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Abstract. We experimentally investigated the optimized phase matching condition for high order harmonic
generation as a source of time-resolved Angle-resolved photoemission spectroscopy (TR-ARPES) applica-
tions. In the loose focusing scheme, we find that the divergence of harmonics decreases with the increase
of gas cell length, while the maximum intensity is obtained with 10-15 mm gas cell. Our result shows that
stable beam condition with best temporal resolution can be realized for TR-ARPES by using a longer
gas cell (longer than 25 mm in our experiment), and an appropriate gas cell length can provide balanced
condition for good beam intensity and good temporal resolution.

Over the past 20 years, high-order harmonic has become
an important source for extreme ultraviolet (XUV)
radiation [1, 2]. High-order harmonic is normally gen-
erated by the interaction between an intense laser and
noble gas. Compared to the other generation meth-
ods of XUV sources, such as X-ray free-electrons lasers
(XFELs) and soft X-ray lasers (SXRLs), high-order
harmonic has the unique features of high temporal and
spatial coherence, high temporal resolution as well as
tabletop scale. Therefore, it is widely used in the study
of the atomic and molecular spectroscopy [3, 4], the
time-resolved photoemission electron microscopy (TR-
PEEM) [5] and the XUV holography [6, 7].
Angle-resolved photoemission spectroscopy
(ARPES) is a powerful experimental technique
for probing the electronic band structure of solid
materials. Based on the photoelectric effect, the
energy—momentum dispersion relationship is detected
by measuring the energy and momentum of the
photoelectrons ejected by incident photons [8], which
is normally in XUV range and from traditional sources
like noble gas discharge lamp [9, 10Jor synchrotron
radiation [11-13]. The measurement of the band struc-
ture using these sources is limited to the equilibrium
state in solids. With the development of femtosecond
lasers, the light sources based on nonlinear optical
processes are also applied in ARPES experiments, such
as second harmonic generation [14, 15] and four-wave
mixing [16]. The ultrafast laser source combined
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with ARPES can provide not only higher energy and
momentum resolution [17] but also high temporal res-
olution. It is becoming possible to study the excitation
process of electrons. However, visible and ultraviolet
wavelength severely limit its application. In recent
years, high-order harmonics with the photon energy of
tens of electron volt in a wide spectral range and ultra-
fast time scale gradually become the new promising
source for time-resolved ARPES (TR-ARPES). Using
this powerful scientific instrument, some important
experiments to detect the electron dynamics with the
ultrafast time scale have been carried out, such as the
out-of-equilibrium dynamics of quantum materials [18,
19], the hot carrier dynamics in grapheme [20] and so
on. The typical time resolution is as short as sub-100 fs
with the energy resolution of hundreds of meV [18,
20-22].

Radiation from high order harmonic generation usu-
ally has a wide spectral range in the EUV regime with
a discrete spectrum consist of odd harmonic of funda-
mental laser. For TR-ARPES, a monochromator is nec-
essary to select a narrow bandwidth from the harmonic
spectrum. A typical monochromator for high-order har-
monics usually consists of two toroidal mirror and a
grating [23]. The harmonic is firstly collimated by a
toroidal mirror, then spatially separated with different
diffraction angles by the grating, and finally focused
by the second toroidal mirror to a slit vertical to the
direction of grating grooves to select the specific wave-
length. By rotating the grating, different wavelength of
the harmonics with narrow bandwidth can be selected.
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However, the selection of photon energy using reflec-
tion grating has an inevitable side effect, which is the
broadening of the pulse from wavefront tilt. For the first
order diffraction, the delay between two rays reflected
by the adjacent grooves is one wavelength. The total
delay of the whole beam is N, where N is the number
of illuminated grooves, A is the wavelength of the laser.
For a harmonic with wavelength of 40 nm diffracted by
a 100 gr/mm grating, for the increase of the illumined
area of each 10 mm, the increase of time delay will
be 133 fs, which is too big for TR-ARPES measure-
ment. Although another grating can be used to com-
pensate the wavefront tilt [24-27], the total efficiency
of the monochromator will be substantially decreased,
which is already very low even in one grating configu-
ration. Therefore, monochromator for selecting narrow
band source from harmonic usually uses one grating
configuration.

Using monochromator in TR-ARPES brings specific
demands for high-order harmonic generation. The har-
monic source must be optimized to a balance between
high intensity and low divergence to decrease the illu-
minated area on the grating and at the same time have
enough photons for ARPES [23]. Furthermore, the high
intensity and low divergence must be fulfilled in a wide
spectral range since the ARPES measurement often
needs a wavelength scan. The experimental condition
in the generation of high-order harmonics, including gas
cell length, gas pressure, gas cell position also needs to
be stable and without additional adjustment during the
wavelength scan to ensure a stable measurement and to
keep a reasonable measurement time.

Since the intensity and divergence of harmonic ori-
gin from the generation process, many works have been
done to improve the phase matching condition. For
example, the waveguide geometry is used for balancing
the phase-mismatch from the medium and the waveg-
uide [28, 29]. The loose focusing geometry combined
with long gas cell is applied to decrease the radially vari-
ation of harmonic phase, for the generation of harmon-
ics with low divergence [30, 31]. The use of truncated
Bessel beam is investigated to flatten the total harmonic
phase front for a collimated beam generation in a thin
gas medium [32]. Recently, the two-color orthogonally
polarized laser field is introduced to select one trajec-
tory to control the harmonic divergence [33]. Although
some measurement have been taken to investigate HHG
under the influences of gas pressure and focal position
[34], because of the specific demands for ARPES appli-
cation, a systematic discussion of the phase matching
condition for high order harmonic generation is still nec-
essary.

In this paper, we investigate the variation of the
harmonic intensity and divergence at different phase
matching condition experimentally. Our result shows
that by optimizing the phase matching condition of
HHG, including the gas cell length, gas pressure and the
position of the gas cell relative to the laser focus, it is
possible to obtain the XUV beam with the suitable pho-
ton flux and low divergence in a relatively wide spectral
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range. The result is helpful for the further applications
of harmonics on Tr-APRES.

The laser used in our experiment is a homemade Ti:
sapphire laser with the repetition rate of 1 kHz and
the pulse duration of 40 fs. The central wavelength is
800 nm. An aperture is put in the beam to optimize the
beam quality as well as adjust the intensity at the laser
focus. The beam diameter after the aperture is around
10 mm, corresponding to the pulse energy of 12 mJ.
The laser is focused by a concave mirror with the focal
length of 1.5 m into a pulsed gas cell with the same rep-
etition rate of 1 kHz. Argon is used in the experiment
and the relative delay between the laser pulse and the
gas pulse can be adjusted. A homemade flat-field spec-
trometer consisting of a grating and microchannel plate
(MCP) is used for measuring the spatial-frequency dis-
tribution of the harmonics. The intensity of harmonics
imaging on MCP is recoded by a charge-coupled device
(CCD) camera. The distance between the generation
position and the MCP is 2 m.

A typical spatial-frequency distribution of harmon-
ics generated by 25 mm gas cell is shown in Fig. 1la.
Harmonics from 19th up to 41st are observed, corre-
sponding to the photon energy from 29 to 63 eV. In
our experiment, after the generation, the harmonics are
directly cut by a slit, then dispersed by the grating
and finally collected by the MCP without any focus-
ing device. Therefore, the divergence and intensity dis-
tribution of harmonics are directly measured without
any distortion. To optimize the high-order harmonics
to fulfill the demands of the TR-ARPES, gas target
with different length, different pressure and different
position relative to the focus of the laser beam is inves-
tigated. The minimum gas cell length is 2 mm, and then
adjusted from 5 to 30 mm with the step of 5 mm. The
diameter of the pinhole on the gas cell is 1 mm. To
obtain a harmonic beam with good intensity and good
beam quality, the gas pressure is optimized for each
length of gas cell, which is shown in Fig. 1b. The dotted
line shows the fitted curve of the relationship between
the gas cell length and the optimized gas pressure. The
optimized gas pressure is almost linearly decreased with
the increase of the gas cell length. For a fixed gas cell
length and pressure, the gas cell position is scanned
from — 30 mm to 30 mm relative to the laser focus
with a step of 10 mm in the direction along the laser
propagation, to optimize the intensity of harmonics.

To investigate the optimized condition for TR-
ARPES, the integrated intensity of the 27th harmonic
as a function of the gas cell position for different gas
cell length is shown in Fig. 2a. The integrated inten-
sity is defined as the sum of the harmonics intensities
of each pixels detected on the CCD. It can be find that
the optimized intensity of harmonic changes quite a lot
with the variation of the medium length. The inten-
sity increases with the increase of gas cell length, and
reaches the maximum when 10 mm gas cell is used.
Then it decreases using the gas cell length longer than
10 mm. For the 30 mm case, the intensity of harmonic
is lower than the case of 2 mm at the optimized gas
pressure and gas cell position. For each length of gas
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Fig. 1 a The measured spatial-frequency distribution of high order harmonics generated using 25 mm gas cell at the laser
focus. b The optimized gas pressures for the perfect phase matching condition of different lengths of gas cell
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Fig. 2 The integrated intensity a and the divergence b of 27th harmonics as a function of the gas cell position relative to
the laser focus using different lengths of gas cell. The focus is at z = 0 mm, and the negative value means the positions before
laser focus. ¢ The maximum intensity (blue line) and the corresponding divergence (red line) of 27th harmonic generated
by different length of gas cell. b The intensity of the 27th harmonic per unit area

cells, the intensity of harmonic changes slowly with the
variation of gas cell position. The intensity decreases
when the gas cell is set at more than 20 mm behind the
laser focus, and the decrease is larger for the 10 mm
gas cell compared with other gas cell length. Our result
shows that the harmonic intensity is enhanced using the
10 mm gas cell at the optimized phase matching condi-
tion, and which is not very sensitive to the location of
gas cell.

The divergence of the harmonic can be calculated
by the ratio between the full width at half minimum
(FWHM) of the harmonic radial length detected at
MCP to the distance of the laser focus and the MCP

position. The divergence of the 27th harmonic as a func-
tion of gas cell length and gas cell position is shown in
Fig. 2b. One can easily find that the divergence of the
harmonic changes a lot with both the gas cell length and
position. It decreases significantly with the increase of
gas cell length. For the shortest 2 mm gas cell length,
the divergence decreases quickly with the increase of
the distance between the gas cell position and laser
focus. The maximum divergence at the laser focus is
almost twice to the case when the gas cell is positioned
at 30 mm. With the increase of the gas cell length, the
maximum divergence position moves in the direction of
the laser propagation, and is not very sensitive to the
position any more for the gas cell longer than 15 mm.
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For the 30 mm gas cell, the divergence of harmonics
generated in the whole measurement range is almost
the same, which is less than 1 mrad and only 1/7 of the
maximum divergence for 2 mm gas cell.

Figure 2c shows more detailed result of the maxi-
mum intensity for each length of gas cell and the cor-
responding divergence as a function of gas cell length
for 27th harmonic. Obviously the best harmonic inten-
sity is obtained by 10 mm gas cell, and it continuously
decreases with the increase of the cell length. The diver-
gence also keeps decreasing. This decrease gradually
slows down and remains almost unchanged for the gas
cell longer than 25 mm. For the experiments with high
time resolution and low requirement of photon flux,
the gas cell longer than 25 mm is a good choice for
the low-divergence harmonic generation. On the con-
trary, the harmonic with high photon flux and relatively
high divergence generated by 10 mm gas cell is suitable
for the experiments demanding low time resolution and
high photon flux. For the same harmonic intensity, com-
pared to the harmonics generated by the gas cell shorter
than 10 mm, the harmonics generated by the longer gas
cell is much better for the applications of TR-ARPES.
The balance of the divergence and intensity of harmon-
ics can be achieved using 15 mm gas cell.

To understand the results obtained in the experi-
ment, the coherent length for the long and short tra-
jectory for gas target putting at different position rela-
tive to laser focus is investigated. The space-dependent
coherent length can be written as Lgcon(r,z) =
m. 0k(r,z) is the wave vector mismatch of the

harmonic and the fundamental laser, which is defined
as 0k(r,z) = kq — |qk1 + K| [35, 36]. Here k4 is the
wave vector of the ¢th harmonic and ki is the wave
vector of the fundamental Gaussian beam, which comes
from the phase different of harmonics and fundamental
laser [37, 38]. K is the gradient of the atomic phase
calculated by K = V®,;. In our simulation, the atomic
phase is supposed to be linearly dependent on the laser
intensity Iy approximately, ®,; = aly. The coefficient
« for the short and long trajectory is calculated using
the strong field approximation (SFA) model.

The calculated coherent length of the 27th harmonic
as a function of generation position for the short and
long trajectories is shown in Fig. 3. For the short
trajectory, the coherent length does not change much
with the generation position, as the contribution from
the dipole phase is quite small. For the harmonics
generated from — 40 mm to 30 mm, both on-axis and
off-axis, the coherent length is around 10 mm. This
fits quite well with our experiment. When the gas cell
much shorter than 10 mm is used, the coherent length
is much longer than the media length. The number of
gas atoms increases at high gas pressure, enhancing the
output harmonic intensity. For the long trajectory, the
region of the perfect phase matching is very sensitive
to the location of the gas atom. The harmonics gen-
erated from 5 to 20 mm after the laser focus are well
phase-matched on axis. In this region, the direction of
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k and K are the same and K compensate the phase-
mismatch due to the laser geometry. The harmonics
generated before the laser focus are phase-matched
only off-axis because of the large gradient of the
dipole phase. For the harmonics generated before laser
focus, only the short trajectory is well phase-matched.
The long trajectory is phase-matched off-axis and
the corresponding electric field at this region is quite
small. Thus, the divergence of harmonics is mainly
contributed by the short trajectory. For the harmonics
generated near the laser focus, the phase matching
region for the long trajectory moves from off-axis to
on-axis. The large change of the divergence of long
trajectory is involved in the divergence of the total
harmonic generation, corresponding to the divergence
change in Fig. 2b of the 2 mm case.

With the increase of gas cell length, in order to
decrease the absorption effect as well as the disper-
sion to the fundamental laser, the optimized gas pres-
sure decreases. The optimized length of gas medium is
10 mm for the maximum harmonic generation. As the
wave vector of harmonics in the off-axis region is not
parallel to the laser propagation direction, it is difficult
for the off-axis harmonics to achieve the perfect phase
matching in the long gas medium. For the long gas cell,
only the harmonics generated around the axis of the
short trajectory are enhanced continuously, which lead
to the decrease of the divergence. Our result also indi-
cates that the short gas cell is sensitive to the phase
matching condition, while the long gas cell shows more
features of propagation effect.

To fulfill the demand of keeping stable generation
condition and similar beam property for TR-ARPES,
we have investigated the order-dependent maximum
intensity and the corresponding divergence as a func-
tion of gas cell length, which is shown in Fig. 4. For
the 25th, 29th, 33rd and 39th harmonics, 10 mm is also
the best gas cell length for intensity. Although there are
some fluctuations of intensity due to the energy fluctu-
ation of the fundamental laser, the overall trend is that
the integrated intensity increases with the increase of
the gas cell length from 2 to 10 mm, and decrease as the
gas cell further increases to 30 mm. For the harmonics of
low order, the intensity increases more rapidly with the
increase of the gas cell length than that of high order.
For a fixed length of gas cell, the intensity decreases
with the increase of harmonic order, as the efficiency of
harmonic generation in single atom level decreases with
the photon energy and the phase-mismatch introduced
by the dipole phase is also larger for the harmonics with
high photon energy.

The beam divergence of the 25th, 29th, 33rd and 39th
harmonics shown in Fig. 4b decreases with the increase
of gas cell length, which is similar to the behavior of
27th. The result shows that it is effective to obtain a
harmonic beam with low divergence using a long gas
cell. For a given gas cell length, the divergence of har-
monic beam shows a decreasing trend with the increase
of photon energy. This is also due to the large phase-
mismatch of the off-axis part introduced the dipole
phase for the high harmonics with high photon energy.



Eur. Phys. J. D (2022) 76:85

100
€ €
2 % &
c c
S S
% 0 Z
Q [}
Q Q
ko kS
5 -50 S
] ]
o o

-100

40 -20 0 20 40

Longitudinal position (mm)

Page 5 of 8 85
Leoh (Mm)
100 20
50 15
0 10
-50 5
-100 0

40 -20 0 20

Longitudinal position (mm)

40

Fig. 3 a The average intensity obtained with the optimized gas cell length for each harmonic order. b The corresponding

optimized gas cell position

(a) 28 %105

—o—25th
2+

15

Intensity (a.u.)

n
&

10 15 20
Length of gas cell (mm)

25

(b), i , , i i
—e—25th
66 —o—29th |
8 —e—33th
£ 39th
S 4
C
o)
g
82f 1
=
|

15 20 25

10
Length of gas cell (mm)

30

Fig. 4 The maximum integrated intensity (a) and the corresponding divergence (b) of 25th (blue line), 29th (green line),
33rd (red line) and 39th (yellow line) harmonics for each length of gas cell

The result indicates that although the change of har-
monics between the different orders are determined by
the phase matching condition, the variation of inten-
sity and divergence as a function of gas cell length and
position are quite similar in a wide spectral range of
harmonics. If the harmonic intensity is not an impor-
tant issue, using a long gas cell (longer than 25 mm
in our case) is a promising method for minimizing the
wavefront tilt and obtaining the best temporal resolu-
tion in TR-ARPES experiment. If the decrease of the
harmonic intensity for long gas cell is not acceptable in
the experiment, then an appropriate gas cell to balance
the harmonic intensity and the beam divergence should
be used.

To find the balanced harmonic generation condition
for TR-ARPES experiment, we calculate the harmonic
intensity per unit area, which is defined as ¢ Ted-
Here I is the integrated intensity defined above, [ is
the FWHM of the harmonic radial length on the MCP
and d is the width of the silt. For the 27th harmonic,
i increases with the increase of gas cell length, and
reaches maximum for the 10 mm gas cell, which is
shown in Fig. 2d. This is because the decrease of the
divergence is relatively slow compare with the increase
of harmonic intensity, thus the maximum average inten-
sity is still obtained by using 10 mm gas cell. The gas

cell length, gas cell position and the corresponding max-
imum average intensity generation for harmonics from
the 23rd to the 39th are shown in Fig. 5a, b. Despite
the fluctuation appeared in the generation of 29th har-
monic, the optimization of harmonics of low order and
high order is obtained in a relatively stable generation
condition. For the harmonics from 23rd to 27th, the
optimized gas cell length is 10 mm, and the optimized
gas cell position is 20 mm in front of the laser focus. For
the harmonics of higher order from 31st to 39th, the
optimized gas cell length is 15 mm and with an opti-
mized position of 30 mm in front of the laser focus. The
result shows that, by using a gas cell with appropriate
length at the right position, a collimated beam with
relative high energy in a wide spectral range can be
obtained without adjustment of generation condition.
For the spectrum from the 23rd to the 39th harmonic,
the minimum divergence is 0.68 mrad, less than the typ-
ical divergence of 1-20 mrad [39-41] of the XUV beam
used in Tr-ARPES. The photon flux is estimated to be
above 107 phs/short, which is above the typical photon
flux of 3.3 x 10°phs/short [39] for Tr-ARPES. The pho-
ton flux can be adjusted by an aperture while the diver-
gence can be further decreased, corresponding to a bet-
ter time resolution. A stable and tunable source for the
best temporal resolution of TR-ARPES can be realized.
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In conclusion, based on the demand of TR-ARPES
experiment, we have experimentally investigated the
intensity and beam divergence of high-order harmon-
ics generated in Ar for different gas cell condition. The
maximum intensity is achieved using 10 mm gas cell.
When the length of the gas cell is longer than 10 mm,
both the intensity and the beam divergence decrease
with the increase of the gas cell length and are not
sensitive to the gas cell position any more. This pro-
vides very stable parameter range for the TR-ARPES
experiment pursuing the good temporal resolution. For
the experiment concerns for both the photon flux and
temporal resolution, parameter range for the balance
between intensity and beam divergence must be used,
which can be obtained using the gas cell around 10 mm
and 15 mm and the result is effective in a wide spec-
tral range. Our research shows that by optimizing the
phase matching condition of HHG, including the gas
cell length, gas pressure and the position of the gas cell
relative to the laser focus, the XUV beam with both
high flux and low divergence can be generated, which
provides a promising light source for the TR-ARPES.
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