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Attosecond spectroscopy is a powerful technique for probing
electron dynamics in fundamental systems. However, extend-
ing this method to cover a wide range of element-specific,
core-hole transitions requires the availability of broadly
tunable attosecond pulses. In this Letter, we present a new
method for generating high-flux, high-contrast single attosec-
ond pulses tunable across the range of 50–120 eV. The
method is referred to as a Polarization ASSisted Amplitude
GatE (PASSAGE) and uses a few-cycle driving pulse along
with a partial polarization gate to extend the bandwidth of
high harmonic emission in the temporally isolated, cut-off
portion of the spectrum. The simplicity of this technique will
help pave the way for implementing attosecond core–hole
spectroscopy to probe more complex reactions and bring
attosecond science into a multidisciplinary setting. © 2016

Optical Society of America
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Attosecond pulses in the extreme ultraviolet (XUV) are generated
through the highly nonlinear process of high harmonic generation
(HHG) [1]. A near-infrared (NIR), femtosecond pulse undergoes
a non-perturbative interaction with a noble gas medium, leading
to the generation of high-order harmonics of the fundamental
NIR field. The harmonics are emitted in attosecond bursts that
occur every half laser cycle. While HHG offers a simple means of
generating a train of these attosecond pulses, isolating a single
attosecond pulse (SAP) is significantly more difficult. Only a
handful of methods exist that have demonstrated the ability to
generate SAPs. These methods include amplitude gating [2],
polarization gating (PG) [3–5], double optical gating (DOG) [6],
generalized DOG [7], ionization gating [8,9], and the attosecond
lighthouse effect [10]. Of these methods, the most versatile have

been amplitude gating, PG, and DOG. The method of amplitude
gating uses few-cycle femtosecond pulses as a driver for HHG.
Since the electric field amplitude changes dramatically from one
half-cycle to the next, the most energetic XUV photons originate
from the HHG emission corresponding to the most intense half-
cycle [2]. This creates a quasi-continuum in the most energetic
portion of the HHG spectrum, referred to as the cut-off spec-
trum. On the other hand, PG and DOG take advantage of
the extreme ellipticity dependence of HHG by tailoring the
polarization of the driving pulse such that it is linearly polarized
for a fraction of an optical cycle [3], leading to isolated attosecond
emission.

In this report, we introduce a new technique for generating a
SAP. The method provides an extension to amplitude gating by
incorporating a partial polarization gate to suppress HHG emis-
sion from half-cycles adjacent to the most intense half-cycle of
the driving laser field. We refer to the method as a Polarization
ASSisted Amplitude GatE (PASSAGE). The optical layout for
PASSAGE is shown in Fig. 1(a). The layout is similar to PG
and consists of only two optical elements. The first optic is a L �
85 μm quartz plate with an optical axis parallel to the surface of
the plate and placed at an angle of 45° with respect to the input
polarization. The thickness of this plate is chosen to correspond to
the first-order full waveplate thickness of quartz at 780 nm and
generates two time-delayed, orthogonally polarized pulses. The
second optic is a zeroth-order λ∕4 plate that converts the orthogo-
nally polarized pulses to counterrotating, elliptically polarized
pulses. The overlap of these pulses is determined by the group
delay introduced by the first quartz plate, which sets the duration
of the linear polarization gate. For full PG, a linear gate of ≤0.5
optical cycles (o.c.) is used to isolate a SAP, corresponding to a
thickness of L � 180 μm. For PASSAGE, only a weak polariza-
tion gate is required to isolate the cut-off spectrum. For pulse
durations greater than 3.5 fs, the L � 85 μm plate gives rise
to a linear polarization gate >0.5 o.c. Figure 1(b) shows the
time-dependent ellipticity created by the PASSAGE configuration
for a 5 fs driving pulse duration. The linear gate width for this
configuration is 1 o.c. and the half-cycles adjacent to the most
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intense half-cycle experience an ellipticity of ∼0.2, leading to 1
order of magnitude reduction in their HHG contribution [11].
In this respect, PASSAGE has two clear advantages: first, using a
weaker polarization gate conserves more intensity within the
most intense half-cycle and accommodates access to the HHG
cut-off spectrum. Second, by suppressing the emission from ad-
jacent half-cycles, the spectral bandwidth available in the cutoff is
increased.

To better understand the effect of the partial polarization
gate in PASSAGE, we simulate electron recombination energies
for attosecond pulses driven by a 4.5 fs driving field in neon in
Fig. 1(c). To filter out the low-energy attosecond pulse train, a Zr
filter is generally used as a high-pass filter at ∼60 eV (blue dashed
line). However, it is clear from Fig. 1(c) that the Zr filter still
transmits four attosecond pulses. This can better be seen from
the simulated HHG spectrum in Fig. 1(d) (see Supplement 1).
For a linearly polarized field, the HHG spectrum (red dashed
curve) exhibits discrete harmonics throughout its entire band-
width. To isolate a SAP using linearly polarized light and the
Zr high-pass filter, driving pulses with durations <4 fs are re-
quired. However, with the application of the weak polarization
gate [gray gradient in Fig. 1(c)], the attosecond pulses adjacent
to the central pulse are strongly suppressed. In the simulated
HHG spectrum for PASSAGE [blue shaded curve, Fig. 1(d)],
the cut-off spectrum above 80 eV turns into an isolated con-
tinuum and becomes the dominant feature in the transmitted
HHG spectrum.

To isolate attosecond pulses experimentally, we begin with a
carrier-envelope phase (CEP) stable, 5 fs pulse with a pulse energy
of 0.8 mJ (see Supplement 1). The pulse is split with a broadband
beam splitter to generate the HHG driving beam and the NIR-
probe beam. The driving beam is passed through the PASSAGE
optics and focused with a f � 65 cm spherical mirror into a
2 mm gas cell filled with either Ne or Ar gas. Attosecond pulses
are isolated in Ne by using a 200 nm Zr foil as a high-pass filter for
the cut-off spectrum, as described above. A typical HHG spec-
trum generated with a 5 fs linearly polarized driving field in
Ne is shown in Fig. 2(a) (red dashed curve). Harmonic modula-
tion is still observed in the spectrum at this driving pulse duration,
indicative of satellite pulses contaminating the attosecond spec-
trum. However, when PASSAGE is implemented, the HHG
spectrum (blue shaded curve) becomes a near perfect continuum.

Attosecond pulses are more difficult to isolate in Ar. To
achieve this, we take advantage of the Cooper minimum of Ar
at 50 eV [12]. In theory, if the driving pulse is short enough, har-
monic emission extending from the Cooper minimum of Ar to
the Al edge at 72.6 eV can be isolated to a single half-cycle of the
laser field. HHG simulations suggest that the driving field would
have to be <4 fs to isolate a pulse with this bandwidth. In addi-
tion, the lower ionization potential yields stricter phase-matching
requirements due to additional plasma contributions [13]. As a
result, the generation of isolated attosecond pulses by amplitude
gating in Ar has not been observed to date. Figure 2(b) shows a
typical HHG spectrum generated with a linearly polarized, 5 fs
driving field in Ar (red dashed curve). The driving NIR field is
filtered out using a 200 nm Al foil. Residual harmonics are clearly
observed in this spectrum. However, with the implementation of

Fig. 1. (a) Schematic of PASSAGE consisting of a L � 85 μm quartz
window and a zeroth-order λ∕4 plate. The combination of these plates
generates counterrotating elliptically polarized pulses. The corresponding
time-dependent ellipticity is plotted in (b) for a 5 fs driving field. HHG
emission occurs when the ellipticity is<0.2, creating a linear polarization
gate. For PASSAGE, a polarization gate >0.5 o.c. is used to isolate the
cut-off HHG spectrum. (c) Electron recombination energies for attosec-
ond pulses driven by a 4.5 fs pulse in Ne. To isolate a SAP, a Zr filter is
used to transmit photons >60 eV (blue dashed line). For linearly polar-
ized driving fields, the Zr filter can still transmit four attosecond pulses.
However, with the application of PASSAGE, the satellite pulses are
greatly suppressed. (d) This is observed in the simulated HHG spectra
for a linearly polarized driving field (red dashed) and PASSAGE (blue
shaded). The cut-off portion of the spectrum becomes an isolated
continuum with the implementation of PASSAGE.

Fig. 2. Experimental SAP spectra generated using a linearly polarized
driving field (red dashed curve) and PASSAGE (blue shaded curve) with
(a) Ne and (b) Ar as HHG driving gases. The spectra were acquired with
a driving pulse duration of 5 fs. Residual harmonic modulation is still
observed in the linearly polarized case, indicative of satellite pulse con-
tamination. The SAP spectra become nearly continuous with the imple-
mentation of PASSAGE, corresponding to the isolation of high-contrast
SAPs. The isolation of the SAPs is confirmed using attosecond streaking
spectroscopy. The streaking spectrograms are shown in (c) and (d) for
pulses isolated in Ne and Ar, respectively.
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PASSAGE, an isolated continuum extending from the Cooper
minimum to the Al edge is observed.

The isolation of attosecond pulses is confirmed using the tech-
nique of attosecond streaking spectroscopy (see Supplement 1)
[14]. Attosecond streaking is the conventional technique for
characterizing attosecond pulses by monitoring energy-resolved
photoelectrons in an XUV-pump, NIR-probe cross-correlation
measurement. The streaking spectrograms recorded for attosec-
ond pulses isolated via PASSAGE in Ne and Ar are shown in
Figs. 2(c) and 2(d), respectively. The XUV and NIR fields are
uniquely characterized by applying a FROG-CRAB reconstruc-
tion algorithm on the streaking spectrograms (see Supplement
1) [15]. The reconstructed attosecond pulse durations are
measured to be 140� 10 as and 190� 10 as for Ne and Ar,
respectively.

With the attosecond pulses well characterized, we can measure
the dependence of the XUV spectrum on the CEP of the driving
NIR field to better understand the mechanism giving rise to SAP
production via PASSAGE. In the case of an amplitude gate, the
peak photon energy of the cut-off spectrum shifts with CEP due
to the changing peak amplitude of the electric field [16]. This is
observed in the simulated CEP scan in Fig. 3(a) for a SAP gen-
erated from a 3.5 fs driving field in Ne (i.e., amplitude gating).
The CEP dependence for PG is noticeably different. The simu-
lated CEP scan for a SAP generated via PG with a 5 fs driving field
is shown in Fig. 3(b). The CEP scan shows the evolution of the
attosecond spectrum from a smooth continuum to discrete har-
monics with very little center-of-energy motion in the overall
spectrum. This reflects the spectrum evolving from a SAP into a
double-pulse configuration [4]. From the experimental CEP scan
in Fig. 3(c), a strong center-of-energy motion is observed in the
attosecond spectrum as a function of CEP, suggesting that
PASSAGE is an amplitude-gate-type mechanism. The difference

is that the implementation of the partial polarization gate greatly
relaxes the pulse duration restrictions of amplitude gating, leading
to a more flexible amplitude gating scheme.

With PASSAGE demonstrated as a robust technique for iso-
lating SAPs, we can now compare the performance of this tech-
nique against amplitude gating and PG. The pulse energy of the
SAP is measured using a calibrated XUV photodiode (Opto-diode
Corp., AXUV63HS1). To optimize the photon flux, we tune
either the backing HHG pressure or the focus of the driving
NIR field. However, it is important to note that it is very easy
to destroy the phase matching of the SAP spectrum by modifying
either of these parameters due to changes in macroscopic
propagation effects, resulting in the generation of a pulse train
instead of a SAP. Therefore, great care is taken to preserve this
CEP dependence of the SAP spectrum during the optimization
process. The highest photon flux measured with PASSAGE for a
SAP generated in Ar and Ne is 0.6 and 0.2 nJ, respectively (see
Supplement 1). Compared to previous pulse energies measured
with a PG, this represents at least 1 order of magnitude improve-
ment in the photon flux [4]. In addition, when we implement a
full polarization gate onto the pulse, the cut-off spectrum is nearly
destroyed with a 95% decrease in counts above the Cooper mini-
mum in Ar and no counts measured in Ne (see Supplement 1).
When compared to using linear polarization (i.e., amplitude
gate), we typically measure a reduction factor of 2–3 between lin-
ear polarization and the PASSAGE configuration. This is in line
with the amplitude gate pulse energy of 0.5 nJ measured in Ne by
Goulielmakis et al. [14].

The experimental simplicity of PASSAGE offers tremendous
flexibility in the production of attosecond pulses. To tune the
central energy of the attosecond pulse, one can tune the aperture
of the iris, move the position of the driving laser focus, or change
the HHG driving gas. Figure 4 shows six attosecond continua
acquired under different PASSAGE conditions, spanning an
energy range of 50–120 eV. To achieve this tunability, both Ar
(red, orange, and green spectra) and Ne (blue, purple, and indigo

Fig. 3. (a) Simulated CEP scan for a SAP isolated using amplitude
gating in Ne (3.5 fs driving field and a Zr high-pass filter). The peak
position of the cut-off spectrum clearly moves with changing CEP.
(b) Simulated CEP scan for a SAP isolated using PG in Ne. The center
of energy of the PG spectrum is fairly insensitive to changes in the CEP.
(c) The experimental CEP scan for a Ne SAP isolated using PASSAGE.
The peak position of the cutoff clearly moves with changing CEP, similar
to an amplitude-gate-type of mechanism.

Fig. 4. Implementation of PASSAGE allows for the generation of tun-
able XUV continua that span the energy range of 50–120 eV. This tun-
ability is easily achieved by a combination of adjusting the aperture of the
driving beam, moving the focus, and changing the HHG driving gas. The
first three spectra (red, orange, and green) were taken with Ar as a driving
gas and the second three spectra (blue, purple, and indigo) were taken
with Ne as a driving gas. The energy range covered by PASSAGE coin-
cides with numerous L-, M-, and N-edge electron binding energies of
chemically relevant elements.

Letter Vol. 3, No. 7 / July 2016 / Optica 709

https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-7-707&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-7-707&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-7-707&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-7-707&seq=1
https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-3-7-707&seq=1


spectra) are used as driving gases, switching between Al and Zr
filters to isolate spectra below or above the Al edge at 72.6 eV,
respectively. Numerous atomic binding energies exist over the
spectral range offered by PASSAGE. The L-edge, M-edge, and
N-edge binding energies of various elements [17] are included
in Fig. 4 to represent a small subset of these possible target res-
onances. The attosecond spectra created through PASSAGE can
be used to excite or photoionize these electrons, making it a sen-
sitive tool for probing complex, multielectron dynamics [18].

In conclusion, we have introduced PASSAGE as a powerful
technique for generating high-contrast, single attosecond pulses.
The pulses can be energetically tuned between 50 and 120 eV,
corresponding to an energy range that contains many chemically
relevant elemental binding energies. Isolating a pulse within this
regime will enable the attosecond study of multielectron dynam-
ics in a range of interesting chemical and material systems, includ-
ing halogenated hydrocarbons, organometallic compounds, and
transition-metal oxides. In addition, the bandwidth and energy
range of these pulses can easily be scaled with either increasing
intensity or increasing wavelength. We anticipate that PASSAGE,
implemented with intense, few-cycle infrared pulses [19–21], will
assist in the production of broadband attosecond pulses and push
the limits of attosecond pulse durations below 67 as [22]. This
will enable the study of many-body electron correlation dynamics
[23] and the universal response time to the removal of an electron
from molecules and materials [24].
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