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Polarization gating of high harmonic generation in the water window
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We implement the polarization gating (PG) technique with a two-cycle, 1.7 um driving field to generate
an attosecond supercontinuum extending to the water window spectral region. The ellipticity depend-
ence of the high harmonic yield over a photon energy range much broader than previous work is meas-
ured and compared with a semi-classical model. When PG is applied, the carrier-envelope phase (CEP)
is swept to study its influence on the continuum generation. PG with one-cycle (5.7 fs) and two-cycle
(11.3 fs) delay are tested, and both give continuous spectra spanning from 50 to 450 eV under certain
CEP values, strongly indicating the generation of isolated attosecond pulses in the water window
region. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953402]

Isolated attosecond laser sources achieved by high har-
monic generation (HHG), since its first demonstration in
2001,1 have opened a new window to understand electron
dynamics and correlations.”> These isolated attosecond
pulses are normally generated using 800 nm driving lasers
with various sub-cycle gating techniques,’ such as ampli-
tude gating (AG),* ionization gating,” polarization gating
(PG),>” double optical gating,® and attosecond light-
houses.” However, the cutoff photon energy of those iso-
lated attosecond pulses driven by 800 nm lasers is limited
to about 200eV, which is one of the limitations of the
shortest pulse duration that has been achieved thus far.'
One of the challenges of attosecond science is to push the
attosecond source’s photon energy range into the water
window (280-530¢V) for studying inner-shell electron dy-
namics in atoms, molecules, and condensed matter, as well
as ultrafast processes in bio-specimens.

As has been demonstrated in 2001, the cutoff photon
energy of HHG can be extended by increasing the wavelength
of the driving laser.'" With the recent flurry of development
of mid-IR laser sources,'>"'® the HHG cutoff photon energy
has reached the water window.'”2° Proof of principal of sev-
eral gating methods developed for 800 nm driving lasers have
been demonstrated for 1.6—1.8 um lasers, although measure-
ments of duration of isolated attosecond pulses in the water
window are yet to be accomplished. Ishii er al. observed
strong carrier-envelope-phase (CEP) dependence of the half-
cycle cutoffs in the water window,19 which is the foundation
of AG, but single isolated attosecond pulses are only resultant
in this case when the plateau harmonics are filtered out.
Spatiotemporal isolation of attosecond pulses in the water
window has been recently achieved by the attosecond light-
house technique,”’ although few-cycle driving lasers are
required, and the pointing direction of the attosecond beam is
directly coupled to the CEP of the driving laser. Additionally,
gating based on ionization and phase matching has been
implemented for multi-cycle lasers,> but the intensity of the
2 um laser was kept low in order to precisely control the
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ionization per laser cycle, so cutoff photon energy (200eV)
reached short of the carbon K-edge (280eV).

Both AG and PG have played an important role for
800 nm driving lasers. It is known that a train of attosecond
pulses are produced even when the linearly polarized driving
lasers last only two cycles.> The spectrum corresponding to
each attosecond pulse is an extreme ultraviolet (XUV) super-
continua, the coherent superposition of which results in a
modulated spectrum in the plateau region, which is the origin
of the high-order harmonics. However, the cutoff photon
energy of one spectrum differs from one another because
they are generated by electrons recolliding with the parent
ion under different laser field amplitude. AG was designed to
take advantage of this cutoff difference. The spectrum in the
cutoff region becomes continuous when the CEP of the driv-
ing laser is chosen properly. In this case, the return energy of
one recollision is larger than all others so that a spectral filter
can be placed after the generation target to select this contin-
uous cutoff region to obtain an isolated attosecond pulse,
limiting the spectral bandwidth of the isolated attosecond
pulses generated by the AG. PG is a temporal switch for gen-
erating broadband isolated attosecond pulses.” When the
polarization gate width is shorter than the spacing between
adjacent attosecond bursts, only one recollision event occurs.
As a result, both the plateau and cutoff become continuous,
not just the cutoff region as in the AG.*® This is only true for
two-cycle or longer driving lasers. AG becomes more effec-
tive as the driving laser approaches one half-optical-cycle. In
that case, only one recollision dominates the microscopic
photon emission process. Consequently, broadband isolated
attosecond pulses are produced when the short trajectory is
phase-matched. Unlike attosecond lighthouse, the pointing
direction of the attosecond beam generated by PG is not
affected by the CEP of the driving laser, which makes the
latter more appealing to applications where pointing stability
is critical. CEP is also important for PG since it affects the
energy of the attosecond pulses, as well as the intensity ratio
between the main pulse to the satellite pulses. In addition,
PG is a critical component of double optical gating, which
can be implemented to both few- and multi-cycle driving

Published by AIP Publishing.
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lasers.® Therefore, it is interesting to study the effectiveness of
PG with long wavelength lasers. In this Letter, we demon-
strate the experimental feasibility of generating isolated atto-
second pulses using the PG technique with a CEP stabilized,
two-cycle Optical Parametric Chirp Pulse Amplification
(OPCPA) driving laser centered at 1.7 um. First, we measure
the ellipticity-dependent HHG yield in the water window and
compare the result with a semi-classical model. Based on
the experiment, we design the PG scheme and demonstrate
the feasibility of PG to generate soft x-ray supercontinua. The
driving laser’s CEP influence on the HHG spectrum is then
studied to suggest the generation of isolated attosecond pulses
in the water window.

The experiment (Fig. 1) is driven by a home-built 1 kHz
OPCPA system.”* The driving laser beam is loosely focused
into a 1.5mm-long gas cell filled with 1bar neon pressure
that was optimized for water window x-ray signals. The gas
cell is located after the focus for phase matching the short
trajectory. The material dispersion of the lens, entrance win-
dow and wave plates is pre-compensated by an Acoustic-
Optic Programmable Dispersive Filter (AOPDF), ensuring
our driving pulse is near-transform-limited at the HHG gas
cell. A 1200 line/mm laminar-type soft x-ray diffraction gra-
ting (Shimadazu 03-005) is chosen for an x-ray spectrometer
that suppresses the high-order diffraction to observe high
harmonics down to 50eV where the resolution is sufficient
to resolve harmonic peaks.25 The grating is designed for cov-
ering 155-350¢V, and the diffraction efficiency falls rapidly
above 350eV.?® The diffracted signal from 50 to 450eV is
collected simultaneously by a micro-channel plate detector
with a phosphor screen, which is critical for studying the
effects of PG on the plateau harmonics.

To study the ellipticity dependence of the HHG yield over
a broad photon energy range that reaches the water window,
an achromatic quarter-wave plate (Thorlabs AQWP10M-1600)
is used to control the ellipticity of the driving field. The dif-
ference of the grating’s efficiency with p- and s-polarization
is neglected because the rotation of the major axis of the
driving field ellipse is less than 10°, resulting in a relative
error of only 3%. The laser peak intensity is estimated to be
5 x 10" W/cm?, corresponding to a theoretical cutoff photon
energy of 450 eV. Our measured result is shown in Fig. 2(a).
In order to determine the ellipticity adequate for suppressing
HHG at the edge of a polarization gate, we introduce
the threshold ellipticity ¢, defined as the point at which
the harmonic yield drops by 90% (Fig. 2(b)). Because the
ellipticity-dependent HHG yield follows a Gaussian shape in
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FIG. 1. Experimental setup for the
OPCPA laser system and the HHG
source. SPM: self-phase modulation;
DFG: different frequency generation;
and AOPDF: acousto-optic program-
mable dispersive filter for controlling
spectral phase and CEP. The toroidal
mirror is for future attosecond streak-
ing experiments.

grating

theory,”” a Gaussian fitting is used to determine the threshold
ellipticity at different photon energies. We found the thresh-
old ellipticity to be &, =0.1, the dependence only slightly
decreasing with the increase of x-ray photon energy.
Compared to HHG driven by 800nm lasers, which has a
threshold ellipticity of &, =0.2,%® the ellipticity dependence
is much stronger, which indicates that PG is more effective
for long wavelength driving laser. This is consistent with
previous results where the cutoff photon energies are less
than 200eV.>*

We use a semi-classical model to explain the depend-
ence of HHG yield on ellipticity. This model assumes that
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FIG. 2. (a) Dependence of HHG yield on the driving laser ellipticity over
the range of 50-325¢eV; (b) dependence of HHG yield on the driving laser
ellipticity at 200 eV (dot) with its Gaussian fitting (solid line); and (c) meas-
ured (dot) and calculated (solid line) threshold ellipticity at a field intensity
of 5 x 10" W/em®,
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the XUV emission from an elliptical field is dominated by
those electron trajectories whose transverse displacement
caused by the field elliptical is compensated by an initial
transverse velocity when the electron tunnels out of the
atomic binding potential.*® According to this model, the high
harmonic intensity vs ellipticity curve is a mapping of the
initial transverse velocity distribution of the electron freed
from an atom via tunneling ionization. Here, we only show
the modeling result in Figs. 2(b) and 2(c). The calculated
threshold ellipticity matches the experimental data with an
accuracy of better than 20% error.

In the PG experiment, the optical axis of a quartz plate
of 180 um (379 um) thickness is set at 45° with respect to the
polarization of the linearly polarized input driving laser to
introduce a one- (two-) cycle delay between the o- and
e-pulses. The subsequent quarter-wave plate, with its optical
axis set at 0°, converts the o- and e-pulses into counter-
rotating circularly polarized pulses with a linearly polarized
field in the overlap region.>'~*> The polarization gate width
can be expressed as*

RS}

&n T

Otg = ==
T )T,

ey

where &, =0.1 is the threshold ellipticity, 7, =12 fs is the
pulse duration of our driving laser, and 7, =5.6 fs (11.3 fs)
is the delay introduced by the one- (two-) cycle first quartz
plate. The resulting polarization gate width is thus calculated
to be dtg; =3.6fs (dtgr = 1.8 fs) for one- (two-) cycle delay.
To choose the proper gate width appropriate for experiment,
the polarization gate width should be less than half of one
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optical cycle 0t <Tp/2=2.8fs to ensure only a single
recombination event occurs for each laser shot. Thus, it is
apparent that the two-cycle delay PG satisfies this require-
ment, while the one-cycle delay PG will result in an incom-
plete gating.

We compare the HHG spectra using the linearly polar-
ized driving pulse and the PG pulse under different CEP
values (Fig. 3). Our laser intensity is estimated to be 5.5
x 10'"*W/cm? for all cases. The HHG spectra under the line-
arly polarized driving field are always discrete regardless
of the CEP value, indicating that multiple recombination
events occur in the plateau spectrum region for each laser
shot. For the incomplete gating (Ty/2 < dtg; <Tp) created
by the one-cycle-delay PG, the form of the HHG spectra
changes between comb-like (CEP=0.45 =) and continuous
(CEP =—0.05 m) due to multiple or single recombination
events, respectively. For the complete gating (dtg2 < To/2)
created by the two-cycle-delay PG, the HHG spectra are
always continuous for all CEP values, indicating that an iso-
lated attosecond pulse is generated for each laser shot, as
previously demonstrated with an 800nm driving laser.’
Another indication of isolated attosecond pulse generation is
the large variation of the x-ray intensity with CEP in Figs.
3(c) and 3(f). The CE phase sets the timing between the cen-
ter of the polarization gate and the maximum of the quasi-
linearly polarized driving field that determines where the
attosecond pulse is generated inside the polarization gate.
Consequently, the attosecond pulse-generation efficiency
depends strongly on CEP when the gate width is smaller
than the temporal spacing between adjacent attosecond
bursts.> The full HHG spectrum recorded from 50 to 450 eV
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FIG. 3. CEP influence on HHG spectra using (a) a linear driving pulse, (b) a PG pulse with one-cycle delay, and (c) a PG pulse with two-cycle delay; compari-
son of HHG spectra with CEP values differing by 0.5 7 using (d) a linear driving pulse, (¢) a PG pulse with one-cycle delay, and (f) a PG pulse with two-cycle
delay. The spectra below 100eV are shown where the resolution of spectrometer is sufficient to resolve harmonic peaks. The conditions of the MCP detector
are kept the same so that the relative x-ray intensity in the three cases can be compared.
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via the two-cycle-delay PG (CEP=—1.1 m) is shown in
Fig. 4. The HHG spectrum bandwidth supports a transform-
limited attosecond pulse duration as short as 13 attosecond.
It is known that attosecond pulses from the short trajectory
are positively chirped. Compensating the atto-chirp with the
negative group delay dispersion of thin Sn films or xenon
gas is feasible in the 150-300eV range, which may yield
pulses less than 40 as shown in Ref. 34. Other materials such
as Al and Zr can be used to compress pulses at lower photon
energies in the broad plateau to meet different application
requirements.”**?> The number of x-ray photons in the
120-400eV range was measured with an XUV photodiode
(IRD AXUV100), which gives ~1.5 x 107 photons per laser
shot after a 100nm Sn filter, or ~3 x 107 before the filter.
The filters were used to block the driving lasers. The
measurement was done when the laser is linearly polarized
laser so that it can be compared with the results reported in
Ref. 20. The higher x-ray photon number in our measure-
ments can be attributed to the higher driving laser energy
available in this work.

In conclusion, we measured the ellipticity dependence
of HHG yield in the water window using 1.7 um, 12 fs, CEP-
stabilized laser pulses. The measured result agrees well with
a semi-classical model. Compared to 800 nm driving lasers,
the stronger ellipticity dependence makes PG more effective
for the 1.7 um laser. A continuous HHG spectrum in the
water window is demonstrated via the PG technique. The
laser’s CEP influence on the shape and intensity of the HHG
spectrum strongly indicates isolated attosecond pulses are
generated. The PG method demonstrated here is complemen-
tary to other grating schemes for long wavelength driving
lasers. The continuous spectrum obtained with PG driven by
1.7 um lasers covers 50-450eV, which is broader than the
75eV bandwidth achieved with AG.' The cutoff photon
energy, 400 eV, is higher than the 188 eV reached by ioniza-
tion/phase matching gating.?* The main advantage of the AG
and ionization gating is the simplicity as no gating optics are
required. It is expected that ultrabroad band light sources
based on PG with mid-infrared lasers will play an important
role in attosecond transient absorption experiments®®’ to
simultaneously observe electron motions in the core and
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FIG. 4. HHG spectrum from via two-cycle-delay PG (CEP =—0.9 n) with
spectrum bandwidth supporting a transform-limited pulse duration of 13 as.
Spectrum below 35 eV is clipped by the edge of our MCP detector.
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valence levels. Characterization of the attosecond pulses
generated by PG using the attosecond streaking camera tech-
nique is expected in the future.
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