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Significant enhancement of high-order harmonics below 10 nm in a two-color laser field
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Efficient high-order harmonic generation was obtained in helium below 10 nm using a linearly polarized

two-color field consisting of a Ti:sapphire laser pulse (w) with a 40-fs duration and its second harmonic (2w)
with a 24-fs duration. The intensity of the two-color harmonics was enhanced more than that of the w or 2w
field alone by more than one order of magnitude along with the extension of the cutoff order and the generation
of efficient even-order harmonics. This observation was explained by the contribution of the lower branch
rather than the upper branch of the cutoff energy, which are split in the w-2w field. The supercontinuum around

10 nm provides the bandwidth capable of attosecond pulse generation.
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I. INTRODUCTION

In the past decades, high-order harmonic generation
(HHG) by intense short laser pulses in rare gases has been an
attractive target for the potential applications of high-
brightness, short-pulse coherent sources in the extreme ultra-
violet (XUV) and soft x-ray regions. Considerable efforts
have been made experimentally and theoretically to improve
the conversion efficiency and to shorten the wavelength of
harmonic radiation [1,2]. Among them, the application of a
two-color laser field is becoming an attractive research area
since the enhancement of harmonic generation by orders of
magnitude were observed compared to that generated in the
fundamental laser field alone [3-5]. This observation can be
easily expected based on the three-step model [6] and is ac-
tually supported by numerical calculations [4,5,7].

According to the three-step model, the electron first tun-
nels from the atomic ground state through the Coulomb bar-
rier by the laser field, and propagates in the external field.
Depending on its time of ionization, the electron may return
to the atomic core and thereby releases a photon with the
energy corresponding to the kinetic energy of the electron
plus the ionization potential. The return kinetic energy varies
depending on the trajectory the electron follows in the con-
tinuum. Based on the three-step model, by varying the fre-
quencies, the polarizations, the relative phase, and the inten-
sities of two ultrashort driving fields, one can in principle
manipulate the electron motion in the continuum, and then
the harmonic generation.

The enhancement of harmonic intensity is the straight re-
sult of the three-step model because the peak instantaneous
field is enhanced by the addition of two fields. The even
harmonics are simply explained by the breaking of symmetry
in the field of the fundamental and its second harmonic
(w-2w). More recently, modulation in harmonics was dem-
onstrated by controlling the relative phase of two-color fields
[8]. Polarization dependences of harmonic generation in the
two-color field were investigated [5,9,10]. The generation of
circularly polarized high-order harmonic is proposed by the
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circularly polarized two-color field [9,11,12]. However, the
extension of harmonic cutoff frequency and the enhancement
of conversion efficiency below 17 nm had never been re-
ported experimentally. The question still remains: where is
the cutoff of the enhanced harmonics?

The purposes of this paper are, first, to make an effort to
extend the cutoff of the efficient two-color harmonics to the
region of the water window (2.3 nm to 4.4 nm) [1,2]; sec-
ond, to generate intense continuum below 10 nm to cover the
bandwidth capable of attosecond pulses [13,14].

The paper is organized as follows: Sec. II describes the
experimental apparatus and method. In Sec. III, we present
the main results of two-color harmonic generation in neon
and helium, which consist of the harmonic generation at dif-
ferent intensities and the polarization-dependent spectra. The
analysis of the results is given in Sec. IV. The conditions for
the generation of intense higher harmonics in two-color field
are discussed in Sec. V. Finally, we summarize in Sec. VL.

II. EXPERIMENTAL SETUP

The experimental setup is schematically shown in Fig. 1.
A 10-Hz, 22-fs, 22-TW Ti:sapphire laser system based on
chirped pulse amplification was used to generate the funda-
mental beam [15]. In this experiment, the pulse width was
typically 40 fs at 800 nm. The laser power was adjusted by
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FIG. 1. (Color online) Experimental setup (top view).
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FIG. 2. (Color online) Radial intensity profiles of a Bessel-Gauss beam (a) and a Gauss beam (b) measured in the focal plane using a
CCD with a telescope. The Bessel-Gauss beam was generated by the focusing of an annular w beam (800 nm, d,,.,,=12 mm, d,,;,,
=18 mm) [17], while the Gauss beam came from the circular 2w beam (400 nm, d=12 mm). The corresponding confocal parameters were

longer than 14 mm for the two color beams.

changing the pump power or Q-switch timing of the
Nd: YAG laser used for a final amplifier. In order to avoid
dispersion owing to beam splitters, a mirror with a 12-mm-
diameter hole at 45° was used to separate the linearly polar-
ized fundamental laser output into two beams with almost
equal intensities. The outer annular beam is sent through a
coarse delay line, which compensate for the optical path of
broadband frequency doubling, and a fine delay line to shear
the w and 2w pulses in time. The center circular beam is sent
to a broadband frequency doubling (BFD) system to generate
the second harmonic (2w) [16]. BFD enables us to convert a
whole spectral component of the fundamental to the second
harmonic (SH), resulting in the frequency width of SH wider
than that of the fundamental and then the shorter pulse width.
The first half of the BFD system consists of a grating
(150 line/mm), a two-mirror telescope with a magnification
of 0.2 and a 300-um thick beta-barium borate (BBO) in the
middle. The latter half is symmetric to the first half except
for a groove density of the grating (300 line/mm). A pulse
width of 24 fs was observed by self-diffraction frequency-
resolved optical gating (FROG) when the pulse width of the
fundamental was 40 fs. The throughput of the BFD system
was about 14%.

The polarization of the 2w pulse was changed to be par-
allel with that of w by inserting a half-wave plate for 800 nm
(thin mica plate) before BFD. In the experiment of polariza-
tion dependence, another half-wave plate was inserted in the
path of the w beam. The two beams were combined coaxially
by another mirror with a 12-mm-diameter hole before they
entered into a vacuum chamber. Then they were focused by a
50-cm or 100-cm focal-length concave mirror. The 1-mm-
diameter nozzle of a pulsed gas jet, which was driven mag-
netically, was placed 2 to 3 mm behind the superposed focal
spots in order to generate harmonics efficiently.

The intensity profiles of the w and 2w beams at the focus
were enlarged by a telescope and measured by a charge-
coupled device (CCD) as shown in Fig. 2. The 2w beam is
well approximated to the Gauss beam and the spot size was
43 pm at full width half maximum (FWHM), corresponding
to M?>=1.7. The confocal parameter was 14 mm when the
100-cm focal-length mirror was used. On the other hand, the
annular @ beam is near to a Bessel-Gauss beam [17] with a

central peak accompanied by annular rings at the focus. The
spot size of the central peak was 42 um with the outer di-
ameter (d,,,,,) of 18 mm and the inner diameter (d,,,,,) of
12 mm in the output. It was almost the same as the 2w beam,
although only 20% of the energy is concentrated into the
central peak. However, enough intensity was supplied in the
experiment. The measured confocal parameter was well
above 14 mm.

Helium and neon were chosen as nonlinear media because
of their high ionization potentials. The gas density in the
interaction volume can be varied by changing the backing
pressure, but was typically controlled within 30 torr in order
to reduce the defocusing effects induced by the plasma [18].

The generated harmonics were analyzed on axis by a
spectrometer (Model SXR-II-1, Hettrick Scientific) consist-
ing of a horizontal collecting toroidal mirror, a spectral fo-
cusing toroidal mirror and a choice of gratings covering dif-
ferent wavelength ranges. All of them were coated with gold.
In order to optimize the collection efficiency, we imaged the
harmonic source directly on a charge-coupled device (CCD/
SX-TE, Princeton Instruments), without an entrance slit. The
toroidal mirror was placed at 65 cm from the laser focus to
prevent the damage by the incident laser light. The annular w
beam was blocked by an iris and the 2w beam was elimi-
nated by various filters. The scattered low-order harmonics
and residual two-color beams were blocked by a trap to
eliminate the background on the CCD.

III. RESULTS

The optimization of the spatial and temporal overlap of
the two-color pulses was performed by maximizing the yield
of the even-order harmonic, the 44th of the fundamental
pulse. It is necessary to verify the accurate overlap in time by
an auxiliary way such as the generation of 3w by focusing
the two-color pulses into a BBO crystal before they entered
into the vacuum chamber. The group delay difference be-
tween w and 2w owing to the entrance window was taken
into account.

Throughout the experiments, whether or not the two-color
laser intensities are above the saturation intensities (/;) of
ionization plays a crucial role, where I, was defined as the
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FIG. 3. (Color online) Harmonic spectra in neon observed in the
two-color field (heavy solid line), w field (light solid line) at the
region of shorter wavelength. [,=7.6X 10" W/cm?, I,,=1.2
X 10" W/cm?, and r=E,,/E,=1.3. The spectrum by 2w is not
observed in this region.

intensity when 98% of neutral atoms are ionized. Assuming
Ammosov-Delone-Krainov (ADK) ionization rates [19], and
taking into account the different pulse widths of the two-
color beams [20,21], we obtained 7,=1.1 X 10" W/cm? for
o and I,=13X10" W/cm? for 2w in neon, I,=2.3
X 10 W/cm? for o and 1,=2.7X 10" W/cm? for 2w in
helium. The ionization in the two-color field was numerically
calculated as parameters of the field ratio (r=E,,/E,) and
relative phase ® for the individual case.

A. Efficient higher-order harmonic generation
in the w-2w field

According to the picture of three-step model, the cutoff
law for the energy of the highest harmonics is predicted to be
1,+3.17U,, where I, is the ionization potential of the atoms,
U,=9.33X107"I (W ecm™) A (um) in electron volts de-
notes the ponderomotive potential of the laser field. For long
pulses, the maximum value of U, is limited by the intensity
determined with dc tunneling theory. However, atoms can
survive to higher laser intensities before being ionized if ul-
trashort pulses are employed [21,22]. Then the electron
would be exposed to a stronger, rapidly increasing laser field
before the reencountering its parent ion. This results in the
generation of more intense and higher-energy harmonic ra-
diation. The pulse duration of 2w (24 fs) was shorter than
that of w (40 fs) in our experiment, then we can control the
ionization process on the steep rise of the two-color pulse
near the peak by choosing the appropriate condition in which
the peak intensities of w and 2w pulses are less than the
saturation intensity (/;) while the intensity of the combined
field is above I,.

After confirming the perfect overlap of the two-color
pulses in time and space, and choosing appropriate peak in-
tensities of w and 2w pulses, a harmonic spectrum in neon
was obtained as shown in Fig. 3, as well as the spectra ob-
tained using w field alone. It should be emphasized that all of
the spectra in this paper are thought to be phase averaged
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FIG. 4. (Color online) Harmonic spectra in neon observed in the
two-color field (heavy solid line), w field (light solid line), and 2w
field (dashed line) at the longer wavelength region. 7,=6.9
X 10" W/em?, I,,=1.2%X 10" W/cm?, and r=E,,/E,=1.3.

since the exposure time of the CCD was usually set longer
than 1 s. A 0.3—um thick zirconium (Zr) filter was used to
block the stray laser light, and a 50-cm focal-length concave
mirror was utilized in this case. The peak intensities of w and
2w pulses were measured to be 7.6 X 10'* W/cm? and 1.2
X 10> W/cm?, and the corresponding field ratio was 1.3.
The falloff in the spectra towards long wavelength is a syn-
thetic result of the sensitivity of the spectrometer with the
detector and the transmission of the Zr filter. In the case of
two-color field, even-order harmonics had comparable inten-
sities as odd harmonics. This is due to the breaking of inver-
sion symmetry in the optical field, as mentioned above.
Compared to the harmonics generated by the fundamental
field alone, the two-color harmonics were enhanced by a
factor of more than 10. Moreover, the cutoff of the harmonic
plateau in the two-color field extended to 10.8 nm, while
those were 12.7 nm and 19 nm respectively in the cases of
using the w or 2w field alone.

A dramatic enhancement of the two-color harmonics in
the longer wavelength region was observed as shown in Fig.
4. The enhancement ratio was larger than 250, comparing the
41st harmonic generated by the two-color field with that by
the fundamental field alone. At the 42nd harmonic, the en-
hancement ratio was more than 270 compared with the 2w
field alone. A drop of harmonic radiation at 17 nm is due to
the absorption edge of an aluminum filter, which was used to
reduce the background noise on the CCD. Since the trans-
mission of the 0.15-um thick Al filter was higher than that of
a Zr filter and the CCD will saturate, we moderately de-
creased the peak intensities of w and 2w pulses to 6.9
X 10" W/cm? and 1.2 X 10'> W/cm? with r=1.3. It is clear
that at the longer wavelength region, a much higher conver-
sion efficiency of two-color harmonic generation can be ob-
tained than at the shorter wavelength region.

Similar spectrum was observed in helium as shown in Fig.
5. Because helium has the highest ionization potential among
the rare gases, higher-order harmonics should be generated
in helium than in neon when the intensities of the two-color
pulses were properly increased at the same time. In this case,

063823-3



LIU et al.
Harmonic Order
100 90 80 70 60 50
o
210}
: L
=
=
St
5t
E, -;u;off
g 102>
8 L
) ' M
L |

Wavelength (nm)

FIG. 5. (Color online) Harmonic spectra in helium observed in
the two-color field (heavy solid line), w field (light solid line), and
20 field (dashed line). 7,=9.3X10"“W/cm? I,,=18
X 10 W/em?, and r=E,,/E,=1.4.

the peak intensities of @ and 2w pulses were 9.3
X 10'* W/cm? and 1.8 10'> W/cm? with r=1.4. The cut-
offs of the harmonic plateau were 8.8 nm for the w-2w field,
10.5 nm for the w field, and 14.8 nm for the 2w field respec-
tively. The harmonic intensities were stronger than those ob-
tained in the w field by a factor of more than 30 at the 13-nm
region.

The original concave mirror was replaced by a 100-cm
focal-length concave mirror to obtain a longer confocal pa-
rameter. A significant extension of two-color harmonic cutoff
order up to 111th, which corresponded to a wavelength of
7.2 nm, was observed in helium when we increased the peak
intensities of the w and 2w fields up to 1.1 X 10> W/cm?
and 2.0X 10" W/cm? respectively, as shown in Fig. 6. The
corresponding field ratio was 1.3. The shortest wavelength of
harmonic generation in the two-color field was much shorter
than the cutoff by using the w (83rd, 9.6 nm) or 2w field
(54th, 14.8 nm) alone. The harmonic intensities were en-
hanced more than those generated in the single field (w or 2w
field) by a factor of more than 10.
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FIG. 6. (Color online) Harmonic spectra in helium observed in
the two-color field (heavy solid line), w field (light solid line), and
2w field (dashed line). [I,=1.1X10% W/ecm?, I,,=2.0
X 10" W/cm?, and r=E, /E,=1.3.
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FIG. 7. (Color online) Harmonic spectra observed in helium
where the intensities of @ and 2w pulses are near or larger than the
saturation intensities. 1,=2.0X10" W/cm?, 1,=2.9
X101 W/em?, and r=E,,/E,=1.2.

In the preceding experiments, the intensities of the w and
2w fields were set well below the saturation intensities. How-
ever, the significant features of the enhancement and the ex-
tension of the cutoff decrease or disappear when the intensi-
ties of the w and 2w fields are near or above the saturation
intensities. The cutoff of the two-color harmonic plateau was
not extended any more when the peak intensities of @ and
2w pulses were increased up to 2.0X 10'> W/cm? and 2.9
X 10" W/cm? respectively, as shown in Fig. 7. The har-
monic intensity in the two-color field was almost the same as
that in the fundamental field below 10 nm. Harmonics are
generated progressively from the lower to higher order in the
leading edge of the driving pulse and the cutoff is determined
by the saturation intensity of ionization. Then the relatively
low-order harmonics, which saturate in the low intensity, are
enhanced by the two-color field. However, the intensities of
the high orders are limited by ionization with the single field
and the two-color field does not work.

As the intensities of the w and 2w fields increase from
Fig. 5 to Fig. 7, the modulation of the spectrum by individual
harmonic disappears, leading to the supercontinuum in Fig.
7. This may not be due to a wash-out effect coming from the
varying carrier envelope phase of the pulses [23] because the
pulses used in this experiment contain 15 cycles and also
because the transition to the supercontinuum depends on the
intensity of the w-2w field. This can be explained by the
self-phase modulation of the excitation pulses and then of the
harmonics which induces a significant blue shift of harmon-
ics [24]. Even though a multilayer mirror (Mo/Si) with the
highest reflectance is available in this region, the supercon-
tinuum near 10 nm is only a necessary but not sufficient
condition for the generation of attosecond pulses. The phase
should be flat over the entire bandwidth. However, this is
another issue to be solved. In this experiment the phase may
not be flat because of the self-phase modulation.

B. Polarization dependence of two-color harmonics

To change the polarization of the beam, a half-wave plate
for 800 nm was inserted in the o path, as mentioned above.
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FIG. 8. (Color online) Polarization-dependent harmonic spectra
in helium observed in the two-color field (heavy solid line) as well
as in the monochromatic field (light solid line for the w field and
dashed line for the 2w field). 1,=8.0X 10" W/cm?, I,,=1.9
X 10 W/cm?, and r=E,,/E,=1.5.

The grating in the spectrometer was insensitive to polariza-
tion since there was no substantial change of harmonic in-
tensities generated by the w beam with different polariza-
tions. Polarization-dependent harmonic spectra in helium are
shown in Fig. 8. The peak intensities of the w and 2w fields
were measured to be 8.0X10™ W/cm? and 1.9
X 101 W/cm?, with r=1.5. Tt is clear that more intense
higher-order harmonics were obtained in the parallel two-
color field than in the perpendicular two-color field. How-
ever, even in the perpendicular field, even-order harmonics
had comparable intensities as odd harmonics in addition to
the enhancement of harmonics, which are different from the
results of other groups [5,9], where the even harmonics were
much weaker than the odd ones. The imperfect polarization
direction of the beams in this experiment may account for
the observation.

We have not observed the enhancement in the orthogo-
nally polarized two-color field beyond the parallel polarized
two-color field, which was observed around 20 nm in Ref.
[10]. We think that this observation in Ref. [10] may be
possible in the special condition with phase control where
the electrons return to the core. However, in the shorter
wavelength, the parallel polarized two-color field will always
give us the stronger harmonics.

IV. ANALYSIS

The cutoff energy in the monochromatic field is expressed
as I,+aU, (a=3.17) by the three-step model. This relation
corresponds to the cutoff of the square of atomic dipole mo-
ments. However, in the real experiments, the observed spec-
trum results from the phase matching term in addition to the
single atom response and the effective value of a, is around
2 [25]. The experimental cutoff was determined by the high-
est order observed in the dynamic range of the experiment
although it contains some uncertainty. The values of «, were
1.6 to 1.8 from Figs. 3—6 in the w field while they were 2.0
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to 2.5 in the 2w field. The difference of «, in the two fields
would come from the difference in phase-matching length
between the Bessel-Gauss and Gauss beam and from the dif-
ference in the pulse duration.

In the monochromatic field, there are two trajectories:
long and short trajectories for the given kinetic energy of
returning electrons. Usually the contribution of the long tra-
jectory to a spectrum is neglected because of the spread of
the wave function. This behavior has a periodicity of every
half cycle as well as in the w-3w field. However, in the
w-2w field, this periodicity is broken and there may be many
trajectories for a given kinetic energy, resulting in a splitting
of the cutoff into two branches, an upper and a lower branch
[26].

The harmonic spectrum in the w-2w field is interpreted
intuitively by the classical analysis. The combined field is
expressed as

E(t) = E, sin(wt) + E,,, sin(Qwt + P). (1)

According to the three-step model, the electron tunneling
into the continuum at time f, with the initial conditions of
r(zy)=0 and v(z,) =0, where r(r) and v(¢) are the position and
velocity of the electron. Then it returns at time #; with
r(z;)=0, i.e., reencounters at the position of its parent ion.
Hence the classical trajectories of the electron can be ob-
tained from the Newton’s equation:

r(t)) = (E,Jo?)[- sin(wty) + sin(wt;) — w(t, — to)cos(wt)]
+ (Ey /40N sinQoty + P) + sinQot; + D)
—2w(t; - ty)cosRwity + P)]. (2)

Assuming excursion time 7=f,—1, is the time the electron
spent in the continuum, and restricting 0<t,<7,0<7<T,
where T is the optical cycle of w. The kinetic energy ob-
tained by the electron from the laser field while in the con-
tinuum is expressed as Ej;,(t;,1)=0.5 X [A(t;) - A(ty) %,
where A(z) is the vector potential and E(f)=—dA(r)/dt. Then
the harmonic cutoff is given by [,+E,,,,, where E,,,, is the
maximum Kinetic energy of the electron.

Defining the ponderomotive energy as Up=(Ei/ 4w?)
+(E3,/160%), t, and 1, were calculated as a function of the
kinetic energy, as shown in Fig. 9. The parameters were cho-
sen as [,=9.0X10"“W/cm?, I,,=1.5X10" W/cm?, r
=1.3, and ®=0 (a) or ®=0.57 (b), where the peak of the
two-color field almost corresponds the saturation of ioniza-
tion. Figure 10 shows the corresponding instantaneous two-
color electric field at the same conditions. It is clear that the
cutoff energy splits into two branches [26], where the corre-
sponding emission times were marked as t,,,., and ,,,, in
Fig. 9. It should be noted that there still is the third branch in
Fig. 9, whose emission time was marked as #;4,,,.. The con-
tributions from this branch can be ignored because the elec-
tric field at the emission time of #,,, is very weak, as
shown in Fig. 10. Then the electrons cannot tunnel from the
ground state at that time. The upper and the lower cutoff
branches have comparable excursion times. However, the
electric field at the emission time of ¢,,,,,, is much larger than

that at ¢,,,.. as shown in Fig. 10. This situation is true at O
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=®=0.77. The phase-averaged two-color field from the
lower branch is larger by a factor of 2.05 than that of the w
field. Therefore, the harmonic intensity at the lower branch is
larger than those of the w field [4] and of the upper branch
[26] by many orders of magnitude.

The observed phase-averaged higher intensities of two-
color harmonics in the longer wavelength region are obvi-
ously due to the lower branch. The values of « for the lower
branch excluding the phase-matching effect vary between 2.3
and 4.3 depending on phase. The phase-averaged value of «
is up to 3.3 when U, is (E,,/4w?) +(E;,,/ 16w?). The effective
values of a, including the phase-matching effect are 1.6 to
2.1 from Figs. 3—6. These values are almost equal to those in
the w or 2w field alone, indicating the similar phase-
matching condition. Therefore, the observed extension of the
cutoff is partly explained by the increase of U, in the two-
color field. Another possible reason is that the cutoff looks to
be extended in the used dynamic range from the enhanced
intensity. The contribution of the upper branch would not
apply in this case because the harmonic intensity is much
lower than that of the lower branch.

However, once the peak intensities of the w and 2w fields
are increased larger than the saturation intensities, the no-
table ionization would destroy the enhancement because the
generation of two-color harmonics ceases with the ionization
of neutral atoms. Hence, the harmonics from the upper
branch are difficult to be observed experimentally, which re-
stricts the extension of two-color harmonic plateau to the
region of the water window.

V. DISCUSSION

Important parameters for the enhancement of harmonic
generation in the two-color field are the intensities and the

field ratio of the w and 2w pulses, which can be observed
from Figs. 3—8. The higher the field ratio is, the more sig-
nificant enhancement one can obtain, which accords with the
conclusions of other reports [3,4,11,26,27]. However, the
field ratio cannot be increased infinitely due to the intensity
of the combined field restricted by the saturation intensity.
Increasing the intensity of the 2w field means decreasing the
weight of the w field correspondingly, which induces the
reduction of U, and therefore shortens the plateau. Choosing
comparable intensities of the w and 2w fields one can make
a compromise between the harmonic enhancement and the
extension of cutoff frequency.

What we found in this experiment, compared with the
previous works [3-5,8—10], are (1) the significant enhance-
ment of harmonics below 17 nm, (2) the extension of the
cutoff down to 7 nm, and (3) the generation of the supercon-
tinuum below 13 nm. We think they were realized by the
short 2w pulse width used, along with the sufficient 2w in-
tensity, which was generated by broadband frequency dou-
bling (BFD). However, BFD prevents the control of the rela-
tive phase between the w and 2w fields because the optical
path of BFD is too long. Obviously, the phase-averaged
spectra impeded the further extension of the cutoff.

The atomic dipole moment calculated by the strong field
approximation in Ref. [4] shows the two-step structure in the
cutoff region; the cutoff of the low-order step corresponds to
that of the w field alone but the intensity is enhanced, and the
cutoff of the higher-order step is extended but the intensity is
less than that of the w field alone. This two-step structure
corresponds to two electron trajectories and is clearly as-
signed as the lower and upper branches [26].

The experimental fact that the enhancement is significant
but the extension of the cutoff is less than expected is attrib-
uted to the contribution of the lower branch but not the upper

1) 4D=d

wer upper

ignore
ignore

lower
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FIG. 10. (Color online) Instan-
taneous two-color electric field for
r=1.3 and ®=0 (a) or ®=0.57
(b). The amplitude of E, was as-
sumed to be 1.
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FIG. 11. (Color online) Harmonic spectrum in helium observed
using circular @ beam. I,,=7 X 10> W/cm?. The absorption edge of
parylene filter at 4.4 nm verified that the generated harmonics
achieved in the region of the water window.

branch. This is quite informative to this research field be-
cause one cannot expect the contribution of the upper branch
in the real experiment.

We used an annular w beam to eliminate the dispersion of
beam splitters. This degraded the phase matching compared
with the circular 2w beam because the effective values of «,
were a little less than those of 2w. We also tried the harmonic
generation of the water window in the nonadiabatic regime
[1,2] using circular w beam alone, as shown in Fig. 11. Two
pieces of 0.2-um thick parylene filters were used to calibrate
the wavelength. The absorption edge at 4.4 nm confirmed the
harmonic generation achieved in the region of the water win-
dow. However, the peak intensity was measured up to 7
X 10" W/cm? at that time, which was much higher than the
saturation intensity. The harmonic intensity in the water win-
dow was quite low compared with Figs. 3—8. Then the ex-
tension of the cutoff in the two-color field is one of the ways
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to the intense harmonics in the water window.

The most efficient way to the enhanced harmonic genera-
tion in the water window is the phase control between the w
and 2w field. When ®=0.77, « increased to 4.3 instead of
a=3.3 in the phase-average condition. However, BFD did
not enable us to control the phase owing to the disturbance in
air and vibration of a table during the long optical path. The
simple addition of a thin BBO crystal would broaden the
pulse width by the group-velocity mismatch (150 fs/mm)
although the phase control would be possible [10]. The phase
control with a sufficiently short pulse and enough energy at
2w obviously needs a new system. The further pulse short-
ening of the w and 2w fields would help the extension of the
cutoff because of the increase in saturation intensity of ion-
ization. Actually, we tried it by 27-fs w pulses and 17-fs 2w
pulses, but the cutoff could not be extended. Although 16-fs
o pulses and 8-fs 2w pulses were obtained in a 1-5 KHz
system [16], the intensities of the w and 2w fields are not
sufficient for this experiment.

VI. CONCLUSION

Using a linearly polarized w-2w field we observed effi-
cient high-order harmonic generation in neon and helium.
Even-order harmonics with intensities comparable to odd
harmonics were generated from the asymmetry electric field.
The enhancement due to the two-color field compared to the
w or 2w field alone was by more than one order of magni-
tude. The cutoff was extended to 7.2 nm. These phenomena
were explained by the contribution of the lower branch rather
than the upper branch, which are split in the w-2w field. The
efficient soft x-ray continuum near 10 nm provides the band-
width capable of attosecond pulses although the phase
should be controlled at the same time. The intense harmonics
in the water window are expected by using the two-color
field with a fixed relative phase and much shorter pulse
durations.
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