only the frequency co
ponents in the spectrum part between the 175th and 2
harmonics, which is relatively regular and near the end of
plateau, and then apply an inverse transform. These
frequency components are produced due to the electron
jectories that pass through the peaks of the pump pulse
brief bursts of acceleration. The time dependences of
intensities of the generated frequency-superposition pu
are plotted in Fig. 2. Here we use, for convenience, the r
tive time calculated from the moment at which the driv
pulse reaches its peak. Clearly, the 4-cycle driver pulse
duces a single 150-attosecond signal pulse, see Fig.~a!,
while the 16-cycle pulse generates a train of attosec
pulses, one per half a period of the fundamental pulse;
Fig. 2~b!. The number of generated attosecond signal pu
decreases when we decrease the number of optical cycl
the driver field.

In the arbitrary units which are the same for both the Fi
2~a! and 2~b!, we calculate the areas of the generated pul
The area of the single pulse in Fig. 2~a! is 1.67. The area o
the highest pulse in Fig. 2~b! is 2.80. When we normalize th
areas of the generated pulses to the driver-pulse len
which is proportional to the pump energy, we find that t
relative energy conversion efficiencies for the highest pu
s,
o
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in Figs. 2~a! and 2~b! are 1:0.42. Thus, the energy conversi
efficiency of the highest pulse in each generated train
creases when we decrease the number of optical cycles o
driver field.

We can also generate attosecond pulses by combining
low-order frequency components in front of the plateau. W
show in Fig. 3 the time development of the radiation o
tained by the Fourier synthesis of the frequency compone
in the relatively regular spectrum region between the 5th
10th harmonics of the spectrum in Fig. 2~a!. The figure
shows the generation of a train of attosecond pulses. Du
the small size and the sharp peak structure of the spec
region between the 5th and 10th harmonics in compari
with the region between the 175th and 200th harmonics,
amplitudes of the pulses in Fig. 3 are much lower than th
in Fig. 2~a!. Furthermore, the behavior of the optical oscill
tions of the pulses in Fig. 3 is less regular than that of
pulses in Fig. 2~a!. It should be emphasized here that in t
region of low-order harmonics, where the parameters of F
3 have been chosen, the theory of Lewensteinet al. @17# is a
crude approximation; there exist differences between the
wenstein model and the exact numerical solution of
Schrödinger equation. These differences are due to the
that the effect of the Coulomb potential in the Lewenste
model is simply reduced to the ionization potential. Ho
ever, since the Coulomb potential is not completely n

FIG. 2. Time dependencies of the intensities of the superp
tions of the spectral components in the bands between the 175th
200th harmonics of the power spectra shown in Fig. 1.
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glected, the Lewenstein model is able to give a reason
description of the high-order harmonic spectrum and so
principal features of the low-order harmonic region.

The generation of the above attosecond pulses is base
the synthesis of a band of frequencies. These short pu
correspond to the main trajectories of the electron@11#. The
phase locking, which plays an essential role in the synth
of equidistant frequencies@7#, is absent in the plateau of th
harmonic spectrum. We plot in Fig. 4 the phases of the sp
tral componentsaq . As seen, the harmonics below the cuto
are not phase locked@11#. However, the phase is not com
pletely random. Moreover, the behavior of the frequency
pendence of the phase at the end of the plateau is m
regular than that at the beginning of the spectrum.

In order to see the effect of the pulse intensity on attos
ond pulse generation, we show in Figs. 5 and 6 the nume
results for the cases where the peak intensity of the dr
pulse is 531014 W/cm2 and 231015 W/cm2, respectively.
The duration of the driver pulse in both cases is 4 opti
cycles. Figures 5~a! and 6~a! show the harmonic emissio
spectra. A comparison between Figs. 1~a!, 5~a!, and 6~a!
shows that the cutoff energy is higher when the peak int
sity of the driver pulse is higher@15,16#. Figures 5~b! and

FIG. 3. Time dependence of the intensity of the superposition
the spectral components in the band between the 5th and 10th
monics of the power spectrum in Fig. 1~a!.

FIG. 4. Phases of the spectral components of the dipole ac
eration. All the parameters are the same as for Fig. 1~a!.
le
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6~b! show the time dependence of the radiation correspo
ing to the supercontinuum spectral band between the 7
and 90th harmonics of the spectrum in Fig. 5~a! and the
supercontinuum band between the 244th and 280th harm
ics of the spectrum in Fig. 6~a!, respectively. The duration
of the pulses in Figs. 5~b! and 6~b! are 190 and 110 attosec
onds, respectively. When we compare Figs. 2~a!, 5~b!, and

f
ar-

el-

FIG. 5. Harmonic emission in the case when the peak inten
of the driver pulse from the Ti:sapphire laser is 531014 W/cm2.
The duration of the driver pulse is 4 optical cycles.~a! Power spec-
tral density (log10 scale! of the dipole acceleration.~b! Time depen-
dence of the radiation from the supercontinuum band between
72nd and 90th harmonics.~c! Time dependence of the radiatio
from the band between the 30th and 40th harmonics.
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6~b!, we see that the duration of the attosecond pulse co
sponding to the supercontinuum spectral band near the
of the plateau is shorter when the peak intensity of the dr
pulse is higher. Figures 5~c! and 6~c! show the time depen
dence of the radiation corresponding to the spectral b
between the 30th and 40th harmonics of the spectrum in
5~a! and the band between the 40th and 60th harmonic

FIG. 6. Harmonic emission in the case when the peak inten
of the driver pulse from the Ti:sapphire laser is 231015 W/cm2.
The duration of the driver pulse is 4 optical cycles.~a! Power spec-
tral density (log10 scale! of the dipole acceleration.~b! Time depen-
dence of the radiation from the supercontinuum band between
244th and 280th harmonics.~c! Time dependence of the radiatio
from the band between the 40th and 60th harmonics.
e-
nd
r

d
g.
of

the spectrum in Fig. 6~a!, respectively. As seen, trains o
attosecond pulses can also be produced by synthesizing
spectral components at the beginnings of the plateaus. H
ever, the behavior of the trains is not as regular as in the c
of the supercontinuum bands near the ends of the platea

B. KrF laser driver field

We now use the driver field pulse from the KrF laser. T
wavelength and the period of the driver pulse are 248
and 0.83 fs, respectively.

We show in Fig. 7 the power spectrumuaqu2 in the log10
scale for the case when the peak intensity of the driver pu
is 131016 W/cm2. The duration of the driver pulse is 4~a!
and 16~b! optical cycles. In femtoseconds, the duration
the driver pulse is 3.31~a! and 13.24~b! fs. For the chosen
parameters, the ionization is substantially complete on
leading edge of the driver pulse, that is, before the pu
intensity reaches its maximum. As seen, the drop of the sp
trum from the first few harmonics is not as clear as in t
case of the Ti:sapphire laser. The reason is that the qua
I p /v corresponding to the harmonic order from which t
plateau is expected to start has a small valueI p /v'5 in the
case of the KrF laser. Comparison between Figs. 7~a! and
7~b! shows that the cutoff energy is extended towards sho

ty

he

FIG. 7. Power spectral densities (log10 scale! of the dipole ac-
celeration of helium illuminated by the KrF laser field with th
wavelength 248 nm and the peak intensity 131016 W/cm2. The
duration of the driver field is 4 and 16 optical cycles in the cases~a!
and ~b!, respectively.



s
gh
ls

en
am
ve
h

ie
n
0
th
ca
he
g
, o
d
d

um
a

in

om
in
o

re-
5th

that
the
al
per-
om
ng
ar-
the
au.

dif-
nu-

ipal
lses
the
n-
the
nics

the
5

es.
a.
e
and
Fig.
and

igs.
c-
and
y of

pec-
ec-
th

os
a

of
har-

PRA 58 3317ATTOSECOND PULSE GENERATION USING HIGH . . .
wavelengths when the number of optical cycles is decrea
@1,4,6#. The reason is that, since the ionization rate is hi
the atom can survive higher laser intensity when the pu
duration is shorter. Recently, Changet al. @1# have obtained
an interesting analytical expression for the explicit dep
dence of the cutoff energy on the atomic and laser par
eters, which clearly shows that the use of shorter dri
pulses should result in the generation of harmonics of hig
order.

We plot in Fig. 8 the time dependences of the intensit
of the pulses obtained by using a spectral filter to select o
the frequency components in the region between the 3
and 40th harmonics, which is relatively regular and near
end of the plateau. Here we again use the relative time
culated from the moment at which the driver pulse reac
its peak. The figures clearly show the generation of sin
attosecond pulses as well as trains of attosecond pulses
per half-a-period of the fundamental pulse. The shortest
ration of the pulses in the trains is about 100 attosecon
When we decrease the duration of the driver pulse, the n
ber of attosecond signal pulses in each train decreases
the energy conversion efficiency of the highest pulse
creases.

It is also possible to generate attosecond pulses by c
bining the frequency components which are at the beginn
of the plateau. We show in Fig. 9 the time development

FIG. 8. Time dependencies of the intensities of the superp
tions of the spectral components in the bands between the 30th
40th harmonics of the power spectra in Fig. 7.
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the radiation obtained by the Fourier synthesis of the f
quency components in the region between the 5th and 1
harmonics of the spectrum in Fig. 7~a!. The duration of the
generated pulse is approximately 100 attoseconds. Note
the amplitude of this pulse is much higher than that of
pulses obtained in Fig. 8~a!, where the synthesis of spectr
components between the 30th and 40th harmonics is
formed. The reason is very simple: since the effect of at
ionization is weak for the low-order harmonics and stro
for the high-order harmonics, the spectral density of the h
monics near the beginning of the plateau is higher than
density of the high harmonics near the end of the plate
Since the Lewenstein model@17# is a crude approximation in
the region of low-order harmonics, there may be some
ferences between the results of this model and the exact
merical solution of the Schro¨dinger equation. However, we
expect that these differences do not change our princ
statement about the possibility of trains of attosecond pu
in the low-order harmonic region. The main reason is that
Coulomb potential is not completely neglected in the Lewe
stein model. For the KrF laser, there is another reason:
photon energy and, consequently, the energies of harmo
of this laser are high.

We show in Figs. 10 and 11 the numerical results for
cases where the peak intensity of the driver pulse is
31015 W/cm2 and 1.531016 W/cm2, respectively. The du-
ration of the driver pulse in both cases is 4 optical cycl
Figures 10~a! and 11~a! show the harmonic emission spectr
Figures 10~b! and 11~b! show the time dependence of th
radiation corresponding to the supercontinuum spectral b
between the 23rd and 30th harmonics of the spectrum in
10~a! and the supercontinuum band between the 40th
60th harmonics of the spectrum in Fig. 11~a!, respectively.
The durations of the pulses in Figs. 10~b! and 11~b! are 150
and 80 attoseconds, respectively. When we compare F
8~a!, 10~b!, and 11~b!, we see that the duration of the attose
ond pulse corresponding to the supercontinuum spectral b
near end of the plateau is shorter when the peak intensit
the driver pulse is higher. Figures 10~c! and 11~c! show the
time dependence of the radiation corresponding to the s
tral band between the 7th and 15th harmonics of the sp
trum in Fig. 10~a! and the band between the 7th and 15

i-
nd

FIG. 9. Time dependence of the intensity of the superposition
the spectral components in the band between the 5th and 15th
monics of the power spectrum in Fig. 7~a!.
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harmonics of the spectrum in Fig. 11~a!, respectively. As
seen, trains of attosecond pulses can also be produce
synthesizing the spectral components at the beginnings o
plateaus. However, the behavior of the trains is not as reg
as in the case when the spectral band for synthesis is nea
end of the plateau.

FIG. 10. Harmonic emission in the case when the peak inten
of the driver pulse from the KrF laser is 531015 W/cm2. The
duration of the driver pulse is 4 optical cycles.~a! Power spectral
density (log10 scale! of the dipole acceleration.~b! Time depen-
dence of the radiation from the supercontinuum band between
23rd and 30th harmonics.~c! Time dependence of the radiatio
from the band between the 7th and 15th harmonics.
by
he
ar
the

IV. CONCLUSIONS

We have studied the generation of high harmonics fr
He atoms illuminated by high-intensity femtosecond exci
tion pulses from the Ti:sapphire and KrF lasers. We ha
shown that by performing the Fourier synthesis of the sp
tral components that are near the end of the plateau, si

ty

he

FIG. 11. Harmonic emission in the case when the peak inten
of the driver pulse from the KrF laser is 1.531016 W/cm2. The
duration of the driver pulse is 4 optical cycles.~a! Power spectral
density (log10 scale! of the dipole acceleration.~b! Time depen-
dence of the radiation from the supercontinuum band between
40th and 60th harmonics.~c! Time dependence of the radiatio
from the band between the 7th and 15th harmonics.
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attosecond pulses as well as trains of several attose
pulses, one per half a period, can be generated in the m
cycle regime of the driver pulse. For the parameters of
calculations, the shortest durations of the pulses in the tr
are found to be about 110 attoseconds in the case of
Ti:sapphire laser and 80 attoseconds in the case of the
laser. We have shown that the number of attosecond h
harmonic pulses in each train decreases and the energy
version efficiency of the highest pulse in the train increa
when we decrease the number of optical cycles of the dr
field. It is also possible to generate attosecond pulses
combining the frequency components in the bands which
positioned at the beginning of the spectrum or in front
middle of the plateau. However, the behavior of the opti
oscillations of the pulses obtained in this way is less regu
than the behavior of the pulses generated by the synthes
the spectral components in the bands which are near the
of the plateau. Furthermore, we have shown that the dura
of the attosecond pulse corresponding to the supercontin
spectral band, which is near to end of the plateau, is sho
when the peak intensity of the driver pulse is higher.
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Practical consideration of the high-harmonic generat
process requires an understanding of propagation effe
which have not been addressed in this paper. In orde
study such effects, one needs to solve the wave equat
using the dipole moments as source terms. One may an
pate that the intensity dependence of the phase of the di
moment has a strong influence on the propagation and
lead to strong spatial distortion as well as spectral broad
ing. However, the coherence of the harmonics can be c
trolled and optimized by choosing appropriately the geo
etry of the interaction and the position of the laser foc
relative to the nonlinear medium. In addition, the phase m
match due to focusing can be ameliorated by making the
target thin. A special analysis of the effect of propagation
the durations and coherent properties of the generated pu
will be the subject of a future work. Furthermore, since t
Lewenstein model is a crude approximation in the region
low-order harmonics, an additional study involving the exa
numerical solution of the Schro¨dinger equation will be re-
quired for the attosecond pulses from this region of the h
monic spectrum.
t.
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@7# T. W. Hänsch, Opt. Commun.80, 71 ~1990!.
@8# Gy. Farkas and Cs. To´th, Phys. Lett. A168, 447 ~1992!.
@9# S. E. Harris, J. J. Macklin, and T. W. Ha¨nsch, Opt. Commun.

100, 487 ~1993!.
.
.

r

-

.

@10# P. B. Corkum, N. H. Burnett, and M. Y. Ivanov, Opt. Lett.19,
1870 ~1994!.

@11# P. Antoine, A. L’Huillier, and M. Lewenstein, Phys. Rev. Let
77, 1234~1996!.

@12# K. J. Schafer and K. C. Kulander, Phys. Rev. Lett.78, 638
~1997!.

@13# I. P. Christov, M. M. Murnane, and H. C. Kapteyn, Phys. Re
Lett. 78, 1251~1997!.
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