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Separating the infrared driving laser from the extreme ultraviolet (XUV) pulses after high-order harmonic generation
has been a long-standing difficulty. In this Letter, we propose and demonstrate that the driving laser can be blocked
by simply installing a microchannel plate (MCP) into the beam line. In addition to its high damage threshold, the
MCP filter also transmits photons over the entire XUV region. This paves the way for attosecond pulse generation
with unprecedented bandwidth. © 2014 Optical Society of America
OCIS codes: (020.2649) Strong field laser physics; (320.6629) Supercontinuum generation; (320.7100) Ultrafast mea-

surements.
http://dx.doi.org/10.1364/OL.39.003670

Since the first experimental demonstration of attosecond
pulses from high-order harmonic generation (HHG) in
2001 [1], the development of time-resolved spectroscopic
techniques with attosecond temporal precision has
greatly had an impact on our understanding of ultrafast
electron dynamics in atomic, molecular, and condensed-
matter systems [2–4]. When an intense few-cycle laser
pulse—usually with a central wavelength in the near-
infrared (NIR) or mid-infrared (MIR) region—is focused
onto a gaseous target, high-order harmonics are gener-
ated as a coherent beam of extreme ultraviolet (XUV)
light, which copropagates with the residual driving laser.
The bandwidth of this new optical source can extend
from the vacuum ultraviolet [5] to the x-ray spectral re-
gion [6] and allows the generation of isolated attosecond
pulses with extremely short durations [7–10].
However, for many experimental applications, one

must separate the generated XUV from the residual
driving laser pulses to avoid ionization or excitation of
the target by the strong laser field. This becomes a sig-
nificant technical challenge, especially when high-energy
(>100 mJ) driving pulses are used to generate high-flux
XUV pulses [11] or when an MIR laser is used to extend
the HHG cutoff [12,13]. To solve this issue, several
schemes have been proposed and demonstrated: thin-
film metallic filters [1–10], an annular pump beam [14],
a dichroic beam splitter [15], a Si/SiC plate at the Brew-
ster angle [16], and diffraction gratings [17]. However,
each of those schemes has certain limitations.
The use of a thin metallic filter (hundreds of nano-

meters in thickness) is the most common way to block
the driving beam, while transmitting the XUV. Although
metal filters with transmission windows in the XUV re-
gion are available, they are limited to a finite range of
photon energies, which ultimately limits the achievable
attosecond pulse duration. Furthermore, in some cases
no suitable filter can be found, such as for the study
of molecular targets where photon energies ranging
from <10 to 20 eV are desired [18]. Moreover, metallic
filters are extremely fragile, and some filters such as zir-
conium (Zr) are susceptible to damage from high-energy
driving lasers. While the use of an annular driving beam

eliminates the damage issue [14], a significant portion of
the driving laser energy is lost, thus limiting the flux of
the generated high-order harmonics.

Another technique involves the use of dichroic multi-
layer mirrors, which have high reflectivity in the XUV and
low reflectivity for the NIR [15]. However, the coating
design and the manufacturing process are rather compli-
cated, and the high XUV reflectivity can only be obtained
within a narrow wavelength range due to the lack of
suitable coating materials. Alternatively, an Si/SiC plate
placed at the Brewster angle of the driving laser wave-
length has been demonstrated [16]. For the NIR driving
laser, the Brewster angle is around 70° for Si/SiC, and
∼50% reflectivity can be obtained for XUV photon
energies up to 60 eV. The Si/SiC beam splitter has a high
damage threshold and can effectively eliminate the
residual NIR. However, for MIR driving lasers, the Brew-
ster angle reduces to ∼50° for Si/SiC, for which the reflec-
tivity is less than 5% for photon energies above ∼30 eV.
Therefore, this method is not suitable for broadband
HHG driven by MIR lasers.

The most recently proposed scheme is to use diffrac-
tion gratings as the beam separator [17]. The grating sys-
tem can, in principle, be designed for any wavelength
range, and the damage threshold is high due to the graz-
ing incidence angle on the grating. However, besides the
complicated design and the low throughput for the XUV,
this design cannot be applied for broadband attosecond
pulses due to the spatial and temporal chirp introduced
by the gratings [17].

In this Letter, we propose and demonstrate a simple
solution for this long-standing problem, which is to
use a microchannel plate (MCP) as an optical filter.
The MCP filter can effectively block either NIR or MIR
driving laser and transmit photons over the entire XUV
and x-ray spectral regions. Essentially, an MCP consists
of millions of parallel glass capillaries (microscopic
channels), which lead from one surface to the other.
The diameter of each channel is several micrometers,
which is comparable with the wavelength of NIR/MIR
but much larger than that of the XUV or soft x-ray
photons. Therefore, the driving pulse propagating
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through the MCP will be strongly diffracted, while the
transmitted high harmonic beam is mainly unperturbed.
Consequently, the MCP functions as a short-wavelength-
pass filter between the driving NIR/MIR and XUV/x-ray
photons. A schematic of the function of such a filter is
shown in Fig. 1. This MCP filter is particularly desirable
when a broad bandwidth of XUV photons is generated by
an intense MIR pump laser.
In the experiments, the MCP (TecTra GmbH, MCP-25-

40-d) has a channel diameter of 8 μm and a thickness-to-
diameter ratio of 40∶1. The open area is 58%–60% of the
total area, limiting the maximum value of the transmis-
sion. The bias angle, which must be carefully aligned
along the laser propagation direction, is 8 deg. In order
to demonstrate this new technique, the transmission of
the MCP was measured as a function of wavelength
for MIR, NIR, and visible laser sources as well as for
XUV light from HHG.
The diffraction pattern of an NIR driving laser propa-

gating through the MCP filter is shown in Fig. 2. The
bright center spot is the zeroth-order transmission and
follows the same path as the incident beam. All the non-
zero-order diffraction beams can be blocked by an aper-
ture placed after the MCP. Three lasers with different

wavelengths were available for testing the MCP transmis-
sion. The home-built Ti:Sapphire laser has a central
wavelength of 750 nm and pulse duration of 23 fs. This
type of laser is commonly used as the driving laser for
HHG. The MIR output from a commercial TOPAS (Coher-
ent, HE-TOPAS-Prime) has a central wavelength of
1.6 μm and pulse duration of 50 fs. The continuous-wave
laser with a wavelength at 532 nm (Opto Engine LLC,
MLL-III-532 nm) was also used. The measured zeroth-
order transmissions at these three different wavelengths
are 0.4% for 1.6 μm, 5% for 750 nm, and 11% for 532 nm,
respectively. It can be seen that the zeroth-order
transmission largely depends on the wavelength of the
incident beam.

The MCP transmission in the XUV spectral region has
been measured in [19] to be as high as 60% for photon
energies from 50 eV to 1.5 keV, reaching the upper limit
set by the MCP opening ratio. It is reasonable to assume
that the transmission should be the same for even higher
energy photons due to their decreasing wavelengths. The
measurement in [19] was done by placing an XUV photo-
diode 1 mm away from the MCP, indicating that the total
transmission was measured. However, only the zeroth-
order transmission is useful for studying ultrafast dynam-
ics. Therefore, we evaluated the zeroth-order transmis-
sion of the MCP filter in the XUV by placing the filter
in our HHG beam line [10]. A schematic drawing of
the MCP filter in the experimental setup is shown in Fig. 3
(a). Briefly, the high harmonics, generated in a neon gas
target from 7 fs, 0.5 mJ laser pulses, passed through the
MCP filter and were focused by a toroidal mirror to a sec-
ond neon gas target for measurement of the photoelec-
tron spectrum. The diffracted light was blocked using
an aperture placed after the toroidal mirror, transmitting
only the zeroth-order transmission.

The photoelectron spectrum of HHG with the MCP fil-
ter was recorded by a magnetic bottle electron spectrom-
eter, as shown in Fig. 3(b). Photoelectron spectra taken
with 300 nm aluminum (Al) and 300 nm zirconium (Zr)
filters were also plotted in the same figure with their rel-
ative intensities adjusted for best comparison. The result
shows that an HHG spectrum up to 150 eV photoelectron
energy can be observed with the MCP filter, which agrees
well with the spectra taken with Al and Zr filters.

The zeroth-order transmission of XUV through the
MCP can be measured by comparing the photoelectron
spectra with and without the MCP filter, as plotted in
Fig. 4. The blue circles represent the transmission taken
with the Al filter, and the red squares show the result with
the Zr filter. This measurement shows that the zeroth-
order transmission is about 25% for photon energies
between 30 and 120 eV. There is a clear tendency that
the transmission is larger for higher photon energy, sug-
gesting the applicability of the MCP filter for high-photon
energy and ultrabroadband attosecond pulse generation
driven by MIR lasers.

The energy of the driving laser after passing through
the MCP is less than 1 μJ and does not noticeably affect
the photoelectron spectrum, allowing characterization of
attosecond pulses with reconstruction of attosecond
beating by interference of two-photon transitions
(RABBITT) or phase retrieval by omega oscillation filter-
ing (PROOF) [20,21]. Experimentally, the RABBITT

Fig. 1. Schematic of the principle of the MCP filter. The diam-
eter of each MCP channel is comparable to the wavelength of
the IR but much larger than that of the XUV. The red (blue) lines
indicate the IR (XUV) beam. The 0th and�1st order diffractions
are labeled by black arrows.

Fig. 2. Diffraction pattern after a Ti:Sapphire laser propagates
through the MCP. The center bright spot circled by the black
line is the zeroth-order transmission, which follows the same
path as the incident beam. Higher diffraction orders are
spatially separated, so they can be easily blocked.
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spectrograms were recorded with and without the MCP
filter as shown in Fig. 5(a). The details of the setup can be
found in [10]. A 300 nm Al foil was used in both cases to
block the driving IR when no MCP filter was present. The
black-dashed lines were plotted to indicate the trend of
the sideband peak positions. To quantitatively compare

the RABBITT spectrograms with and without the MCP
filter, we plot the delay for each sideband maximum
as a function of the photoelectron energy in Fig. 5(b).
The dots (red: MCP� Al; blue: Al only) are the experi-
mentally measured delays corresponding to the sideband
maxima, while the solid lines are linear fits to the data. It
can be seen that the two lines overlap very well, demon-
strating that the MCP has a negligible effect on the
harmonic spectral phase. Further calculation is neces-
sary to fully understand the XUV propagation within
the MCP filters [22].

The damage threshold of the MCP filter was measured
to be approximately 16 mJ∕cm2 using a 10 Hz, 800 nm Ti-
Sapphire laser with about 25 fs duration, corresponding
to an intensity of 0.6 × 1012 W∕cm2. This value is compa-
rable with the damage threshold of Si/SiC beam splitters
reported in [16] and to our measured damage threshold
of a 650 nm Al foil.

In conclusion, we have demonstrated that an MCP can
be used as an effective beam separator in high-order
harmonic and attosecond pulse generation based on
the wavelength-dependent transmission. The zeroth-or-
der transmission for various wavelengths was measured,
and a transmission of about 25% was observed for XUV
between photon energy of 30 and 120 eV. There is no ad-
ditional spectral dispersion introduced by the MCP, and
the filter can be applied to attosecond measurements, as

Fig. 3. (a) Schematic drawing of MCP filter in the HHG beam
line to suppress the IR driving laser and transmit the XUV. The
focused XUV photoionizes the neutral gas atoms (neon) from
the gas jet, and the photoelectron spectra are recorded by a
time-of-flight spectrometer (not shown). (b) Measured photo-
electron spectra with MCP (black solid), Zr (red dash), and
Al filters (blue dot). The relative intensities of the spectra
are adjusted for best comparison.

Fig. 4. Zeroth-order transmission of the XUV through an 8 μm
pore MCP derived from measurements with Al (blue square)
and Zr (red circle) filters.

Fig. 5. (a) RABBITT spectrograms with (left) and without
(right) MCP filter. (b) Relative delay for sideband maxima as
the function of the photoelectron energy. Red squares were
taken with Al and MCP filter; blue dots were taken with Al filter
only. The linear fits for each dataset were plotted in the solid
and dashed lines with the same color.
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verified by RABBITT spectrograms taken with and with-
out the MCP filter. In the future, an MCP with a larger
open-area ratio and smaller pore size should be used
to increase the zeroth-order transmission for the XUV
and to decrease that of the driving laser. Compared with
other techniques, this method is easy to implement, and
the MCP filter transmits photons over the entire XUV and
x-ray spectrum. Moreover, it is an effective method for
blocking MIR laser sources, which may be used to
generate even shorter attosecond pulses with broader
bandwidths.
More generally, we wish to emphasize that the MCP

here functions as a short-wavelength-pass filter to sepa-
rate radiation of two wavelengths, which do not have to
be NIR/MIR and XUV/soft x ray. Also, since the suppres-
sion of the long wavelength is not realized by a coating on
a substrate-like some optical filters, there is no
dispersion or absorption of the transmitting wavelength
by either the coating or the substrate. This is extremely
critical in ultrashort optical pulse generation and its
applications. Therefore, an MCP can be a useful short-
wavelength-pass filter in a broad range of ultrafast
studies.
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