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A method for obtaining a single sub-50-attosecond pulse using harmonic radiation is proposed. For the
generation of broad harmonic radiation during a single half-optical cycle, atoms are driven by a femtosecond
laser pulse with intensity above the saturation intensity for optical field ionization and hence experience a large
nonadiabatic increase of the laser electric field between optical cycles. Although the chirped structure of the
harmonic radiation imposes a limit on the minimum achievable pulse duration, we demonstrate that its positive
chirp can be compensated by the negative group delay dispersion of an appropriately selected x-ray filter
material, used also for the spectral selection, resulting in a single attosecond pulse with a duration less than
50 as.
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High-order harmonics generated by atoms interacting
with an intense femtosecond laser pulse can be a source of
attoseconds1 as=10−18 sd pulses. The fact that the regularly
spaced harmonics resemble the spectrum of a mode-locked
laser has prompted the suggestion that an attosecond pulse
train can be obtained by selecting a range of harmonics. This
was indeed confirmed in recent experiments[1–3]. The gen-
eration of a single attosecond pulse can be very important for
applications in which the pulse duration determines the tem-
poral resolution. By selecting the harmonic radiation(imply-
ing all the radiation including a broad continuum) emitted
only at the peak of a femtosecond laser pulse, Hentschelet
al. [4] demonstrated the generation of a single attosecond
pulse of 650 as. For a significant reduction in the duration of
the single attosecond pulse, two limitations have to be
overcome: generation of a broad frequency bandwidth and
ensuring a linear phase relation over the selected frequency
range. In the case of generating an attosecond pulse train,
harmonic radiation can support such a broad bandwidth
[5,6], but the chirped structure of harmonics seriously re-
stricts the lowest achievable pulse duration[3].

In this Rapid Communication, we propose a method for
obtaining a single sub-50-as pulse using chirp-compensated
harmonic radiation. The continuum radiation emitted at the
peak of a femtosecond pulse is not broad enough for support-
ing a very short single attosecond pulses,100 asd. Hence as
the first step we propose to obtain a broad continuum radia-
tion from atoms by subjecting them to a large nonadiabati-
cally increasing electric field over successive half optical
cycles. Though the resulting spectral width of the continuum
is broad enough for the generation of an attosecond pulse
much shorter than 100 as, the frequency chirp contained in
the continuum radiation severely restricts the attainable at-
tosecond pulse duration. As the second major step we dem-
onstrate that the positive chirp, inherently contained in the

continuum radiation, can be compensated by the negative
group delay dispersion(GDD) of an appropriately selected
x-ray filter material.

Harmonic radiation can be used for the generation of ei-
ther an attosecond pulse train or a single attosecond pulse.
Harmonic radiation is, in general, emitted during every half
optical cycle and forms a train of attosecond pulses. The
generation of a single attosecond pulse, on the other hand,
requires the use of a part of the harmonic radiation emitted
during a particular half cycle, which is naturally a continuum
radiation. Since the highest frequency(or the cutoff order) of
harmonics emitted during each half cycle increases until the
pulse peak is reached, when the laser intensity is lower than
the saturation intensity, a single attosecond pulse can be pro-
duced by selecting the continuum radiation emitted only dur-
ing the half cycle around the pulse peak(here we assume a
cosine pulse shape) [7]. However, the spectral range of the
continuum radiation in the cutoff region is still not broad
enough to generate very short pulse(say, below 100 as),
since the electric field variation between adjacent optical
cycles near the pulse peak is not large enough.

In our approach we propose the application of an intense
carrier-envelope-phase-(CEP-) stabilized femtosecond laser
pulse having an intensity above the saturation intensity. In
this case harmonic generation occurs only at the leading edge
of the laser pulse since most neutral atoms are ionized before
the pulse peak is reached. The electric field variation in the
leading edge of the laser pulse is larger than that around the
pulse peak[8]. In the case of a Gaussian laser pulse, the
relative electric field variation from one optical cycle to the
next increases linearly as time goes negative; time is defined
to be zero at the pulse peak. By applying a few-cycle laser
pulse, with an intensity above the saturation intensity, we can
obtain harmonic radiation containing a broad continuum,
since harmonic radiation originates from atoms experiencing
large nonadiabatic increase of the electric field at the leading
edge of the laser pulse. We then have to examine the phase
variations of the selected continuum radiation. As the spec-
tral structure of the harmonic radiation reflects the rapid in-
crease of the instantaneous electric field during the half
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cycle, its spectral phase inherently contains a chirped struc-
ture [9] and, hence, only a limited range of the continuum
radiation can be coherently added. We then demonstrate that
the chirp of the continuum radiation can be removed by us-
ing an appropriately chosen x-ray filter, thereby producing a
single attosecond pulse of duration less than 50 as.

Harmonic radiation from neon atoms, exposed to a
5-fs, 800-nm laser pulse with peak intensity of
4.731015 W/cm2, which is greater than the saturation inten-
sity, is obtained by solving the time-dependent Schrödinger
equation(TDSE) coupled with Maxwell equations. Here the
one-dimensional propagation calculation is performed taking
into account the focusing geometry and the self-phase modu-
lation of the propagating laser pulse in an ionizing medium
[10]. The neon target medium, of 0.5 mm length and 5 Torr
pressure, is placed 10 mm beyond the laser focus so that
only harmonics of short trajectories survive after propagation
[11,12]. The time-frequency structure of the harmonic radia-
tion, calculated using the spectrogram method[13], is shown
in Fig. 1(a). The semiclassical calculations containing only
the short trajectory components(obtained without consider-
ing ionization), indicated as dotted lines in Fig. 1(a), match
well with the TDSE results. At this laser intensity, almost all
neutral neon atoms are ionized before the pulse peakst=0d is
reached and the dominant harmonic radiation is generated
near t=−1.0 scycled. The selection of continuum radiation,
with frequencies larger than 100v0 sv0= laser frequencyd,
leads to the generation of a single attosecond pulse since it
constitutes the radiation generated only within the half cycle
at t=−1.0 scycled.

On the other hand, when a laser intensity lower than the
saturation intensity is applied, the spectral range of the con-
tinuum radiation is much narrower. In this case the highest
harmonic frequency is obtained at the peak of the laser pulse.
Figure 1(b) shows the harmonic radiation calculated for the
same conditions as in Fig. 1(a), except that the peak laser
intensity is 7.031014 W/cm2 and the medium length is
1 mm. In this case the selectable spectral width of the con-
tinuum radiation for a single attosecond pulse generation is
reduced to about 10v0, which would allow a pulse duration
of only 120 as even if the entire selected radiation were co-
herently added. The relative electric field variation between
successive half optical cycles at the time of strong harmonic
radiation is 16% in the case of Fig. 1(b), while it is 70% in
the case of Fig. 1(a). Thus, the advantage of applying a laser
intensity higher than the saturation intensity for generating a
broad continuum spectrum is clearly evident. It may also be
mentioned that the choice of a higher laser intensity enables
us to select the continuum bandwidth in the region of maxi-
mum slope of the curve in Fig. 1(a); in this region the spec-
tral phase variation is small as discussed below.

For the generation of a single attosecond pulse with dura-
tion as short as possible, the phase relation of the broad
continuum radiation, obtained by applying the intense 5-fs
laser pulse[Fig. 1(a)], has to be estimated. During a half
optical cycle, the frequency of the harmonic radiation in-
creases rapidly in time, being positively chirped. This is in-
evitable in all harmonic radiation sources pumped by a laser
pulse. Here we select the harmonic radiation in the midfre-
quency region of Fig. 1(a), characterized by linear frequency

chirp. In this case the spectral phase varies quadratically with
frequency and we may express the phase of an attosecond
pulse in the frequency domain as

f̃hsvd .
1

2a
sv − vcd2, s1d

where a is the chirp coefficient at the centersvcd of the
selected frequency region and is simply the slope of the
curve shown in Fig. 1(a). Even thougha is large enough to
make the phase variation with frequency small, the quadratic
phase variation can be large enough to destroy a constructive
addition of different frequency components. Assuming that
we use a Gaussian transmission filter for the frequency se-
lection, the maximum bandwidth required for minimum
pulse width is given byDvmax=Î4sln 2da. If the bandwidth
of the transmission filter isDv in full width at half maximum
(FWHM), the pulse width of the resulting short pulse passing
through the filter is given by

FIG. 1. (Color online) Spectrogram of the harmonic radiation
from neon atoms exposed to 5-fs, 800-nm pulse with peak intensity
(at the medium) of (a) 4.731015 W/cm2 and (b)
7.031014 W/cm2. The dotted lines represent the short-trajectory
component of the harmonic radiation obtained from the semiclassi-
cal calculation. The figures on the right side of the spectrogram
show the harmonic spectra.
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tFWHM .
4 ln 2

Dv
Î1 +S Dv2

4sln 2daD
2

. s2d

For the case of Fig. 1(a), a is 860 fs−2 and Dv is 21v0,
which results in a pulse width of 80 as. Although the accom-
modation of broad harmonic radiation is essential for the
generation of a short attosecond pulse, the bandwidth over
which the radiation gets constructively added is limited as
long as the chirp exists.

For the compression of the chirped harmonic pulse, the
chirp contained in the pulse should be minimized. The posi-
tive chirp in the harmonic radiation can be removed using a
material with a negative GDD. We propose the use of a ju-
diciously selected x-ray filter which serves to compensate the
chirp of the harmonic pulse in addition to the selection of the
useful spectral range. The material dispersion of an x-ray
filter modifies the phase relation of an attosecond pulse
propagating through it. An x-ray filter with a “flat-top” trans-
mission window that has a negative GDD near the low-
frequency side of the transmission window could be best
suited for the chirp compensation and spectral selection at
the same time. In general, materials belonging to the fifth
row of the periodic table have such a flat-top transmission
window over the energy range between theM andN absorp-
tion edges[14].

We now show how the x-ray filter compensates the posi-
tive chirp of the harmonic radiation by considering the dis-
persion properties of an x-ray filter material. In order to un-
derstand the effect of the filter, we need to look into the
frequency-dependent complex refractive index given as

nsvd = 1 −dsvd + ibsvd, s3d

whered accounts for the phase shift in the material andb is
chosen positive for describing the absorption in the material.
They are related by the Kramers-Kronig relation so that the
real part of the refractive index can be calculated from the
photoabsorption data[14].

Figure 2 shows the real and imaginary parts of the refrac-
tive index of an Sn(Tin) filter plotted against the frequency.

The imaginary part of the refractive index(and also trans-
mission) drops sharply starting from 40v0 up to 100v0 and
remains fairly constant up to 310v0. We note that the Sn
filter has a negative GDD in the region between 80v0 and
200v0 (marked by the thick red line in Fig. 2). Since this
kind of transmission window is not unique to Sn, we may
choose other materials for x-ray filters having a similar trans-
mission window, such as Zr, Ag, or In, depending on the
frequency range of interest. Consequently, we can compress
any positively chirped harmonic pulse by using a carefully
selected x-ray filter originally used for spectral selection.

For the case corresponding to Fig. 1(a), we choose an Sn
filter for the spectral selection and chirp compensation. After
the selection of an x-ray filter material with a suitable trans-
mission window and dispersion property, we can compute
the thickness of the filter to achieve optimum chirp compen-
sation, retaining, at the same time, sufficient transmission.
The spectral phase shift induced by the x-ray filter of thick-
nessz is then given byDf̃filtersvd=−vdsvdz/c. The qua-
dratic spectral phase of the linearly chirped harmonic pulse
can be compensated reasonably well using a 700-nm-thick
Sn filter. The spectral phase of the attosecond pulse obtained
from Eq. (1) and the spectral phase shiftDf̃filter induced by
the 700-nm-thick Sn filter are shown in Fig. 3(a). The total
spectral phase variation, also shown in Fig. 3(a), with the Sn
filter included, is much less thanp over the FWHM of the
transmission window of the Sn filter. The 700-nm-thick Sn
filter, shown in Fig. 3(b), has 10% transmittance at the center
frequency of transmittance and higher than 5% throughout

FIG. 2. (Color online) Real and imaginary parts of the refractive
index of a Sn filter. The spectral range of negative GDD is marked
as a thick red line.

FIG. 3. (Color online) (a) Chirp compensation of positively
chirped harmonic radiation by a Sn x-ray filter. The spectral phase
of the harmonic radiation with a positive linear chirp centered at
107v0, f̃hsvd, and the spectral phase shift induced by a
700-nm-thick Sn filter,Df̃filtersvd, are shown, respectively, by dot-
ted and dashed lines. The spectral phase of the harmonic radiation
after the Sn filter is shown as the solid line.(b) Spectral intensity of
the harmonic radiation corresponding to Fig. 1(a), transmitted
through the Sn filter(solid line) and the transmittance of the Sn
filter (dash-dotted line).
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its transmission window from 100v0 to 126v0. The spectral
intensity of harmonics passing through the Sn filter is also
shown in Fig. 3(b). As a result, the chirp-compensated har-
monic radiation can be constructively added to generate a
short single attosecond pulse.

Figure 4 shows the final pulse shape of the chirp-
compensated harmonic pulse transmitted by the Sn filter. The
pulse duration of the single harmonic pulse is 48 as, consid-
erably shorter than the 89-as pulse obtained without consid-
ering the material dispersion. The transmitted harmonic spec-
trum shows a long high-frequency tail with poor chirp
compensation. This causes a ripple in the tail part of the
single attosecond pulse, which may be removed by using an
additional x-ray filter. The contrast ratio of the 48-as pulse to
the one generated during the previous half optical cycle is
larger than 1000, mainly due to the application of a strong

nonadiabatically increasing laser electric field on the atoms.
Figure 4 also shows the temporal profile of the laser elec-

tric field. In our analysis, we have assumed the laser field at
the focus as a cosine function with a CEP value of 0; the
CEP shift seen in Fig. 4 is due to the Gouy phase shift at the
target position. The CEP jitter leads to a temporal variation
of the laser pulse shape and, hence, varies the generation
time of the attosecond pulse with respect to the peak of the
laser pulse envelopest=0d. However, the CEP jitter of
0.1 rad, obtainable with a CEP locking method[15], does not
cause a significant change in the results shown in Fig. 4. In
addition, the frequency bandwidth of the continuum radia-
tion depends on CEP, which can be neglected in the condi-
tions of Fig. 1(a) because it is only about ±2v0 for the above
CEP jitter. Further, the spatial distribution of the laser inten-
sity should be considered for more rigorous analysis, since it
causes position-dependent attosecond pulse generation.
However, this effect may be minimized by utilizing the
profile-flattening technique, which can provide a nearly uni-
form laser intensity distribution[16].

In summary, we have demonstrated a method to generate
a single sub-50-as pulse by employing a 5-fs laser pulse with
intensity above the saturation intensity for the generation of
broad continuum radiation and by compensating the har-
monic chirp by using a properly selected x-ray filter material.
We have shown that the positive chirp contained in the broad
continuum radiation can be compensated by an x-ray filter
with a negative GDD in the spectral region of interest. The
present calculations indicate that a single 48-as pulse can be
generated under experimentally achievable conditions. We
expect that this technique would become a valuable tool for
generating a single attosecond pulse with a duration less than
50 as.
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FIG. 4. (Color online) Temporal profile of the chirp-
compensated attosecond pulse in the 700-nm Sn x-ray filter is
shown along with the electric field of the 5-fs driving laser pulse.
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