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Attosecond pulse generation using high harmonics in the multicycle regime of the driver pulse
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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 pL&8€50-294{©8)06910-9

PACS numbgs): 42.65.Ky, 42.65.Re, 32.80.Rm, 42.50.Hz

[. INTRODUCTION an ultrafast intense laser pulse are, in principle, compressible
to subfemtosecond time scald<®?]. The high-harmonic gen-
In recent years there have been very significant advancegration of attosecond pulses in the single-cycle regime has
in short-pulse high-intensity laser technology. The discovenpeen studied by Christost al.[13]. A scheme using a laser
of high-order harmonic generation by intense laser-atom inpulse with a time-dependent degree of ellipticity and includ-
teraction provides a new method to produce coherenind propagation has been investigated by Antehel.[14].
extreme-ultraviolet emission. Coherent x rays in the water A simple picture of underlying physics in high-harmonic
window have been generated using high harmofiicg]. ~ €mission has been given by Cork{ifrb] and Kulandeet al.
The durations of extreme-ultraviolet femtosecond high-[16] using a semiclassical approach. In this picture, an in-
harmonic pulses have been measured by a cross-correlati#®nse laser pulse ionizes the outer electron of an atom by
technique[3]. The nonadiabatic effects in high-harmonic suppressing the Coulomb barrier binding the electron to the
generation with ultrashort pulses have been exam[déd atom, so that the electron can tunnel through the core poten-
The phase-matching conditions for optimal coherence ofial. Once free, the electron moves in the laser field and gain
high harmonics emitted by atoms in strong laser fields hav@ kinetic energy. When the laser field reverses, the electron
been studied5,6]. can reencounter the parent ion, and emit high harmonics if it
One of the recent topics of high-harmonic generation is itg/ndergoes stimulated recombination with the parent ion.
potential application to the generation of attosecond pulses. An analytic quantum theory of high-harmonic generation
Since the time scale for a Bohr orbit of ground-state hydrohas been suggested by Lewenstetral. [17]. This theory
gen is about 152 attoseconds, it is expected that attosecofi@covers the semiclassical interpretat{d’®,16 and allows
pulses will expand the horizon of ultrafast measurements t&S to calculate the harmonic spectrum.
include observing electronic processes. Several schemes for We use this simple analytical quantum mofET] in the
the generation of light pulses in the attosecond regime haveresent paper to study the generation of high harmonics from
been proposed_ ‘Hach has proposed a Fourier SynthesizerHe atoms illuminated by high-intensity femtosecond excita-
[7] that can generate subfemtosecond pulses by superpositii@n pulses. In order to understand the single-atom aspects
of equidistant frequencies from separate laser oscillators syr¢learly, we do not consider the propagation of the generated
chronized by a nonlinear phase-locking technique. FarkaBarmonic field in the nonlinear medium. We show that single
and Tah [8] have suggested a method of attosecond ligh@ittosecond pulses as well as trains of several attosecond
pulse generation that is based on a Fourier synthesis of equiulses, one per half a period, can be generated in the multi-
distant high harmonics. Harrist al. [9] have shown that a cycle regime of the driver pulse by performing the Fourier
strongly driven classical oscillator in a soft Coulomb poten-synthesis of the frequency components in relatively regular
tial will exhibit short bursts of acceleration and consequentlyregions of the harmonic spectrum.
produce ultrashort pulses of radiation. Cork@nal. have The paper is organized as follows. In Sec. Il we review
suggested the use of two short perpendicularly polarizeghe model and present the basic equations. In Sec. Il we
pulseq 10] to create a laser pulse whose polarization is lineaPerform a numerical analysis. Finally, Sec. IV contains con-
only during a short time, close to a laser period. Due to theclusions.
high sensitivity of harmonic generation to the degree of po-
larization ellipticity, the emission will be limited to this in- Il. MODEL
terval and, therefore, an attosecond pulse will be generated. \\.. ~;nsider an atom or an ion in the single-electron ap-
T pdcton of 3 of sever losecond s i s e e o 5 e V)
propagation have been numerically demonstrated by Antoin‘g}rfomIC units, which we use for all calculations in this paper,
et al. [11]. Schafer and Kulander have shown that the high e Schrainger equation takes the form

harmonics emitted when a nonlinear medium interacts with d
ia|\1’(r,t))=[—%V2+V(r)+E(t)-r]|\I'(r,t)). )

*Permanent address: Department of Physics, University of Hanotlere, V(r) is the effective potential of the outer electron
Hanoi, Vietnam. with respect to the nucleus. We assume that the system is

1050-2947/98/581)/3311(9)/$15.00 PRA 58 3311 © 1998 The American Physical Society



3312 FAM Le KIEN, KATSUMI MIDORIKAWA, AND AKIRA SUDA PRA 58

initially in the ground state, denoted i, which in general exd — ¥(t)— At')]. The electron recombines at tirhevith an

has a spherical symmetry. The peak amplitiieof the  amplitude equal to the last terdf (p+ A(t)) of the integral.

electric field is related to the peak intensity by |,=E3. In the case of hydrogenlike ground states, the field-free

We consider the case when the ionization potemfjas very  dipole matrix elements can be approximated by]

large compared to the laser-field photon ene&gyand the

ponderomotive energ)UszSMw2 is comparable to or 2712504 p

larger thanl ,, that is, whenJ ,=1,> w. In this regime, the d(p)=i— >3 (6)

electron undergoes tunneling transitions to the continuum (p*+a)

stategv), which we label by the kinetic momentuwmof the

outgoing electron. We assume that the contribution of al

bound states except the ground st@te to the evolution of

the system can be neglected. In the continuum, we treat t

electron as a free particle moving in the electric field with no

effect of V(r). r(t)=—thdr
In order to calculate the time-dependent dipole moment, 0

we have to evaluate(t) =(W¥(r,t)|r|¥(r,t)). According to ) .

the theory of Lewensteiet al.[17], we have Xexf —iSg(t,7) = y(t) = y(t— ) ]Jd* (ps+ A(t))

+c.c. (7)

yvith a=2l,.
The integral ovem in Eq. (2) can be evaluated by the
h%addle—point method. The result is

3/2
e T/Z) E(t—7)-d(ps+A(t—1))

r(t):—ifotdt’f d3p E(t")-d(p+A(t"))

Here, we have introduced the notation
xexd —iS(p,t,t")]exd — y(t) — y(t")]d* (p+A(t))

1t
+ec., @) ps=—7 ] AUAL) ®
h
where and
d(v)=(v|r|0)
i ) ) ) Ss(taT):S(psatyt_T)i (9)
is the atomic dipole matrix element for the bound-free tran-
sition, wherease is a positive regularization constant.
The harmonic amplitude, is obtained by Fourier trans-
Adt) = _f dtE(t) 3) forming the time-dependent dipole acceleratagh):
is the vector potential of the laser field, aq=%fTa(t)eiqwtdt' (10)
0
t 1
Lt :f dt"{ =[p+A(t")]?+I 4 .
S(p ) t! 2[p ()] P @ Herea(t)=r(t) is the dipole acceleration aridis the dura-

. . . ) _ o tion of the fundamental pulse. We apply a spectral filter to
is the quasiclassical action, andt) is the ionization rate.  ggject only the high frequency components starting from har-
For all calculations in this paper, the ionization rat@) is monicq,,;, to harmoniog,,.and then apply an inverse trans-

assumed to be a real function of time and is numerically,rm The intensity of the signal emitted by this synthesis is
estimated by using the Ammosov-Delone-KrainGvDK) given by

formula[18]
2

4eZ3 . (11)

2n* —3/2 I(t)= qmaxaqe—ithdq
n*4E()]

Amin

3e 3/2 ZZ
) r.|>~<9/2

ZY(t):WADKE(

v
573 We will use the above model to calculate the emission
exd — , (5) spectrum and the Fourier synthesis of the spectral compo-
3n*3|E(1)] nents. It has been shown by Antoieeal.[11] that, although
the harmonics in the plateau region are not strictly speaking
where Z is the charge of the atomic residue amd phase locked, the time-dependent single-atom emission con-
=Z(2||[,)‘1’2 is the effective principal quantum number. sists of a train of ultrashort pulses, with several pulses per
Equation(2) can be interpreted as a sum of probability half cycle, corresponding to various energetically allowed
amplitudes corresponding to the following processes: Thelectron trajectories giving rise to harmonic emission. Due to
firsttermE(t") - d(p+A(t")) in the integral is the probability the interference between these trajectories, the emission
amplitude for the electron to make a transition to the con-spectrum is highly structured. The interference is minimal in
tinuum at timet” with the canonical momentum The elec- the spectrum part, which is more or less regular. Therefore,
tronic wave function is then propagated until timand ac- we expect that the Fourier synthesis of a relatively regular
quires a phase factor given by the term [ex{8(p,t,t")]. part of the spectrum may select a single narrow pulse per
The depletion of the ground state is described by the ternhalf cycle.
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I1l. NUMERICAL RESULTS 0 T T T T
We will consider the situation when the laser electric field @
is linearly polarized along the direction. We denote the E 5 |
components of the vectoE(t), A(t), andps by E(t), A(t), g
andps, respectively. We study the case when the field with g
a time-dependent envelope is given as 5
K] 10 =
[
Tt 8
E(t)=E,sir?| — | coswt. (12 o
T )
S 15 .
The vector potential then reads S
Eo/sinw_t sinw,t sinwt 20 . . . .
A= W, —2 - (13 0 50 100 150 200 250

Harmonic order

wherew_=w—27/T andw,=w+27/T. When we insert
the above expression into E@), we find

1 €
ps=— —[F(t)—F(t—1)], (14 g
T g
where 3
K]
Eo/ coswt cosw_t COSw. t %
Fiy=—|2— ——————|. (15 =
4 ® w w4 é.
o
The value of the quasiclassical action at the saddle pointS
reads
Lo . -20 1 1 1 1
S{(t,7)=(1,—3p)7+3[G()-G(t- 7], (16 0 0100 e 20 20
where FIG. 1. Power spectral densities (lggcale of the dipole ac-
celeration of helium illuminated by the Ti:sapphire laser field with
E2 1 1 2 the wavelength 794 nm and the peak intensityx114™ W/cn?.
G(t)= 16| | 202 202 o2 t The duration of the driver field is 4 and 16 optical cycles in the
“- Wy @ casedqa) and (b), respectively.
_Sin20_t  sin2w.t sin2ot driver pulse is 4@ and 16(b) optical cycles. In femtosec-
403 4601 3 onds, the duration of the driver pulse is 10aband 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 characteristic
shape of the high-harmonic spectra: they fall off for the first
few well-resolved odd harmonics, then exhibit a plateau, and
end up with a sharp cutoff. The dip in the front of the plateau
occurs at the harmonic ordég/w, which is the ionization
potential in the unit of the photon energy and is approxi-
mately equal to 16 in the case considered. The cutoff occurs
]- 17 at the harmonic order [+ 3.1 )/ w, which is the energy,
in the unit of w, gained by the electron after tunneling and

We perform numerical calculations for He atoms, whosePscillating in the driver laser field, and is approximately
ionization potential id ,=24.58 eV. We consider the cases €qual to 180 in the case considered.

when the driver fields are generated by the Ti:sapphire and AS @ typical feature of the short-pulse regime, there is a
KrF lasers. complicated structure with broadening of the peaks and noise

between the peaks in the plateau region. Moreover, a super-
continuum near the cutoff occurs in the case of Fi@),1
where the pulse duration is 4 optical cycles. The observed
In this subsection, we use the Ti:sapphire laser for théyroadening of the harmonics is due to the rapid change in the
generation of the driver field. The wavelength and the periodiriver-pulse intensity. An electron that enters the continuum
of the driver pulse are 794 nm and 2.65 fs, respectively. while the pump intensity is increasing or decreasing experi-
We first consider the case when the peak intensity is 1.4nces an additional acceleration or deceleration and, conse-
X 10" W/cnm?. We show in Fig. 1 the power spectrymy|?>  quently, radiates with blueshift or redshift, respectively, after
in the logg scale for the cases when the duration of thereturning to recombine with the parent ion. Since the har-

1 [Sin(er—w_)t B si(w, +w_)t

w+w,[ W, —w_ w,tw_

2 [sinfw—w_)t 3 Si(w+ w_)t

wWw_ w— w_ w+w_

2 [sifo—w )t sifo+wo)t

Wwwy O—wi otw,

A. Ti:sapphire laser driver field
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monics in the plateau are produced over many optical cycles 0.4 . . . . T
they have a broad range of frequency shifts and underge@ (@)
large phase distortions. This explains why the spectrum be S
low the vicinity of the cutoff is highly structured. Since the = 03} -
harmonics at the end of the plateau are produced only during
a few cycles near the peak of the driver pulse, they undergcé
a simple broadening in the short-pulse regime; see Khy. 1
This broadening results in a supercontinuum near the cutof‘%
when the driver pulse is very short; see Figa)1 7
It is worth noting that the effect of the nonadiabatic
atomic response on the low-order harmonics is weaker thar
on high-order harmonics. Unlike the high-order harmonics,
the low-order harmonics with energies smaller than the ion- . . . . .
ization potential cannot be described by the two-step mode 0 4 5 0 > 4
[15,16]. The lowest harmonics are emitted due to the trajec- Time (fs)
tories corresponding to the case when the electron remains i
the ground state but experiences the near-to-node areas of tl_..
laser field. The acceleration of the electron moving along"g (o)
these trajectories is small. This is why the broadening of theg
lowest harmonics is small and simple compared to that of the® %3 [ 1
high harmonics. '
Comparison between Figs(al and Xb) shows that the £
high harmonics are stronger when the driver pulses are2 02 .
shorter. Furthermore, the plateaus of the harmonic spectr{“é
consist of several spectral bands separated by sharp drops
the harmonic intensity. Christost al. [13] have shown that
the spectral components of the bands are generated durin'é
different parts of optical cycles of the laser pulse. They haves
found that the harmonic generation by a very short pulseI o . A
ensures a good correspondence between the frequency al -4 2
time evolution of the harmonic emission. This effect can be

used to control the properties of the high harmonics and to FIG. 2. Time dependencies of the intensities of the superposi-
generate attosecond pulses. It has been sHd®&hthat, by tions of the spectral components in the bands between the 175th and

separating an appropriate spectral band with filters or broadyyg, harmonics of the power spectra shown in Fig. 1.
band mirrors, single attosecond pulses can be emitted in the

single-cycle regime of the driver laser field. We will apply in Figs. 2a) and 2Zb) are 1:0.42. Thus, the energy conversion
this method to the case of multicycle driver pulses. efficiency of the highest pulse in each generated train in-
We use a spectral filter to select only the frequency comereases when we decrease the number of optical cycles of the
ponents in the spectrum part between the 175th and 200tfriver field.
harmonics, which is relatively regular and near the end of the We can also generate attosecond pulses by combining the
plateau, and then apply an inverse transform. These higlow-order frequency components in front of the plateau. We
frequency components are produced due to the electron trghow in Fig. 3 the time development of the radiation ob-
jectories that pass through the peaks of the pump pulse wittained by the Fourier synthesis of the frequency components
brief bursts of acceleration. The time dependences of the the relatively regular spectrum region between the 5th and
intensities of the generated frequency-superposition pulsek0th harmonics of the spectrum in Fig(a@ The figure
are plotted in Fig. 2. Here we use, for convenience, the relashows the generation of a train of attosecond pulses. Due to
tive time calculated from the moment at which the driverthe small size and the sharp peak structure of the spectrum
pulse reaches its peak. Clearly, the 4-cycle driver pulse proregion between the 5th and 10th harmonics in comparison
duces a single 150-attosecond signal pulse, see K&, 2 with the region between the 175th and 200th harmonics, the
while the 16-cycle pulse generates a train of attosecondmplitudes of the pulses in Fig. 3 are much lower than those
pulses, one per half a period of the fundamental pulse; sei@ Fig. 2(@). Furthermore, the behavior of the optical oscilla-
Fig. 2(b). The number of generated attosecond signal pulsesons of the pulses in Fig. 3 is less regular than that of the
decreases when we decrease the number of optical cycles plilses in Fig. 2a). It should be emphasized here that in the
the driver field. region of low-order harmonics, where the parameters of Fig.
In the arbitrary units which are the same for both the Figs3 have been chosen, the theory of Lewensgial.[17] is a
2(a) and 2b), we calculate the areas of the generated pulsesrude approximation; there exist differences between the Le-
The area of the single pulse in FigaRis 1.67. The area of wenstein model and the exact numerical solution of the
the highest pulse in Fig.(B) is 2.80. When we normalize the Schralinger equation. These differences are due to the fact
areas of the generated pulses to the driver-pulse lengtlthat the effect of the Coulomb potential in the Lewenstein
which is proportional to the pump energy, we find that themodel is simply reduced to the ionization potential. How-
relative energy conversion efficiencies for the highest pulseever, since the Coulomb potential is not completely ne-
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Time (fs)

Harmonic electric field intensity (arb. units)
Log dipole acceleration spectrum

-

FIG. 3. Time dependence of the intensity of the superposition of _
the spectral components in the band between the 5th and 10th ha2
monics of the power spectrum in Fig(al

(arb. u

glected, the Lewenstein model is able to give a reasonabls
description of the high-order harmonic spectrum and some
principal features of the low-order harmonic region.

The generation of the above attosecond pulses is based ¢
the synthesis of a band of frequencies. These short pulse
correspond to the main trajectories of the elec{rbi]. The
phase locking, which plays an essential role in the synthesit
of equidistant frequencidd], is absent in the plateau of the
harmonic spectrum. We plot in Fig. 4 the phases of the spec
tral componentsy, . As seen, the harmonics below the cutoff
are not phase lockeld 1]. However, the phase is not com-
pletely random. Moreover, the behavior of the frequency de-
pendence of the phase at the end of the plateau is morg
regular than that at the beginning of the spectrum. B

In order to see the effect of the pulse intensity on attosec-g
ond pulse generation, we show in Figs. 5 and 6 the numerica.
results for the cases where the peak intensity of the drivei2

intensity

monic electric field

Har

e

pulse is 5< 10 W/cn? and 2<10'® Wicn?, respectively. £
The duration of the driver pulse in both cases is 4 optical§
cycles. Figures @) and Ga) show the harmonic emission £ 0.002 |
spectra. A comparison between Figga)l 5(a), and a) % ’
shows that the cutoff energy is higher when the peak inten-g
sity of the driver pulse is highdrl5,16. Figures %b) and g
T
4 T T T T 0
e < R0 g @ & SO N ° Timg (fs) ®
O o O
g gg%}%@gj%jﬁ o 84520 oot s o _—
2 _ °°<>%<> %0%(%0 0%% °g> £599% i FIG. 5. Harmonic emission in the case when the peak intensity
%@é&se@&%@ﬁf o0 ﬁ«%@i@& of the driver pulse from the Ti:sapphire laser ix 50 W/cn?.
5 8.5 Zg&o @038 0@? %% <§°%°°o°i%i° The duration of the driver pulse is 4 optical cyclés. Power spec-
g %Z@ @Ow&o 50 6&@ © o@o%oioioo tral density (log, scale of the dipole acceleratiorib) Time depen-
g 0 &Z:Z %"goeg‘g Q%ggpg; °®§9&®oio°<;>? i dence of the radiation from the supercontinuum band between the
£ 3’;3 jg» f@;%@?%o i&"g@“ 72nd and 90th harmonicgc) Time dependence of the radiation
& from the band between the 30th and 40th harmonics.

-15

-20

0.004

0.002

0.004
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Harmonic order

(b)

0
Time (fs)

6(b) show the time dependence of the radiation correspond-
ing to the supercontinuum spectral band between the 72nd
and 90th harmonics of the spectrum in Figa)5and the

50 100 150 200 250 supercontinuum band between the 244th and 280th harmon-

Harmonic order

ics of the spectrum in Fig.(8), respectively. The durations

FIG. 4. Phases of the spectral components of the dipole accebf the pulses in Figs.(6) and b) are 190 and 110 attosec-

eration. All the parameters are the same as for Fig. 1

onds, respectively. When we compare Fig&),25(b), and
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10 F 4

Log dipole acceleration spectrum
Log dipole acceleration spectrum

20 F -
-15 | .
-20 1 1 1 1 1 30 1 1
0 50 100 150 200 250 300 0 25 50 75
Harmonic order Harmonic order
T T T T T 0 T T
2 (b}
s 0.6 4
g g
< 3
z a
5 2
[0}
= 0.4 | . 2
B )
° 0.2 . 8
2 ©°
S 5
g -
[0
I
0 1 1 1 1 1 _30 1 1
-4 -2 0 2 4 0 25 50 75
Time (fs) Harmonic order
T T T T T FIG. 7. Power spectral densities (lggcale of the dipole ac-
.:g (c) celeration of helium illuminated by the KrF laser field with the
5 06 T wavelength 248 nm and the peak intensity 10' W/cn?. The
g duration of the driver field is 4 and 16 optical cycles in the cdaes
Zz and (b), respectively.
c
2 L i — . .
< 04 the spectrum in Fig. @), respectively. As seen, trains of
e attosecond pulses can also be produced by synthesizing the
2 spectral components at the beginnings of the plateaus. How-
% 02 - ] ever, the behavior of the trains is not as regular as in the case
2 of the supercontinuum bands near the ends of the plateaus.
g
z B. KrF laser driver field
0 2 0 2 4 6 We now use the driver field pulse from the KrF laser. The
Time (fs) wavelength and the period of the driver pulse are 248 nm

nd 0.83 fs, respectively.

FIG. 6. Harmonic emission in the case when the peak intensit L .
P 7 We show in Fig. 7 the power spectruy,|? in the log,

of the driver pulse from the Ti:sapphire laser ix 20'° W/cn?. ! , .
The duration of the driver pulse is 4 optical cyclés. Power spec- scale for the case when the peak intensity of the driver pulse

tral density (log, scalé of the dipole acceleratiorib) Time depen- 1S 1X 10 W/(_:mz- The duration of the driver pulse is(d)
dence of the radiation from the supercontinuum band between th@nd 16(b) optical cycles. In femtoseconds, the duration of
244th and 280th harmonicéz) Time dependence of the radiation the driver pulse is 3.31a) and 13.24(b) fs. For the chosen
from the band between the 40th and 60th harmonics. parameters, the ionization is substantially complete on the
leading edge of the driver pulse, that is, before the pulse
6(b), we see that the duration of the attosecond pulse correéntensity reaches its maximum. As seen, the drop of the spec-
sponding to the supercontinuum spectral band near the ertdum from the first few harmonics is not as clear as in the
of the plateau is shorter when the peak intensity of the drivecase of the Ti:sapphire laser. The reason is that the quantity
pulse is higher. Figures(§ and &c) show the time depen- |,/ corresponding to the harmonic order from which the
dence of the radiation corresponding to the spectral banglateau is expected to start has a small vajyieo~5 in the
between the 30th and 40th harmonics of the spectrum in Figase of the KrF laser. Comparison between Figs) @nd
5(a) and the band between the 40th and 60th harmonics of(b) shows that the cutoff energy is extended towards shorter
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0.1 T T T 12 T T T

Harmonic electric field intensity (arb. units)
Harmonic electric field intensity (arb. units)

0.05 -
4 4
O 1 e 1 0 1 1
2 -1 0 1 2 2 -1 0 1 2
Time (fs) Time (fs)
0.001 T T T FIG. 9. Time dependence of the intensity of the superposition of
(b) the spectral components in the band between the 5th and 15th har-

monics of the power spectrum in Fig(aJ.

the radiation obtained by the Fourier synthesis of the fre-
quency components in the region between the 5th and 15th
harmonics of the spectrum in Fig(af. The duration of the
0.0005 |- T generated pulse is approximately 100 attoseconds. Note that
the amplitude of this pulse is much higher than that of the
pulses obtained in Fig.(8), where the synthesis of spectral
components between the 30th and 40th harmonics is per-
formed. The reason is very simple: since the effect of atom
ionization is weak for the low-order harmonics and strong
0 - . for the high-order harmonics, the spectral density of the har-
-3 -2 A 0 1 monics near the beginning of the plateau is higher than the
Time (fs) density of the high harmonics near the end of the plateau.

FIG. 8. Time dependencies of the intensities of the superposiSiNce the Lewenstein modgl7] is a crude approximation in

tions of the spectral components in the bands between the 30th atBe region of low-order harmonics., there may be some dif-
40th harmonics of the power spectra in Fig. 7. ferences between the results of this model and the exact nu-

merical solution of the Schdinger equation. However, we

wavelengths when the number of optical cycles is decreaseekpect that these differences do not change our principal
[1,4,6. The reason is that, since the ionization rate is highstatement about the possibility of trains of attosecond pulses
the atom can survive higher laser intensity when the pulsén the low-order harmonic region. The main reason is that the
duration is shorter. Recently, Chaegal.[1] have obtained Coulomb potential is not completely neglected in the Lewen-
an interesting analytical expression for the explicit depenstein model. For the KrF laser, there is another reason: the
dence of the cutoff energy on the atomic and laser paranmphoton energy and, consequently, the energies of harmonics
eters, which clearly shows that the use of shorter drivenof this laser are high.
pulses should result in the generation of harmonics of higher We show in Figs. 10 and 11 the numerical results for the
order. cases where the peak intensity of the driver pulse is 5

We plot in Fig. 8 the time dependences of the intensities< 10'> W/cn? and 1.5< 10*® Wi/cn?, respectively. The du-
of the pulses obtained by using a spectral filter to select onlyation of the driver pulse in both cases is 4 optical cycles.
the frequency components in the region between the 30tRigures 10a) and 11a) show the harmonic emission spectra.
and 40th harmonics, which is relatively regular and near thd=igures 10b) and 11b) show the time dependence of the
end of the plateau. Here we again use the relative time cakadiation corresponding to the supercontinuum spectral band
culated from the moment at which the driver pulse reachesetween the 23rd and 30th harmonics of the spectrum in Fig.
its peak. The figures clearly show the generation of singlel0(a) and the supercontinuum band between the 40th and
attosecond pulses as well as trains of attosecond pulses, 086th harmonics of the spectrum in Fig. (&l respectively.
per half-a-period of the fundamental pulse. The shortest duthe durations of the pulses in Figs.(bpand 11b) are 150
ration of the pulses in the trains is about 100 attosecondsand 80 attoseconds, respectively. When we compare Figs.
When we decrease the duration of the driver pulse, the nun8(a), 10(b), and 11b), we see that the duration of the attosec-
ber of attosecond signal pulses in each train decreases aondd pulse corresponding to the supercontinuum spectral band
the energy conversion efficiency of the highest pulse innear end of the plateau is shorter when the peak intensity of
creases. the driver pulse is higher. Figures @D and 11c) show the

It is also possible to generate attosecond pulses by conmime dependence of the radiation corresponding to the spec-
bining the frequency components which are at the beginningral band between the 7th and 15th harmonics of the spec-
of the plateau. We show in Fig. 9 the time development oftrum in Fig. 1@a) and the band between the 7th and 15th

Harmonic electric field intensity (arb. units)
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FIG. 10. Harmonic emission in the case when the peak intensity FIG. 11. Harmonic emission in the case when the peak intensity
of the driver pulse from the KrF laser is>x&10'® W/cn?. The of the driver pulse from the KrF laser is X80 Wicn?. The
duration of the driver pulse is 4 optical cyclds) Power spectral duration of the driver pulse is 4 optical cyclés) Power spectral
density (log, scale of the dipole accelerationb) Time depen- density (logg scalg of the dipole acceleration(b) Time depen-
dence of the radiation from the supercontinuum band between thdence of the radiation from the supercontinuum band between the
23rd and 30th harmonicgc) Time dependence of the radiation 40th and 60th harmonicgc) Time dependence of the radiation
from the band between the 7th and 15th harmonics. from the band between the 7th and 15th harmonics.

. . . . IV. CONCLUSIONS
harmonics of the spectrum in Fig. (B8], respectively. As

seen, trains of attosecond pulses can also be produced by We have studied the generation of high harmonics from
synthesizing the spectral components at the beginnings of tHde atoms illuminated by high-intensity femtosecond excita-
plateaus. However, the behavior of the trains is not as reguldion pulses from the Ti:sapphire and KrF lasers. We have
as in the case when the spectral band for synthesis is near tkbown that by performing the Fourier synthesis of the spec-
end of the plateau. tral components that are near the end of the plateau, single



PRA 58 ATTOSECOND PULSE GENERATION USING HIGH ... 3319

attosecond pulses as well as trains of several attosecond Practical consideration of the high-harmonic generation
pulses, one per half a period, can be generated in the multprocess requires an understanding of propagation effects,
cycle regime of the driver pulse. For the parameters of thavhich have not been addressed in this paper. In order to
calculations, the shortest durations of the pulses in the trainstudy such effects, one needs to solve the wave equations,
are found to be about 110 attoseconds in the case of thgsing the dipole moments as source terms. One may antici-
Ti:sapphire laser and 80 attoseconds in the case of the Krpate that the intensity dependence of the phase of the dipole
laser. We have shown that the number of attosecond highmoment has a strong influence on the propagation and can
harmonic pulses in each train decreases and the energy cdead to strong spatial distortion as well as spectral broaden-
version efficiency of the highest pulse in the train increasesng. However, the coherence of the harmonics can be con-
when we decrease the number of optical cycles of the drivetrolled and optimized by choosing appropriately the geom-
field. It is also possible to generate attosecond pulses bgtry of the interaction and the position of the laser focus
combining the frequency components in the bands which areelative to the nonlinear medium. In addition, the phase mis-
positioned at the beginning of the spectrum or in front ormatch due to focusing can be ameliorated by making the gas
middle of the plateau. However, the behavior of the opticaltarget thin. A special analysis of the effect of propagation on
oscillations of the pulses obtained in this way is less regulathe durations and coherent properties of the generated pulses
than the behavior of the pulses generated by the synthesis wfill be the subject of a future work. Furthermore, since the
the spectral components in the bands which are near the eh@wenstein model is a crude approximation in the region of
of the plateau. Furthermore, we have shown that the duratiolow-order harmonics, an additional study involving the exact
of the attosecond pulse corresponding to the supercontinuunumerical solution of the Schdinger equation will be re-
spectral band, which is near to end of the plateau, is shortequired for the attosecond pulses from this region of the har-
when the peak intensity of the driver pulse is higher. monic spectrum.
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