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It is proposed that single attosecond pulses be generated by gating high-order harmonic emission with fields
whose ellipticity varies rapidly with time. The laser pulse with a time-dependent ellipticity is created from two
5-fs laser pulses centered at 750 nm and separated by 5 fs. One of the laser pulses is left-circularly polarized
and the other is right-circularly polarized. Numerical simulations show that when neon atoms are driven by
such laser pulses, the generated high-order harmonic spectrum in the 25th to the 85th orders are a supercon-
tinuum that corresponds to single attosecond pulses. A simple analytical expression is derived for estimating
the high-harmonic radiation time.
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I. INTRODUCTION

Attosecond pulses are important tools for studying and
controlling the motion of electrons inside atoms[1–4]. Until
now, high-order harmonic generation(HHG) has been the
only method that has produced single attosecond pulses
[5,6]. A typical high-order harmonic spectrum shows that
with the increase of harmonic order, the signal intensities fall
off drastically for the first few low orders, then the intensities
remain almost constant for many orders that form a plateau
and finally the intensity drops abruptly for the highest orders,
which have named the cutoff[3]. The harmonic generation
process can be described by a three-step semiclassical model
[7,8], i.e., an electron first tunnels out of the Coulomb poten-
tial barrier suppressed by the field and moves away from the
ion, then the freed electron is driven back and accelerated
when the laser field direction is reversed, finally it recom-
bines with the ion. During the last step, an attosecond pulse
is emitted.

The recollision that generates the cutoff harmonics occurs
every half of an optical cycle, which results in two attosec-
ond pulses per laser period[9]. The number of recollisions
double for the generation of plateau harmonics, because
there are two energy-degenerate electron trajectories per one
half of a laser cycle that correspond to two recollisions[10].
Consequently, up to four attosecond pulses can be produced
per laser cycles. At the present time, the shortest intense laser
pulse is,5 fs and centered at 750 nm, which is about two
laser periods long. When it excites atoms to generated high-
order harmonics, roughly three to four attosecond pulses are
produced in the plateau region of the spectrum. The interfer-
ence of the attosecond pulses produces discrete and well-
resolved harmonic peaks[11,12]. Single attosecond pulses
have been produced at the cutoff region only, i.e., in the laser
cycle near the peak of the laser pulse. There are drawbacks to
producing single attosecond pulses at the cutoff. The har-
monic intensity there is lower than that in the plateau region.
Furthermore, one needs to change the laser intensity and gas
parameters to produce attosecond pulses at different wave-
lengths.

Harmonic generation driven by circularly or elliptically
polarized laser pulses is much less efficient than that from a
linearly polarized laser field[13,14]. In a circular laser field,
the electron misses the ion when it returns. Since the high
harmonic yield is sensitive to ellipticity of the laser field, it
was proposed almost ten years ago that single attosecond
pulses could be produced by laser pulses with a time-
dependent ellipticity[15]. When the ellipticity varied from
circular to linear, and then back to circular inside a laser
pulse envelope, only the linearly polarized portion produced
harmonics. In other words, the harmonic generation process
is gated by the polarization of the laser pulse. It was pro-
posed that the pulses with a time-dependent ellipticity could
be formed by combining a left-circular pulse and a right-
circular pulse with a certain delay[16]. The scheme is easier
to implement than the superposition of two pulses with dif-
ferent center wavelengths as proposed in[15]. In [16], simu-
lations were done for the superposition of two 20-fs circular
laser pulses. Single attosecond pulse generation was pre-
dicted by selecting harmonics spatially. The proposed spatial
filtering scheme is hard to realize experimentally.

In this paper, we propose to create the laser field whose
ellipticity varies with time with two few-cycle circular
pulses. By doing so, the polarization gating time is so short
that single attosecond pulses can be generatedwithout spa-
tial filtering. The proposed method can be tested by using
sub-10fs laser pulses from a hollow-core fiber/chirped mirror
compressor. The paper is organized as follows: In Sec. II, we
present a simple analytical expression for harmonic genera-
tion with pulses whose ellipticity varies with time. In Sec.
III, the numerical simulation method is described. In Sec. IV,
the simulation results for attosecond pulse generation with
pulses whose ellipticity varies with time are presented. Fi-
nally, we discuss the results in Sec. V.

II. ANALYSIS OF HHG WITH PULSES WITH A
TIME-DEPENDENT ELLIPTICITY

The pulse with a time-dependent ellipticity is generated
by the superposition of a left and a right-circularly polarized
Gaussian pulse as proposed in[16]. The peak field amplitude
E0, carrier frequencyv, pulse durationtp and carrier-
envelope phasef are the same for the two pulses. The delay*Electronic address: chang@phys.ksu.edu
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between them isTd, which is an integral number,n, of opti-
cal periods. The electric fields of the left and right circularly
polarized pulses propagating in thez direction are

EW lstd = E0e
−2 lns2d„st − Td/2d/tp…

2
fx̂ cossvt + fd + ŷ sinsvt + fdg

3s− 1dn, s1d

EW rstd = E0e
−2 lns2d„st + Td/2d/tp…

2
fx̂ cossvt + fd − ŷ sinsvt + fdg

3s− 1dn, s2d

where x̂ and ŷ are unit vectors in thex and y directions,
respectively.

The electric field of the combined pulse is

EW std = E0hx̂fe−2 lns2d„st − Td/2d/tp…
2
+ e−2 lns2dsst + Td/2d/tpd2g

3cossvt + fd+ ŷfe−2 lns2dfst − Td/2d/tpg2

− e−2 lns2dfst + Td/2d/tpg2gsinsvt + fdjs− 1dn, s3d

and the time-dependent ellipticity of the combined pulse is

jstd =
ue−2 lns2d„st − Td/2d/tp…

2
− e−2 lns2d„st + Td/2d/tp…

2
u

e−2 lns2d„st − Td/2d/tp…
2
+ e−2 lns2d„st + Td/2d/tp…

2 =
u1 − e−4 lns2dsTd/tp2dtu
1 + e−4 lns2dsTd/tp2dt . s4d

Figure 1 shows the calculated ellipticity of the combined
pulse using Eq.(4) when Td=tp. The ellipticity decreases
linearly with utu in the center portion.j=0 at t=0, i.e., the
light is linearly polarized. For harmonic order higher than the
21st, the harmonic signal drops by more than an order of
magnitude when the ellipticity increases from 0 to 0.2
[13,14]. Therefore, we are interested only in the temporal
range where the field is almost linearly polarized, i.e.,
4 lns2dsTd/tp

2dt!1, which yields

jstd < U2 lns2d
Td

tp
2 tU . s5d

The linearity of Eq.(5) is also shown in Fig. 1. Clearly it is
a good approximation of Eq.(4) for small t. The time inter-

val, wherein the ellipticity is less than a certain valuej, is
thus

dt =
1

lns2d
j

tp
2

Td
. s6d

It suggests that there are two ways to reduce the high
harmonic radiation time. One is to use shorter pulses and the
other is to increase the delay between the pulses. The former
is more effective because the radiation time depends on the
square of the pulse duration. In other words, the shortest
available laser pulses should be used. The latter approach is
at the cost of losing laser field strength, which needs to be
considered when the pulse energy available is limited as in
the case when the pulses are produced from a hollow-core
fiber pulse compressor. The amplitude of the linear field for a
given delay and pulse duration can be calculated from Eq.
(3) at t=0,

Es0d = 2E0e
f−lns2d/2gsTd/tpd2. s7d

The field is significantly lower than the peak field of each
pulse,E0, for Td@tp. A good compromise is to chooseTd
=tp, which givesEs0d=Î2E0. Then

dtjø0.2= 0.3tp, s8d

which is also shown in Fig. 1.
Equation(8) indicates that for high harmonic generation,

the combination of two circular pulses is equivalent to the
reduction of the duration of a linearly polarized pulse by
more than a factor of three without significant loss of the
laser field strength. For the 20-fs laser pulse duration simu-
lated in [16], dtujø0.2<6 fs, which is more than one laser
period of a Ti:sapphire lasers,2.5 fsd, attosecond pulse train
are generated in the plateau region. In this case, the authors
of [16] proposed to extract single attosecond pulses by spa-
tially filtering the harmonic beams with pinholes. We pro-

FIG. 1. The time-dependent ellipticity of the laser pulse formed
by the combination of a left-hand circularly polarized pulse and a
right-hand circularly polarized pulse. The pulse duration for each
pulses istp and the delay between them isTd.
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pose to generate single attosecond pulses by polarization gat-
ing with laser pulses shorter than 10 fs. As an example, the
harmonic emission timedtjø0.2=1.5 fs for the laser pulses
with tp=5 fs andTd=5 fs. In such a short interval, it is ex-
pected that only one attosecond pulse is produced in the
plateau region of the spectrum. Since spatial filtering is not
necessary, the new scheme is easier to implement experimen-
tally.

III. THE SIMULATION METHOD

In high-order harmonic generation experiments, the mea-
sured harmonic signal is the coherent superposition of the
radiation from all the atoms in the laser-atom interaction re-
gion. The circularly polarized laser pulses used to form the
pulse with a time-dependent ellipticity were assumed to have
a Gaussian shape with a carrier wavelength centered at
0.75mm. In the next section, high harmonic generation from
a neon gas target is simulated. First, the harmonic generation
from the single atom driven by a pulse with time-dependent
ellipticity is simulated using the Lewenstein model[17], then
the macroscopic harmonic signal is calculated by solving a
three dimensional wave equation for the harmonic field. The
purpose of this work was to show the general nature of the
polarization gating with a sub-10 fs laser pulse, not to simu-
late any particular experiments.

The Lewenstein model can be considered as the quantum
expression of the three-step model[7,8], with which the di-
pole moment of an atom in the time domain,rWstd, is calcu-
lated with the integral,

rWstd = iE
0

`

dtS p

« + it/2
D3/2

dW*fpWsst,td − AW stdga*stde−iSspWs,t,td

3EW st − td ·dWfpWsst,td − AW st − tdgast − td + c.c., s9d

whereEW std is the electric field of the laser pulse with a time-

dependent ellipticity described by Eq.(3). AW std is the vector

potential.« is a small number,pWsst ,td=et−t
t dt9AY st9d /t is the

canonical momentum of the electron corresponding to a sta-
tionary phase.SspW ,t ,t8d is the quasiclassical action of the
electron.Ip=21.56 eV is the ionization potential of the neon
atom.astd is the ground-state amplitude, which is calculated
by the ADK theory [18,19]. The neon atom is chosen to
avoid significant depletion of the ground state at the calcu-
lated intensity, 631014 W/cm2. Several experiments were
done with neon gas at similar intensities and 5–7 fs linearly

polarized pulses were used[11,12]. Finally dWfpWs−AW stdg is the
field-free dipole transition matrix element between the
ground state and the continuum state,

dWspWd = i
27/2

p
a5/4 pW

spW2 + ad3 , s10d

wherea=2Ip. Harmonic orders higher than the 21st are con-
sidered in this work. The photon energy of the 21st order is
34.72 eV, which is significantly larger than the ionization
potential of the neon atom. The Keldysh parameter wasg
=ÎIp/2U

p
=0.59,1 at the chosen intensity, whereUp is the

ponderomotive potential. The Lewenstein model is valid un-
der these conditions.

The dipole moment along thex̂ direction of the laser field,
xstd, is calculated by the integral,

xstd = iE
0

`

dtS p

« + it/2
D3/2

dx
*fpWsst,td − AW stdge−iSspWs,t,tdhExst

− td ·dxfpWsst,td − AW st − tdg + Eyst − td ·dyfpWsst,td

− AW st,tdguastdu2 + c.c., s11d

and the dipole moment along theŷ direction is calculated by

ystd < iE
0

`

dtS p

« + it/2
D3/2

dy
*fpWsst,td − AW stdge−iSspWs,t,td

3hExst − td ·dxfpWsst,td − AW st − tdg + Eyst

− td ·dyfpWsst,td

− AW st − tdgjuastdu2 + c.c., s12d

where

dx
*
„pWsst,td − AW std…

= − i
27/2

p
a5/4

3
ps,xst,td − Axstd

hfps,xst,td − Axstdg2 + fps,yst,td − Aystdg2 + aj3 ,

s13d

dy
*
„pWsst,td − AW std…

= − i
27/2

p
a5/4

3
ps,yst,td − Aystd

hfps,xst,td − Axstdg2 + fps,yst,td − Aystdg2 + aj3 .

s14d

The expressions for the matrix elementsdx(pWsst ,td−AW st
−td) and dy(pWsst ,td−AW st−td) are similar to Eqs.(13) and
(14) except the vector potential is at the timet−t. The two
components of the momenta are calculated byps,xst ,td
=et−t

t dt9Axst 9 d /t, andps,yst ,td=et−t
t dt9Ayst 9 d /t.

Finally, the action is calculated by

SspWs,t,td = Ipt −
1

2
fps,x

2 st,td + ps,y
2 st,tdg +

1

2
E

t−t

t

dt 9 fAx
2st 9 d

+ Ay
2st 9 dg. s15d

Single atom calculations show that the amplitude of the
harmonic spectrum amplitude alongŷ is much smaller than
that alongx̂, thus, only the latter is considered in this paper.
The ŷ component is negligible because the laser field is
aligned to thex̂ direction when it is almost linearly polarized.

The macroscopic harmonic signal from all the atoms in
the target is calculated by solving the wave propagation
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equation in the moving frame for the harmonic field,
EsvH ,r ,zd, in the frequency domain[11],

¹'
2 EsvH,r,zd −

2ivH

c

] EsvH,r,zd
] z

= − vH
2 m0PnlsvH,r,zd,

s16d

where vH is the frequency of the harmonic field,r is the
transverse coordinates,z is the propagation coordinates in the
moving frame that has the same value as in the laboratory
frame,c is the speed of light in vacuum, andm0 is the per-
meability of free space. The nonlinear polarization
PnlsvH ,r ,zd~xsvH ,r ,zd, andxsvH ,r ,zd is dipole moment of
an atom atsr ,zd that is the Fourier transform of thexst ,r ,zd
calculated with Eq.(11) for that atom. This is called nona-
diabatic approach[20,11].

The laser is a Gaussian beam propagating in thez direc-
tion. Cylindrical symmetry with respect to thez axis is as-
sumed. The beam waist at the focus isw0=25 mm, which
gives a Rayleigh rangezR=2.6 mm. A 1 mm long gas target
is centered at 2 mm after the laser focus. The atomic density
of the target is assumed to be a constant. Equation(16) is
solved numerically for each frequency in a spatial grid. The
numbers of frequency is on the order on 1012. The numbers
of grid point are 100 in ther direction and are 400 in thez
direction. The single atom dipole moments at the grid points
are calculated first and then are entered into Eq.(16) through
the polarizationPnlsvH ,r ,zd. Plasma effects are ignored in
the simulation. The output spectrum is calculated by adding
up the power spectrum at each transverse point at the exit of
the target[11].

To obtain the harmonic pulse in the time domain, a square
spectral window is applied to the harmonic spectrum at each
transverse point at the exit of the target, and inverse Fourier
transforms are performed to obtain the harmonic pulse for
that point. The pulses of all the points are summed up to
obtained the final pulse intensity. The narrowest window that
supports harmonic pulses less than 1 fs is determined by the
uncertainty principle. For square windows with widthDvh,

th
Dvh

2p
< 1, s17d

whereth is the FWHM of the sinc function in the time do-
main. Forth=1 fs, "Dvh=4.14 eV that is a little less than
three times the photon energys"v=1.65 eVd of the driving
laser. In our simulations, the width of the square window is
DW=6"v=9.9 eV to reduce the effect of the window on the
harmonic pulse duration.

IV. HHG USING PULSES WITH A TIME-DEPENDENT
ELLIPTICITY

For the comparison with harmonic generation driven by
the laser pulse with a time dependent ellipticity, the harmonic
spectrum is simulated for Ne atoms excited by a single,lin-
early polarized 5 fs pulse at 631014 W/cm2. In this case,
the electric field of the pulse,

EW std = x̂E0e
−2 lns2dst/tpd2 cossvt + fd. s18d

The harmonic spectrum from a single atom is shown in Fig.
2(a), the carrier-envelope phase of the laser is assumed to be
f=0 radian. The noiselike spectrum from a single atom is
cleared up by the propagation that is calculated by the three
dimensional wave equation. Well-resolved, odd harmonic or-
ders are observed across the whole plateau, which was pre-
dicted previously in the calculation of[11] and was observed
experimentally[11,12]. The two spectra are plotted in one
figure to compare their structure, while their relative intensi-
ties are labeled arbitrarily.

Figure 2(b) shows the intensity normalized harmonic
pulses corresponding to the selection ofDW=6"v around
the 55th, and the 85th orders. The pulses centered at the 55th
order represent the pulses in the plateau region, while the
pulses centered at the 85th order are in the cutoff. For the
former type of pulses, the single atom result is very different
from the three dimensional one. It is well known that there
are two dominant trajectories for the plateau harmonics, each
trajectory produce an attosecond pulse. However, the long
trajectory contribution is suppressed by the propagation be-
cause its phase depends strongly on the laser intensity
[21,10]. That is why the number of attosecond pulses is less
in the 3D case.

In the 3D case, the discrete orders in the plateau region
correspond to attosecond pulse trains, i.e., three attosecond
pulses separated by one half of a laser cycle. The number of
pulses is determined by the number of recollisions between
the field-liberated electron and the parent ion. The pulse du-
ration of 5 fs(or two cycles) allows for three to four recol-
lisions. The discrete order peaks in Fig. 2(a) were the results
of the interference between the attosecond pulses. An anal-
ogy of this is the multislit interference in space. In order to
generate a single attosecond pulse in the plateau, the duration
of the driving pulse must be shorter than one optical cycle
s2.5 fsd. The generation of a single attosecond pulse with
transient phase matching and rapid ionization using lasers
pulse longer than the laser period has been investigated.
Though it has yet to be demonstrated experimentally that the
duration of the high-order harmonic pulse is indeed less than
1 fs [22].

There is only one attosecond pulse in the cutoff, which is
the emission from a single recollision for the electron freed
near the peak of the laser pulse. In fact, there is only one
trajectory for the cutoff harmonics, thus the phase matching
does not change the number of pulses in this case. Since the
cutoff location is determined primarily by the laser intensity,
i.e., hycutof f= Ip+3Up, whereUp is proportional to the laser
intensity, one needs to change the laser intensity to tune the
wavelength of the single attosecond pulses.

For 5 fs laser pulses, the harmonic spectra at the cutoff
are sensitive to the carrier-envelope phase, which has been
simulated before and is repeated by us. In Fig. 3(c), the spec-
trum correspond to a phasef=0 is compared with that of
f=p /2. The resolvable harmonic peaks in the cutoff forf
=p /2 is the result of the interference between two attosec-
ond pulses. Recently, single attosecond pulses have been
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generated by using 5 fs pulses with the stabilized carrier-
envelope phase.

In [16], simulations were done for the generation of high-
order harmonics with pulses whose ellipticity varies with
time. The pulse duration of each circular pulse was 7.5
cycles long and the delay between them was 10 cycles. The
simulation is repeated here using the method described in
Sec. III for laser pulses centered at 750 nm, which corre-
sponded to two 18.75 fs circular pulses with a 25 fs delay.
The carrier-envelope phases of the circular pulses are 0 ra-
dian. The peak intensity of the linear portion is 6
31014 W/cm2. The harmonic spectra from single atom and
from 3D propagation are shown in Fig. 3(a). As in the case
of harmonic generation using linearly polarized laser, the
phase-matching clears up the spectrum. Well-resolved har-
monic orders are seen over the whole spectrum of the 3D
result, which indicates that two or more attosecond pulses
are generated at the plateau and at the cutoff. The harmonic
pulses for two center frequencies are shown in Fig. 3(b). For

FIG. 2. (a) Comparison of the high-order harmonic spectrum
from a single atom(solid line) with the result of the three-
dimensional propagation(dot line). The gas target is neon gas driv-
ing by a linearly polarized laser pulse. The pulse duration is 5 fs
centered at 0.75mm. The peak intensity is 631014 W/cm2. The
carrier-envelope phase of the laser pulse is 0 radian.(b) Effects of
propagation on the high harmonic pulses at the plateau region(cen-
ters at 55"v) and at the cutoff region(centers at 85"v). The spec-
trum window is 9.9 eV. The solid line corresponds to the single
atom calculation and the dot line is from the three-dimensional
propagation simulation.(c) The effects of the carrier-envelope
phase on the high harmonic spectra. The dot line and solid line
correspond tof=0 andf=p /2, respectively.

FIG. 3. (a) The high-order harmonic spectra from neon atoms
driving by a laser pulse with a time-dependent ellipticity. The dot
line corresponds to the single atom calculation and the solid line is
from the three-dimensional propagation simulation. The laser pulse
is formed by the combination of a left-hand circularly polarized
pulse and a right-hand circularly polarized pulse. The pulse duration
for both pulses is 18.75 fs and the delay between them is 25 fs. The
peak intensity is 631014 W/cm2. The carrier-envelope phase of the
laser pulse is 0 radian.(b) The high harmonic pulses centered at two
different frequencies: 55"v and 85"v. The spectrum window is
9.9 eV. The solid line correspond to the single atom calculation and
the dot line is from the three-dimensional propagation simulation.
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a single atom, four pulses are generated when their energies
are centered at the 55th which is in the plateau region. How-
ever, two of them correspond to the long trajectories that are
suppressed by the phase-matching. Consequently, only two
attosecond pulses are left after the propagation as the 3D
simulation shows. For the cutoff orders, both the single atom
calculation and the 3D simulation show that two attosecond
pulses are produced. This is because there is not one trajec-
tory for the generation of cutoff harmonics. The authors of
[16] suggested the extraction of a single attosecond pulse
with pinholes.

The number of attosecond pulses in the plateau region
shown in Fig. 3(b) is almost the same as that in Fig. 2(b),
while a single 5 fs linearly polarized laser pulse is used. The
results could be explained by the analysis in Sec. II. For the
given pulse with a time-dependent ellipticity, the duration of
the “linear” portion wasdtj,0.2<0.3s18.752/25d<4.2 fs,
which was close to the duration of the linear pulse, 5 fs. In
other words, for the generation of plateau harmonics, the

FIG. 4. (a) The high-order harmonic spectra from neon atoms
driving by a laser pulse with a time-dependent ellipticity. The solid
line corresponds to the single atom calculation and the dot line is
from the three dimensional propagation simulation. The laser pulse
is formed by the combination of a left-hand circularly polarized
pulse and a right-hand circularly polarized pulse. The pulse duration
for both pulses is 5 fs and the delay between them is 5 fs. The peak
intensity is 631014 W/cm2 . The carrier-envelope phase of the
laser pulse isf=p /2 radian.(b) The high harmonic pulses centered
at four different frequencies: 25"v, 45"v, 65"v, and 85"v. The
spectrum window is 9.9 eV. The results are obtained from the
single atom calculation.(c) The attosecond pulses from the three-
dimensional propagation simulation.

FIG. 5. (a) The high-order harmonic spectra from neon atoms
driving by a laser pulse with a time-dependent ellipticity formed by
the combination of a left-hand circularly polarized pulse and a
right-hand circularly polarized pulse. The pulse duration for both
pulses is 5 fs and the delay between them is 5 fs. The peak intensity
is 631014 W/cm2. The dot line is when the carrier-envelope phase
of the laser pulse isp /2 radian and the solid line is when the phase
equals zero.(b) The high harmonic pulses centered at 85"v. The
spectrum window is 9.9 eV. The upper curve(dot line) is when the
carrier-envelope phase isp /2 radian. The lower curve(solid line) is
for the phase equaling zero and its intensity is normalized to the
upper one.
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polarization gating is equivalent to reducing the linear pulse
duration from 18.75 fs to 4.2 fs.

To avoid the technique difficulties of placing pinholes in
the strong laser field as proposed in[16], i.e., the damage of
the pinholes by the laser beam, we propose to use sub-10 fs
ellipticity-dependent laser pulses for the polarization gating.
Figure 4(a) showed the harmonic spectra without using any
pinholes for the two circular pulses with 5 fs FWHM dura-
tion and withf=p /2 rad carrier-envelope phases. The delay
between the two pulses is also 5 fs(two optical cycles). The
peak intensity of the linear portion of the pulse with a time-
dependent ellipticity is 631014 W/cm2. The 3D result
shows that for orders above the 25th harmonic, the harmonic
spectrum is a supercontinuum.

The phase-matching plays an important role in the gen-
eration of single attosecond pulses. In the plateau region, two
attosecond pulses are emitted from a single atom. As shown
in Fig. 2(b). The first one corresponds to the short trajectory
(labeled byt1) and the second one corresponds to the long
trajectory (labeled byt2). This is true for all of the four
center frequencies. The modulation in the single atom spec-
trum is the results of the interference between the two pulses.
The modulation period increase with the harmonic order be-
cause the pulse separation decreases. The spatial analogy is
the Young’s two-slit experiment with a variable split separa-
tion. After propagation, only the short trajectory survives, as
shown in Fig. 4(c). The duration of the pulses are a little less
than 400 attoseconds for the four different central frequen-
cies located in a range from the deep plateau to the cutoff.
The modulation depth of the 3D spectrum is much smaller
than the single atom one because there is only one pulse left
in the 3D case. The spatial analogy is the change of interef-
erence pattern when one of the slit is blocked in the Young’s
experiment. For the clearness of presentation, the pulse in-
tensities are normalized in Figs. 4(b) and 4(c). It is noticed
that the emission time also depends on the central frequency.
For example, the attosecond pulse centered at the 85th order
is delayed by,0.3 optical period as compared to the pulse
centered at the 25th order. This is because the emission and
recollision time are different for different harmonic orders.

The results show that when the circular pulses are 2
cycles long, it is not necessary to place pinholes to generate
single attosecond pulses. The single attosecond pulse genera-
tion in the plateau can be understood by the analysis in Sec.
II. As is shown there, for the given laser parameters, the
“linear” portion in this case wasdtj,0.2<1.5 fs, less than

one optical cycle. Two recollisions occur in such a short time
interval, but the emission from one of them is eliminated by
the phase matching.

Fig. 5(a) shows harmonic spectra obtained under the same
conditions as Fig. 4(a) except for the carrier-envelope phase.
In the figure, the dashed line corresponds tof=p /2, and the
solid line is forf=0. In the former case, the plateau harmon-
ics is a supercontinuum. For the latter pulses, however, har-
monic peaks appear, indicating that more than one attosec-
ond pulses is produced in the plateau region and in the
cutoff. The attosecond pulses centered at the 85th harmonic
is shown in Fig. 5(b). Indeed, there are two attosecond pulses
for f=0 whose intensity is much lower than that of the
single attosecond pulse whenf=p /2. Therefore, the carrier-
envelope phase significantly affects the attosecond pulse
generation process. It is interesting that for generating single
attosecond pulse the favorite carrier-envelope phase isf
=p /2 in the case of polarization gating, while it isf=0 for
using linearly polarized pulses. In order to produce single
attosecond pulses from every laser shot, the carrier-envelope
phase must be stabilized. The stabilization of the carrier-
envelope phase has been demonstrated recently for intense
sub-10 femtosecond laser pulses[12].

V. CONCLUSIONS

It is shown analytically that the xuv pulse in the plateau
harmonics generated using a driving pulse formed by a com-
bination of a left-hand and a right-hand circular pulse with a
pulse duration oftp is similar to using a linearly polarized
pulse with a pulse duration of 0.3stp

2/Tdd, whereTd is the
delay between the two pulses. Numerical simulations dem-
onstrate that whentp=5 fs, the harmonic spectrum using the
pulse with a time-dependent ellipticity is a supercontinuum,
which corresponds to single attosecond second pulses with a
center wavelength at the plateau and in the cutoff. No har-
monic selection with pinholes is necessary for such short
driving laser pulses. For applications of attosecond pulses,
the supercontiuum provides an easy way to change the wave-
length of the attosecond pulse, which is important for time-
resolved absorption spectroscopy[23].
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