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Spatiotemporal characterization of single-order
high harmonic pulses from time-compensated
toroidal-grating monochromator
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Abstract: Extreme ultraviolet (XUV) single-order high harmonic pulses
with 10° photons/pulse were separated from multiple harmonic orders by a
time-compensated toroidal-grating monochromator consisting of a pair of
toroidal gratings. The first grating separates the harmonic order and the
second one compensates for the pulse-front tilt. The center photon energies
were tunable between 42 and 23 eV. The separated single harmonic pulses
were spatially and temporally characterized as having a spot size of 58 + 3
pm at the focus, with a shortest pulse duration of 47 + 2 fs. The developed
XUV light source is versatile for application to time- and space-resolved
spectroscopy.

©2010 Optical Society of America
OCIS codes: Multiharmonic generation; (320.7100) Ultrafast measurements; (190.4160).
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1. Introduction

The recent development of high harmonics, x-ray lasers, and free-electron lasers is providing
us with unique opportunities to investigate nonlinear optics and ultrafast phenomena in the
extreme ultraviolet (XUV) and soft x-ray regions [1-3]. Among these opportunities, high
harmonics, which are generated by the interaction between ultrashort laser pulses and rare
gases, appear to be promising for spectroscopy because of the compactness of their
experimental apparatus and their ultrashort temporal durations that break into the attosecond
regime [4-8]. High harmonics can now realize the direct observation of the dynamics in
atoms, molecules, and solid-state materials with femtosecond and attosecond temporal
resolution [9-14].

However, we face some difficulties in the application of high harmonics to spectroscopy,
especially time-resolved and nonlinear spectroscopy, since many multiple orders of high
harmonics are generated coaxially along with intense fundamental laser pulses, and the target
signals probed by an appropriate harmonic order are often covered with the noises caused by
the other harmonic orders. For example, we have had difficulty detecting the very weak
photoelectron signals created by the two-photon absorption of high harmonics, because the
photoelectrons from one-photon absorption were very strong and partially covered the
nonlinear signals [15]. This is due to the poor reflectance contrast of the multilayered mirror
that is used for focusing the harmonics. The use of a grating offers, what is seemingly, the
simplest solution to this problem. However, the diffraction on a grating introduces a pulse-
front tilt because of the difference in the length of the optical paths inside the harmonic beam,
and as a consequence, the pulse duration of the harmonic pulses becomes longer than 100 fs
[9,11]. To remedy this difficulty, Villoresi proposed an optical system in which one selects a
certain spectral region by the first grating with an exit slit and compensates for the pulse front
tilt of the pulses with a second grating [16]. Figure 1(a) presents a schematic diagram of a
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compensator that employs a pair of toroidal gratings. This optical configuration achieves not
only the separation of the harmonic order but also the focusing of the harmonic pulses.

In this paper, we report the development of a pulse-front-tilt compensator, that is, a time-
compensated toroidal-grating monochromator, based on this configuration, i.e. with a pair of
toroidal gratings, and demonstrate the spatiotemporal characterization of single-order
harmonic pulses separated by the compensator. Nugent-Glandorf et al. and Poletto et al. have
already constructed similar time-compensated monochromators [17,18]. In the former case,
the combination of a spherical grating and a toroidal grating was employed, but the use of a
spherical grating in the grazing incident angle introduces a high degree of astigmatism. It
therefore becomes inevitable that the profile of the output beam is greatly distorted and the
throughput at the center slit becomes lower. For example, we conducted a ray-trace simulation
under the condition described in Ref. 17. We also made a simulation with an assumption that
a pair of the toroidal grating was used. Here, the gratings were assumed to be at the Oth order
reflection. Figure 1(b) shows that the 100-um circular beam profile is distorted into a bow-
shape after passing through a harmonic compensator with a spherical grating, while a pair of
toroidal gratings yields a circular profile with a diameter of 100 um. In the case of the
diffracted beam, the beam profiles should be worse than the results of the simulations.
Therefore, a configuration that includes a pair of toroidal gratings should provide improved
focusability. In the latter case [18], four toroidal mirrors and two plane gratings were used.
Although the pulse duration was compressed to 8 fs and the total throughput of the time-
compensated monochromator was increased by about 18% due to the conical diffraction
gratings [18,19], the relatively complicated optical configuration is difficult to construct.
Thus, because the simplicity of the original design proposed by Villoresi [16] still offers more
practical advantages, we were motivated to evaluate it. In particular, we sought to characterize
its focusability for the first time.

(a) Light source Focus (b)

Broadening of
pulse duration

Length (mm)

10 05 00 05 10 15

Toroidal grating 1 Toroidal grating 2 Length (mm)

Fig. 1. (a) Schematic of a pulse-front-tilt compensator. The dotted lines indicate the pulse front
inside the beam. The distance between the red lines corresponds to the broadening of the pulse
duration. (b) Numerically simulated output beam profile of the compensator using the
combination of a concave and a toroidal gratings. The spot size by a pair of toroidal gratings is
about 100 um in diameter.

2. Experiment

We characterized three features of the output pulses from the compensator: the pulse energies,
the size of the focus spots, and the pulse durations of selected high harmonics. High
harmonics were generated by focusing Ti:sapphire (TiS) laser pulses into a pulsed argon gas
jet with a mirror having a 50-cm focal length. The TiS laser system delivered 800-pJ, 30-fs
pulses at a repletion rate of 1 kHz. The laser pulses were separated in two by a beam splitter:
600-pJ pulses were used for high harmonic generation and the remaining pulses were for the
probe used in the temporal characterization. The spot size of the laser beam for high harmonic
generation was 68 pm and, then, the peak intensity was 5.5 x 10'* W/cm’.

The pulse-front-tilt compensator, schematics of which are presented in Fig. 2, consists of a
pair of toroidal gratings (HORIBA Jobin Yvon, 54000910) with radii of curvature of 1-m and
104.09-mm in the horizontal and vertical directions, respectively. Accordingly, the deviation
angle is 142 degree. The groove density is 550 lines/mm with a variable pitch. The distances
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from the center of the grating to the entrance and the exit foci are 319.9 and 319.5 mm,
respectively. The spectral dispersions are 2.07 nm/mm at 48.75 nm and 2.22 nm/mm at 82.5
nm. The toroidal gratings were mounted on the rotational stages and were installed so that the
emitting point of high harmonics coincided with the source point of the first toroidal grating.
The slit that selects one harmonic order was placed at the image point of the first grating. The
second grating, which compensates for the pulse-front tilt, was placed symmetrically with
respect to the slit. A harmonic order was chosen by rotating the stage accessible from the
outside of the vacuum chamber. The harmonic separator was very compact: the total optical
path length from the emitting point of high harmonics to the focusing point was 1.28 m.

The selected harmonic order was monitored by a photoelectron spectrometer. The output
fluence of high harmonic pulses was measured by a calibrated XUV photodiode (AXUV-100,
IRD Inc.). To visualize the XUV photons, we employed a Ce:YAG crystal to convert them to
visible photons of around 500 nm [20]. The luminescence from the Ce:YAG crystal inserted
at the focal point was imaged on a CCD camera with a lens at a magnification of 1.3. Since
the pixel size of the CCD camera was 7.4 um x 7.4 um, the uncertainty of the measured spot
size was + 2.8 um. The temporal durations of the selected harmonic pulses were measured by
observing the temporal evolution of the sideband peaks in photoelectron spectra of Ne that
were caused by the two-photon free-to-free transition under the simultaneous irradiation of
both XUV and fundamental photons [21,22]. The peak intensity of a probe pulse was 1.3 x
10" W/em?, which is weak enough not to cause the ponderomotive shift in the photoelectron
spectra. The photoelectrons were detected by a multichannel plate (MCP) after passing
through a time-of-flight tube, and were then counted.

Time-of-flight tube

Tis laser Delay Iine‘f
Ar jet
High
i Slit Lens CCD
Al filter x/ r
i ; T————
Toroidal grating / p—

Toroidal grating Ce:YAGNe

Fig. 2. Experimental setup for the spatial and temporal characterization of the pulse-front-tilt
compensator. For the measurement of the beam profiles, a Ce:YAG crystal was inserted at the
focal point.

3. Results and discussion
3.1 Pulse energy

The toroidal grating used has a maximum diffraction efficiency of 16% at 35 nm. Thus, the
total throughput of the compensator is 2.6%. The final output pulse energies of the separated
harmonics between the 15th and 29th harmonic are tabulated in Table 1. The maximum
photon number was 4.2 x 10° photons/pulse at the 21st harmonic. The ambiguity of the
photon number was approximately 10 percent. Compared with the results of previous works,
we could obtain better results in the output photon numbers on target [17,23]. Since the
repetition rate of the driving laser pulses was 1 kHz, the average fluence was on the order of
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10° photons/s, which is almost comparable to the output of a small synchrotron radiation
facility.

The improvement in the absolute photon numbers over Ref. 17 was achieved by
employing a pair of toroidal gratings. By replacing a first spherical grating with a toroidal
grating, the focal spot becomes smaller and then the throughput of separated harmonic pulses
at the slit becomes higher. Therefore, in spite of the smaller input laser energy 600 pJ than 1.8
mJ in Ref. 17, more harmonic photons were focused on target. Compared with Ref. 23, the
improvement was primarily achieved by increasing the pulse energy of the driving laser from
230 to 600 pJ. We also used a pulsed gas jet to supply dense gas for high harmonic
generation. Consequently, although the total diffraction efficiency of the gratings employed
here 2.6% is lower than the time-compensated monochromator 18% [18], the final extracted
pulse energies were comparable. Our results therefore suggest that the optical system tested in
this work has also attractive potential.

Table 1. Photon numbers at the focus point of the compensator

Photon number per

Harmonic order Photon energy (eV) pulse ( x 10°)
15 23.4 0.7
17 26.5 2.1
19 29.6 3.2
21 32.8 4.2
23 35.9 3.0
25 39.0 1.3
27 42.1 0.7
29 45.2 0.1

3.2 Spot size at the focal point

Since, in the XUV region, it is necessary to use all the optical components except for
multilayer mirrors in the grazing incidence, we must take into account the astigmatisms in
optical systems. A slight deviation from the design might lead to the distortion of a beam
profile. Therefore, we measured the beam profiles of the output beams to confirm the
focusability of the pulse-front-tilt compensator.

When both gratings were set to the Oth-order reflection, the output beam shown in Fig.
3(a) had a nearly circular profile with a diameter of 58 + 3 pm. The single atom response
calculated by the zero-range potential model [24] taking account of the diffraction of the
harmonic beam predicts a spot with a diameter of 39 um, which is smaller than the value
experimentally observed. We think that the distortion of the wavefront was caused by both the
atomic dipole phases and the ionization of the gas medium for high harmonic generation.
Since the atomic dipole phases of high harmonics are proportional to the intensity of the
driving laser pulses [25], the wavefront of a generated harmonic has a spatial distribution. The
ionized gas also has a refractive index with spatial distribution, which deteriorates the spatial
coherence.

When the first grating was set to the 1st-order diffraction, the beam profile of the 17th
harmonic became oval-shaped, as shown in Fig. 3(b), because of the diffraction. By directing
the second grating at the Ist order, the spectral dispersion of the harmonic was almost
compensated for, as shown in Fig. 3(c). The beam diameter at focus was 58 + 3 um, which
assured the good focusability of the compensator. At the same time, the circular beam profile
suggests that the pulse-front tilt was cancelled out by the second grating. This is the first
spatial characterization of the pulse-front-tilt compensator.

The numerical ray-trace simulation of the beam profiles shown in Fig. 1(b) demonstrated
that the beam area becomes 60 times smaller when the concave mirror is replaced by a
toroidal mirror. Therefore, using this light source, we can achieve better spatial resolution.
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Fig. 3. Beam profiles of the 17th harmonic at the exit of the pulse-front-tilt compensator. (a) A
pair of gratings was set to the Oth order. (b) The first grating was set to the Ist order. (c) Both
gratings were set to the 1st order.

3.3 Temporal characterization

The diffraction on a grating introduces an optical delay between the adjacent grooves. Thus,
the relative optical length depends on the impinging position of the beam, which results in the
pulse front tilt inside the beam. In the case of our model, when the grating is irradiated
uniformly by a 23rd rectangular pulse, the pulse duration is lengthened to 2 ps. However, in
reality, the beam divergence of the high harmonics was smaller than the acceptance angle of
the grating, and the spatial distribution was not uniform. Therefore, the cross-correlation
measurement of high harmonic pulses with the fundamental laser pulses through the two-
photon free-to-free transition shown in Fig. 4(a) gave a pulse duration of the 23rd harmonic
pulses of 230 + 10 fs, when only the first grating was set to the first order.

The compensation produced by the pulse-front tilt was confirmed by setting the second
grating to the 1st order. Figure 4(b) shows the cross-correlation and the pulse duration after
the compensation was 59 + 2 fs. Pulse-front-tilt compensation can clearly be observed. We
measured the pulse durations of the high harmonic pulses from the 17th to the 23rd harmonics
and tabulated them in Table 2. The shortest pulse duration measured in this case was 47 + 2
fs, when the 21st harmonic was selected. Since the photon number of the 23rd pulses was 3.0
x 10° photons/pulse, the peak intensity at focus was 11 MW/cm’.

To examine the extent of the recompression by the pulse-front-tilt compensator, we
measured the original pulse duration of the 23rd harmonic by setting both gratings to the Oth
order reflection and then by observing the intensity of the photoelectron peak through the one-
photon absorption of the 23rd photons with delay time. Here, we noted not the sideband peaks
but the main photoelectron peak by the one-photon transition, because the sideband peak has
an indistinguishable contribution from the neighboring peaks (21st or 25th) [21]. The main
peak is reduced to produce the sidebands under the simultaneous irradiation by the laser
pulses. The cross-correlation trace is shown in Fig. 4(c). The pulse duration was 25 + 5 fs,
which is less than one half of the recompressed pulse. Therefore, the pulse-front tilt still
remains after the compensator, as shown in Fig. 4(b).

13 o T T T 1
9 - 2| o 9% °
2 @ = | (¢ \ / N
c = c ob /o
2 5 212 \ ;
M s 121 > fo -
£ a £ \( /
8 5 s L \\ op B
2 > 2 \
‘D = o 11 & B
c 7] c \ 4
Q c I \ 9
2 S S L / 4
c - [ = N
£ £ £
T o 10 L ol L
-400  -200 0 200 400 -100 -50 0 50 100 -100 -50 0 50 100
Delay Time (fs) Delay Time (fs) Delay Time (fs)

Fig. 4. Temporal cross-correlation functions of the 23rd harmonic pulses with the fundamental
laser pulses (a) with only the first grating set to the 1st order, (b) with both gratings set to the
1st order, and (c) with both gratings set to the Oth order. The corresponding pulse durations
after the deconvolution are 230 £ 10, 59 + 2, and 25 + 5 fs. The solid lines are the fitting results
to a Gaussian function.
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The pulse broadening from 25 to 59 fs corresponds to a 10-pum difference in the optical
path length within the beam. One of the origins of this can be attributed to small
displacements of the gratings and the slit from an ideal position, because a 10-pm difference
in the optical path is equivalent to the 286-groove change in the irradiation area on the grating.
Since the incident angle to the grating is around 71 degrees, only a 170-um ( = 286-grooves)
change in the spot size leads to a pulse broadening to 59 fs. This can easily be caused by the
misalignment of the incident angle to the gratings or by misalignment of the focal length. In
addition, in our experimental setup, the grating mounts wobbled slightly. Thus, we expect that
the replacement of the mounts will improve their stability, leading to better compression.

Another origin of the pulse broadening is the imperfect compensation of the angular
dispersion by the second grating. In the compensator it is impossible to make each spectral
component (wavelength 1) with a diffraction angle f by the first grating impinge on the
second grating with the same incident angle 5. Therefore, when a harmonic beam incidents on
the first grating with an angle a,, the output angle a(1) from the compensator is no longer
constant, ay, and is approximately expressed as a(l) = sin'l(sin(ao) + 2(A-Ao)/d), where d is the
groove pitch and A is the wavelength of the spectral component with an output angle .
Insofar as A-4y is much smaller than d, a(4) can be assumed to be constant. However, since the
lower order harmonics have a more severe angular dispersion, a deviation by 2(4-1y)/d cannot
be ignored. In other words, then, the grating with lower dispersion is preferable for pulse-
front-tilt compensation. Table 2 shows that the 17th and 19th harmonics have longer pulse
durations, which is consistent with the present discussion. This same tendency was also
pointed out for the time-compensated monochromator [26].

Table 2. Pulse durations of selected high harmonics

Harmonic order Photon energy (eV) Pulse duration (fs)
17 26.5 96 +3
19 29.6 80+3
21 32.8 472
23 359 59+2

Finally, let us briefly mention the pulse duration before the pulse-front-tilt compensator. In
Ref. 18, the shortest pulse duration was reported to be 8 fs from 25-fs laser pulses. In addition,
our numerical simulations using the zero-range-potential model predicts that the pulse
duration of the 21st harmonic can be 15 fs from 30-fs laser pulses, which is shorter than the
measured one 25 fs. We think that the longer pulse duration is attributable to relatively higher
peak intensity of the laser beam for high harmonic generation. Experimentally, the pulse
durations of high harmonic pulses were found to be broader with the peak intensity of the
driving laser pulses [27,28]. Temporal and spatial intensity distributions of the laser beam and
the ionization of the gas medium during high harmonic generation broaden the pulse durations
of the generated high harmonic pulses [27,28]. Since, in the present experimental condition,
the peak intensity was set at 5.5 x 10'"* W/cm® to obtain more high harmonic photons, Ar
atoms were ionized significantly. The ionization causes the phase modulation of the laser
beam and the diffraction due to the refractive index change, which affect the generation
efficiency and the phase-matching condition. Therefore, the measured pulse duration should
be longer than expected.

3.4 Comparison among the optical systems

We would like to summarize briefly the specifications of the time-compensated
monochromators demonstrated so far in Table 3. The optical system developed in this work
has advantage over that of Ref. 17 in focusability. On the other hand, it has lower transmission
efficiency 2.6% than that of Ref. 18, 18%. However, the photon numbers on target could be
increased to the same order of magnitude just by increasing the driving laser energy to 600 pJ,
which can be easily delivered by commercially available laser systems. Therefore, taking
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account of the simpler optical configuration, the scheme demonstrated in this work can still be
a promising candidate for the pulse-front-tilt compensation.

Table 3. Specifications of the time-compensated monochromators

Nugent-Grandorf et al.* Poleto et al.” This work
Type of gratings Spherical and toroidal Plane Toroidal
Number of optical 2 6 2
components
Maximum throughput
(%) — 18 2.6
Maximum _~ output 3% 10° 13 % 10° 42 % 10°
photon number /pulse
Pulse energy of a
driving laser (mJ) 18 023 0.60
Shortest pulse 182 3 47

duration (fs)
 From Ref. 17.
® From Refs. 18 and 23.

4. Conclusions

We have developed a pulse-front-tilt compensator, namely time-compensated toroidal grating
monochromator, using a pair of toroidal gratings and characterized its focusability and the
pulse durations of the output harmonic pulses. 35.9-eV, 3.0 x 10° harmonics photons with a
pulse duration of 59 + 2 fs could be focused into an area with a diameter of 58 + 3 um. The
peak intensity reached 11 MW/cm®. In spectroscopy, this light source offers advantages over
the combination of multilayer mirrors and thin metal foils that has often been implemented, in
that: 1) The purity of the wavelength is better, because other harmonics are completely
eliminated by a slit; 2) Pump or probe photon energies are tunable, although the wavelength is
fixed in multilayer mirrors; and 3) Thin metal foils are not needed to stop the fundamental
laser pulse, which improves the throughput of the system. For these reasons, the pulse-front-
tilt compensator will become a versatile tool for XUV time-resolved spectroscopy and
nonlinear optics.
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