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Photoelectron satellite spectroscopy and angular distribution of argon atoms
using a monochromatic EUV source based on high-order harmonic generation
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Photoelectron satellite spectra and angular distribution of argon atoms were measured in the energy range
of 34-43 eV, using a well-developed reaction microscope mounted on a newly built high-order harmonic
generation (HHG) extreme ultraviolet (EUV) source. Various satellites were resolved and the angular distribution
asymmetry parameters  were determined for both the main lines and the satellites. It is found that our measured
B for the 3p and 3s main lines are in an excellent agreement with previous results. The 8 parameters measured
for most of the satellites are first reported in this energy range, providing benchmark data for testing different

theoretical models.

DOI: 10.1103/PhysRevA.101.052706

I. INTRODUCTION

Photoelectron spectroscopy is a powerful tool for studying
the electronic structure of atoms and molecules. A photoelec-
tron spectrum usually consists of an intense main line and
weak satellite lines, whereas the energies of satellite lines are
lower than those of main lines correspondingly, due to the
excitation of the residual ions. The presence of photoelectron
satellite lines has been considered as a manifestation of elec-
tron correlation effects.

Starting from the 1960s, photoelectron satellites have al-
ready been extensively studied both experimentally and theo-
retically. The involved atoms include closed-shell atoms like
He, Ne, Ar, Kr, and Xe [1-7] and open-shell atoms such as
Li [8] and Sc [9]. For example, using the technique of pho-
toelectron spectrometry, Wuilleumier and Krause [3] studied
the photoionization of Ne between 100 and 2000 eV, and
determined cross sections for various processes as a function
of photon energy. In a later study of Ar, Becker et al. [10] ex-
tended the photon energy region to near threshold and showed
a dramatic increase of satellite intensity towards threshold,
which arises from strong interchannel coupling. Recent works
focusing on ns subvalence shell photoionization of rare-gas
atoms have been reviewed by Sukhorukov et al. [11].

Meanwhile, the resolving power of photoelectron spec-
troscopy had been significantly improved by a combination
of high-brilliance synchrotron radiation and high resolution
electron spectrometers. In a latest work of Yoshii [12], a res-
olution of about 5 meV was achieved for Xe using threshold
photoelectron spectroscopy, and various satellite peaks were
resolved for the first time.
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On the other hand, studies of the angular distributions of
photoelectrons have also been a continuing interest [13—17].
For a linearly polarized photon, the angular distribution of
photoelectrons in a dipole approximation can be described
by [18]

do(e,0) ol(e) | P 0 1
g = ?[ + B(&)Ps>(cos )], (D

where 0 is the angle between the electron emission direction
and the photon polarization direction, ¢ is the photoelec-
tron kinetic energy, and P, is the second order Legendre
polynomial.

By studying the photoelectron satellites in the region of
the 3s correlational minimum of Ar, Adam et al. [13] found
that angular distribution asymmetry parameter  was strongly
dependent on the total angular momentum of the final ionic
states. Langer et al. [19] observed satellite lines with 8 close
to —1 which is independent of the photon energy, i.e., parity-
unfavored transitions in Ar, and verified the predictions of
angular-momentum transfer theory [20]. Moreover, angular
distribution of photoelectrons had experimentally proved a
sensitive measure of weak perturbations such as relativis-
tic effects [15,16] and nondipole effects in relatively light
systems [17].

However, these earlier studies of photoelectron angular dis-
tribution have been limited to measure electrons ejected in one
single direction at a time [3]. In order to get the angular de-
pendent spectra, these experimental data have to be carefully
calibrated for each directions. The development of a reaction
microscope [21] since the 1990s enabled kinematically com-
plete measurements. Reaction fragments could be measured
for large solid angles up to 477, meanwhile satisfactory angular
resolutions can be achieved. This technique is superior in
angular resolved differential cross section measurement and
frees us from calibration issues due to the beam intensity
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FIG. 1. Schematic experimental setup of the table-top EUV-atom
or molecule interactions.

or target density. It thus has been successfully used in fully
differential cross section measurements in studies of few-body
quantum dynamics in atomic collisions. But, to the best of
our knowledge, no application addressing the photoionization
satellites has been reported.

In this paper we report kinematically complete measure-
ments of the photoelectron angular distribution for argon us-
ing a reaction microscope and a table-top extreme ultraviolet
(EUV) source based on monochromatic high-order harmonic
generation (HHG). Photoelectrons are collected in 47 solid
angle simultaneously which allows the S parameters to be
extracted from the fully differential cross sections with much
higher accuracy.

II. EXPERIMENTAL SETUP

Photoionization of Ar was studied using a reaction mi-
croscope and HHG-based EUV techniques at the Institute of
Modern Physics, Chinese Academy of Sciences in Lanzhou.
Photoelectron spectra and angular distribution were obtained
through momentum imaging for photoelectrons, whose prin-
ciple is widely reported in literature, e.g., [21]. The schematic
of the present experimental setup is shown in Fig. 1.

In brief, EUV photons are produced via high-order har-
monic generation processes by focusing intense infrared laser
pulses into a 5-cm-long gas-filled hollow fiber with an inner
diameter of 150 um. The driving IR centered at 800 nm is
from an ultrafast Ti:sapphire laser system (KMLabs Inc.) and
its pulse energy is up to 3 mJ with the pulse duration of 25 fs.
Typically, the laser peak intensity is estimated to be around
~10' W cm~2 inside the fiber. When argon gas is used as a
HHG medium, the phase-matched gas pressure inside the fiber
is typically about 50 Torr with an input driving pulse energy
of 0.6 mJ. Nowadays, highly coherent EUV photon beams can
be accessed with table-top HHG technique, which provides us
complementary solutions to the conventional large-scale EUV
facilities such as synchrotron radiation and free electron laser.

The generated EUV light is first focused by a gold coated
toroidal mirror and then diffracted by a flat grating, as shown
in Fig. 1. In order to get high reflectivity, both optics operate at
a grazing incident angle of about 4 deg. The monochromatic
EUV photons were selected through a 150 um pinhole at
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FIG. 2. Photoelectron spectra recorded at different photon ener-
gies, the assignments of the peaks are listed in Table I. The dashed
red curve shows the theoretical photoelectron spectrum for 43 eV
radiation adapted from Sukhorukov et al. (1992) [22]. All spectra are
normalized to the highest satellite peak [peak 2 in (a) and peak 4 in
(b)-(e)], and the 3p~! peak is not shown because its intensity is much
higher than the satellites.

the focal plane. By switching the pinhole to a CCD camera
(Andor DO934P-BN), the energy resolution is measured to
be about 0.4 eV for 40 eV incident photon energy. Through
the pinhole, the diverging light is then refocused by another
toroidal mirror, then enters into an UHV chamber and inter-
sects with the supersonic gas jet at a right angle in the center
of the time-of-flight (TOF) spectrometer. The produced recoil
ions and photoelectrons are extracted by a weak electrostatic
field of ~2 V/cm and detected by two position-sensitive de-
tectors (RoentDek), respectively. Additionally, a homogenous
magnetic field of about 10 G is applied to confine the fast-
moving photoelectrons and ensure a near-47 collection. With
the recorded position and TOF information, three-dimensional
momenta of photoelectrons can be reconstructed as well as
photoelectron spectra and angular distributions.
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TABLE I. Satellite lines observed in this work and assignments of the most prominent states.

This work Binding energy from references (eV)
Peaks Binding energy (eV) Assignments [23] [24] [25]
1 334+ 05 3p*CP)4s (P) 32.93 32.900
2 344 + 04 3p*('D)4s D) 34.24 34.216 34.214
3p*CP)3d (D) 34.43 34.418 34.417
3 354 £+ 0.5 3p*CP)4p (D) 35.50 35.442 35.440
3p*Cr)4p P) 35.66 35.628 35.627
4 37.1 £ 0.5 3p*(18)4s (35)? 36.55 36.504 36.504
3p*('D)dp CP) 37.188 37.112
3p*('D)4p (D) 37.29 37.261 37.258
3p*('D)3d (D) 37.18 37.121 37.127
3p*('D)3d (°P) 37.48 37.381 37.384
5 39.4 £ 0.5 3p*CP)5p (%P) 39.33 39.330
3p*CP)5p (D) 39.39 39.380
3p*CP)4d (°P) 39.45 39.39 39.391
3p*()4p (3P) 39.57 39.562
3p*Cr)4d (D) 39.70 39.64 39.634
6 411 4+ 03 3p*CP)5d (D) 41.13
3p*CP)5d (°P) 41.21
3p*('D)4d (%5) 41.24 41.21
7 425+ 0.1 3p*('D)5d (D) 4231
3p*('D)5d (%5) 42.68

2Only contributes to the shoulder on the lower binding-energy side.

For a given photon energy, the photoelectron kinetic energy
equals the photon energy minus the binding energy, mapping
the different states of the ion onto peaks in the photoelectron
energy spectrum. During the data analysis, by setting condi-
tions to the photoelectron energy, the angular distribution for
a specific transition can be obtained.

III. RESULTS AND DISCUSSION

In the following discussions the coordinate system is de-
fined as shown in Fig. 1, with the light propagating direction
defined as X axis, the light polarization direction (also is the
gas jet direction) as Y, and the TOF direction as Z.

Figure 2 shows the angle integrated binding energy spectra
for incident photon energies of 34.4, 37.5, 38.3, 41.7, and
42.6 eV, respectively. The 3s main line as well as several
satellites were assigned according to the early works of high
resolution spectroscopy [10,23-25], as listed in Table 1. Be-
sides the 35! peak, there are seven additional peaks observed
in the spectra. However, we were not able to fully resolve all
the satellite states due to the limited energy resolution. Every
peak corresponds to a composition of few excited states of the
Art ion.

A theoretical spectrum from Sukhorukov et al. [22] is also
given in Fig. 2(e), for 43 eV incident photon energy (the red
dashed curve), where an energy resolution of 0.3 eV was
assumed for spectrum convolution. Despite that the charac-
teristic structures of experimental spectrum (black curve) for
Eyn = 42.6 eV have been well reproduced by the theoretical
calculations, significant differences can be observed at the
highest binding energy side. The abrupt rise toward high
binding energy side is due to the enhanced cross sections

caused by electron correlations at low photoelectron energy.
In fact, similar enhanced cross sections near the photoioniza-
tion threshold have been observed and ascribed to the elec-
tron correlation effects which have been confirmed in many
works, for instance see [10,24] and references therein. The
underestimation of cross sections near threshold implies that
the theory is still far from satisfactory and pose a challenge
for theoreticians.

Figure 3(a) represents photoelectron momentum distribu-
tion in the plane perpendicular to the Z axis (|P;| < 0.1 a.u.)
by incident photon energy of 38.3 eV. The concentric rings
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FIG. 3. (a) Photoelectron momentum distribution for 38.3 eV
photon energy, in the plane formed by the light polarization (y, as
indicated by the arrows) and the light propagating direction (x),
for events with transverse momentum | P, |< 0.1 a.u. (b) Angular
distribution of the 3p photoelectrons [events between the dashed
circles in (a)] as a function of the angle between electron momentum
and the light polarization. Solid red line shows the fitting by Eq. (1)
with 8 = 1.87 £ 0.05.
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FIG. 4. Angular distribution asymmetry parameter 8 for the 3p
ionization of argon, as a function of the photon energy. Experimental
data: solid circles, this work; open triangles, Houlgate et al. [26];
solid triangles, Dehmer et al. [4]; open squares, Adam et al. [13].
Solid curve is the relativistic random-phase approximation (RRPA)
calculation by Johnson and Cheng [27].

in the figure are corresponding to different photoelectron
emission channels. The outmost ring represents 3p main
line, while inner rings are for 3s main line and satellites. The
photoelectron angular distribution for 3p main line presents
an apparent dipole pattern, as shown in Fig. 3(a). By fitting
the measured angular distribution to Eq. (1), an asymmetry
parameter 8 = 1.87 = 0.05 was obtained. Since the driving
IR has a linearly polarization of more than 99.9% which is
guaranteed by an optical polarizer, leading to a high degree
of polarization of the HHG, the uncertainty of asymmetry
parameters induced by the photon polarization is negligible.
As mentioned already, the advantage of employing a re-
action microscope to extract the B parameters from angular
distributions is that the systematic uncertainties are much
smaller because no calibration on beam intensity or target
density are needed. The accuracy of an asymmetric parameter
obtained here is thus mainly determined by the statistics and
the noise level. Figure 4 shows the measured asymmetry
parameters B3, as a function of incident photon energies in
comparison with those obtained by other groups. Together
with spectra of Fig. 3, one can safely conclude that results
obtained from our reaction microscope measurements are
reliable. Employing similar methods, asymmetry parameters
for resolved lines were obtained and summarized in Table II.
The cross section of Ar 3s photoionization has a correla-
tional minimum of only about 0.01 Mb [28] near 42 eV. As
a result, the count statistics of 3s for 41.7 and 42.6 eV in our
experiments are very poor, as can be seen from Figs. 2(d) and
2(e), retrieval of the B parameter for these two energies are
thus of no significance. However the background contribution
is relatively smaller for the other three energies, and the 8
parameters we obtained agree with the only two existing
measurements within mutual error bars, as illustrated in Fig. 5.
The relatively large error bars results from poor statistics
due to small cross sections, which could be improved when

TABLE II. Line assignments and angular asymmetry parameters
B for all resolved peaks. The uncertainties of the last significant
number(s) are indicated in the parentheses.

B at different photon energies

Peaks 34.4eV 37.5eV 38.3eV 41.7 eV 42.6 eV
1.70(2) 1.85(11) 1.87(5) 1.72(10) 1.58(6)
1.98(12) 1.99(14) 1.85(16)

1 0.04(10)

2 0.19(9) —0.10(6)  0.45(7) 1.02(23) 0.94(16)

3 0.42(9)  0.52(5) 0.82(30) 0.86(16)

4 0.09(8) 0.11(2) 0.01(6) —0.01(4)

5 0.33(11) 0.09(7)

6 —0.18(8) —0.28(6)

7 0.18(9)

the HHG EUV source provides higher photon flux after the
upgrade.

As for the satellite states, only three measurements of §
parameter have been reported so far in literature [13,19,30]
and the photon energy regions in those works are higher than
that in the present work. Moreover, theoretical calculations
of B parameter for satellites are also scarce partly due to the
lack of experimental data. The data reported here, therefore,
could promote studies of relevant fundamental processes by
providing the benchmark data near the threshold regime.

According to the calculation of Sukhorukov et al. [31]
and measurement of Becker et al. [10], the cross section for
the 3p*(*P)4s(>P) satellite decreases very rapidly when the
photon energy increases. This explains why peak 1 is only
observed for the lowest photon energy in our experiments,
and our result of the asymmetry parameter 8 indicates that the
photoelectrons are emitted in an isotropic manner near thresh-
old. Currently it is the only available data for this satellite.

2.0

— RRPA-RA
o Adam et al.[13]
A Mbbus et al [28]

151 ® This work

30 . 40 50 60
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FIG. 5. Angular distribution asymmetry parameter 8 for the 3s
ionization of argon, as a function of the photon energy. Experimental
data: solid circles, this work; open triangles, Mobus et al. [28]; open
squares, Adam et al. [13]. The solid curve is the calculation from
Kutzner et al. [29] using relativistic random-phase approximation
with relaxation and Auger effect (RRPA-RA).
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FIG. 6. Comparison of the 8 parameters of this work with pre-
vious results, for satellite peaks 2—5. Experimental data: red solid
circles, this work; blue solid triangles, Adam et al. [13]; black solid
squares, Krause et al. [30].

Another interesting case is for peak 6 composed of
3p*CP)5d(*D, *P) and 3p*('D)4d(*S) which are quaside-
generate but have very special angular features. As dis-
cussed in [19], the 3p*(PP)5d(*P) satellite should be a
parity-unfavored transition which has an energy independent
asymmetry parameter 8 of —1. While the 3p*('D)4d(S)
satellite which arise from the well-known configuration in-
teraction 3s3p°(2S) < 3s23p*nd(>S) should have a B value
of 2 [30], similar to the 3s mainline. Because both of these
asymmetry parameters are constant and the contribution of
3p*CP)5d(*D) satellite is negligible due to its relatively
rather small cross section near threshold [31], the composite 8
value is simply determined by the ratio of these two satellites
and their corresponding S values. A simple weighting analysis
of the measured g value of —0.18 and —0.28 gives the propor-
tion of about 27% and 24% for the 3p*(' D)4d(>S) satellite,
respectively, consistent with 28% obtained from the cross
section data at 43 eV calculated by Sukhorukov ez al. [31].

On the other hand, for photon energies above 55 eV,
the B values measured by Adam et al. [13] are close to
2. In such a case this peak can only be assigned to the
3p*('D)4d (?S) satellite. This indicates that the contribution
of 3p*(P)5d(>D, *P) satellites become very small compared
with the 3p*(!D)4d(%S) satellite at such photon energies,
which is also consistent with the cross sections predicted by
Sukhorukov et al. [31].

For other peaks, the 8 values obtained in our experiment
are presented together with previous results by various authors
for different energy regions in Fig. 6. From the figure we see
that our data of the 8 parameters are more accurate (smaller
error bars) than those given by Adam et al. [13], which clearly

show the advantage of the present experimental technique.
From each spectrum, one can draw the following conclusions:
(1) the B parameters for peak 2 exhibit a similar behavior as
for the 3p main line shown in Fig. 4. This suggests that peak
2 may arise mainly from the single configuration interaction
with the 3s?3p>(>P) ground state. (ii) Our measured Bs for
peak 3 and the previous measurements from literature show
a small variation as a function of the photon energy, thus
for such an energy interval the § parameter for peak 3 is
energy independent. (iii) Our measured Ss for peak 4 are close
to zero and deviate significantly with the values of Adam
et al. [13] for photon energies below 45 eV. However, our
data together with their data given beyond 45 eV as well as
the result of Krause et al. [30] show an energy independent
behavior of the 8 parameter with averaged values very close to
zero. This suggests an isotropic behavior of the cross sections
for this peak. (iv) Our result with those from literature show
that B parameter for peak 5 exhibits strong photon energy
dependence in contrast to peaks 3 and 4.

One has to note that there are still some discrepancies be-
tween different experiments. Therefore, further experimental
and theoretical investigations are needed for a better under-
standing of the mechanisms behind these satellite lines and
thus remove the doubt engendered by these discrepancies.

IV. CONCLUSION

We have measured the photoelectron satellite spectra and
angular distribution of argon atom using a reaction micro-
scope in the energy range near threshold. Seven satellites were
resolved and assigned. Our results of the angular distribution
asymmetry parameter § for 3p and 3s main lines agree well
with previous measurements reported in literature. The f
parameters for all resolved satellites were measured. By an-
alyzing the angular distribution of quasidegenerate satellites,
the branch ratio was obtained, which accord closely with
theoretical value. Comparison of the measured 8 parameters
with previous results in different energy regions showed very
different behaviors for the satellites.

Combinations of the table-top HHG source with the reac-
tion microscope exhibit high potential in investigating fun-
damental processes such as photoeffects near threshold in
a multielectron system where electron correlations play an
important role. Further experiments with higher resolution are
needed for a better determination of the 8 parameter for every
individual satellite. There is also an urgent need for theoretical
calculations of the 8 parameters for photoionization satellites,
in order to have a better understanding of the experimental
results.
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