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gg We present an angle resolved study of photoelectrons emitted from ions of the noble gases neon, argon
and krypton by means of time-of-flight spectroscopy. The ionic targets are generated in a sequential
27 two-photon process induced by the free-electron laser FLASH. Values of the anisotropy parameters (2
28 and f4 are derived from electron angular distribution measurements in the photon energy range from 38
29 to 91 eV and compared to recent theoretical calculations.
30
31
1. Introduction
32
33
The investigation of light-matter interaction allows for a widespread insight into physical and chem-
34 g g g y
35 ical properties of atoms, molecules, clusters and condensed matter. Synchrotron radiation facilities
36 have enabled exploration of the electronic structure of targets in photoionization experiments dur-
37 ing the last decades. Regarding sequential and simultaneous photoionization numerous synchrotron
38 radiation studies revealed valuable information to understand higher order ionization by a single
39 photon [1, 2]. For example, the single-photon direct double ionization of rare gases is associated
40 with the simultaneous ejection of two electrons driven by electron correlation. In this process, the
41 two emitted electrons can share the excess energy of the photon in a continuous kinetic energy dis-
42 tribution [3, 4]. Inner shell ionization with subsequent Auger decay is a second example for multiple
43 ionizations triggered by a single photon. The Auger decay is an intra-atomic relaxation process due
44 to Coulomb interaction [5]. This decay can be regarded as a relaxation induced sequential double
45 ionization process [6]. The Auger process itself exhibits simultaneous and sequential character if
46 two or even more electrons are involved in the decay. In electron-electron coincidence experiments
a7 continuous kinetic energy structures of direct double Auger decays have been observed in the case
jg of neon [7] and argon [8|, whereas for the heavier rare gases krypton and xenon sequential cascade
50 Auger processes are found to be dominant [9, 10]. In recent years, originated by the advent of
51 free-electron lasers [11-14], ultra-intense and ultra-short XUV light pulses became available. Based
50 on these novel possibilities, sequential and simultaneous double ionization involving absorption of
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two or more photons can be studied which can give information complementary to the synchrotron
results. Light-matter interaction with multiple photons of photon-energies ranging from the VUV
into the hard X-ray regime, leverages the exploration of the creation of highly charged ions. In this
regard, many experimental as well as theoretical investigations have been performed concerning
fundamental multi-photon ionization processes [15-20]. In most of these studies, the experimental
method was restrained to the detection of ions which helped to develop models of pathways up to
the highest charged states as for example Xe®0* [15]. Up to now, much less is known about the
electronic symmetry of ionic targets. Therefore, we used angle resolved photoelectron spectroscopy
to investigate the photoelectron emission and dynamics of multi-photon processes. In particular
we were interested in how the photoionization dynamics influence the angular distribution of the
photoelectrons in these ionic systems. Whereas in single-photon ionization the photoemission angu-
lar distribution is characterized by a single anisotropy parameter, higher order contributions with
according parameters have to be added in the description of multi-photon ionization. Anisotropy
patterns of that kind are known from studies of polarized targets which were prepared and ionized
by two different light sources (HHG and synchrotron radiation) [21-23]. In those experiments, the
values of the anisotropy parameters o and S4 of the two-step process and differences for partial
waves of different angular momentum have been determined.

In this context, Cooper- and correlative minima in the photoelectron partial cross sections are other
important aspects regarding properties of the electronic structure and have been investigated for
single-photon single ionization in the past [1]. Cooper-minima are known to arise from the decrease
of the overlap integral of the bound and the continuum electronic state of the outgoing electron
[24] whereas correlative minima are caused by the transition between correlation dominated pho-
toelectron emission at lower energies and quasi-single electron emission at higher energies [25, 26].
Reflections of these intensity variations along photon energy are also exhibited in the angular dis-
tribution of the photoelectron emission leading to a variation of the anisotropy parameter 5. Such
radial integral effects should actually not show major differences for different angular momentum
coupling multiplets of the same electron configuration. This is in fact the case for the single-photon
ionization of all rare gases. In a sequential two-photon ionization process of noble gases the sec-
ond step can be regarded as the ionization of an open shell system with an anisotropic Coulomb
field. Hence, anisotropic final state interactions are expected to occur [27]. Some recent calculations
predict indeed large effects with respect to the higher order anisotropy parameter 4, showing com-
pletely different behaviour in the region of the Cooper-minima for the different multiplets [28-30].
The intense free-electron laser radiation is capable of creating a dense ionic target which can be
further ionized within the same light pulse. With this experimental studies are feasible which can
reveal if these interactions constitute a large effect in double ionization. In the past, such studies
were challenging to realize since they demand ion-sources which are typically limited to a rela-
tively low target density and accordingly, prohibitively long beamtimes. Using the highly intense
VUV radiation of the Free-electron LASer in Hamburg (FLASH) at DESY in Hamburg, Germany
[11, 31], we performed measurements of electron angular distributions in sequential two-photon
double ionization of the noble gases neon, argon and krypton. In this report, we focus on the higher
order angular distributions in order to demonstrate the effect of multiple dipole interactions on the
angular distribution of photoelectrons.

2. Theory

A detailed description of the theoretical model of the angular distribution of photoelectron emission
on sequential two-photon double ionization is given in the related article of this issue [A.N. Grum-
Grzhimailo et al. in this journall. In short, the angular distribution of a photoelectron in the dipole
approximation is described by the differential cross section which is a partial wave expansion in
terms of Legendre polynomials P;:
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do 0 =
99 an Z azi P (cost) , (1)
=0

In equation (1), o denotes the cross section of the photoionization process transferring the target
from the neutral initial to the ionic final state and 6 is the angle of the electron emission direction
with respect to the linear polarization of the ionizing radiation. In the case of single photoionization,
the angular distribution is given by the second order term of the expansion which includes the
anisotropy parameter 8o [32]:

do o
—=—A1 P 0 2
= L (14 BaPy (cosh)) )

For multi-photon ionization, higher order terms have to be included according to the number of
photons involved in the process. In the case of a two-photon ionization, the angular distribution
can be described by a formula up to a Legendre polynomial of fourth order:

do o
— = — (1 + B2 P> (cosh) + 4Py (cosh)) (3)
dQ 4w

Here, the additional term including the fourth order anisotropy parameter (4 term is directly
proportional to the alignment of the residual ionic core created by the first ionization step [28, 33].

3. Experimental Setup

Figure 1 shows a sketch of the experimental setup used in our measurement campaigns at FLASH.
In a spherical vacuum chamber, up to 22 independently working electron time-of-flight spectrom-
eters have been mounted at different angles with respect to the horizontal polarization axis of the
incoming light. However, due to restrictions in the data acquisition system only a maximum number
of 16 eTOFs was used at a time. All spectrometers pointed to the focal spot of the beamline into
which the various noble gas targets were introduced through a small needle in an effusive beam.
The target gas was ionized by the FEL radiation and the generated photoelectrons were detected
at the end of the flight tubes of the spectrometers by micro channel plate (MCP) detectors. The
flight tubes of the spectrometers were designed with three retardation segments which allow for
an energy resolution of & ~1000 in the whole photon energy range of this study from 38 eV to
91 eV. The transmission was characterized for each spectrometer using single ionization emission.
The total distance from the interaction region to the detector surface was I = 309 mm resulting in
electron flight times of typically 100 — 300 ns, depending on the kinetic energy of the electron and
the applied retardation voltages. The MCP charge pulses were amplified and recorded by means of
a multi-channel digitizer card system with a time resolution of up to 125 ps, which was triggered
by the FLASH bunch clock with a bunch train repetition rate of 5 Hz and 10 Hz later on. Analogue
signal traces of full FEL bunch trains were recorded, which in our case consisted typically of 30
and up to 50 micro pulses with a bunch repetition rate of 1 MHz, corresponding to a time-period
of 1 us between bunches. In order to attribute the photon intensity of each FEL light pulse to the
according electron time-of-flight spectra, the analogue signal of the gas monitor device (GMD) [34]
delivered by the FLASH machine was recorded with the digitizer system as well. The average values
of the ion-GMDs were used to correct the absolute values of the electron-GMD single-shot values.
The experiments have been performed at the high-intensity beamlines BL2 and BL3 of the FLASH
facility [31] for which the photon beam is focused to a spot size of about 30 um in diameter (FWHM).
Taking single acquisitions of all experimental runs together, the average single pulse energy during
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a single acquisition session covers the range from 25 pJ up to 260 pJ. Depending on the photon
energy and with a typical pulse duration between 50 fs and 100 fs, this corresponds to an irradiance
in the range of 6-10'3 to 3. 104 W/ch. Accordingly, the number of photons in a single FEL shot
ranges from 4-10'2 to 5-10'3. The FEL wavelength was measured during the beam setup procedure
by the machine operators prior to the experimental shift by means of a grating spectrometer in the
FEL photon diagnostics section in the accelerator tunnel. Occasionally, it was re-checked during
the shift for a selection of bunches in the pulse train. The accuracy of the average center of gravity
of the photon energy was better than 0.5 eV in all cases. Typically, the wavelength bandwidth of
the spectral distribution was 1% - 3% FWHM which, depending on the wavelength, corresponds to
a photon energy bandwidth of 0.5 eV to 2.5 eV, respectively.

dt = 125/250/500 ps

Computer

Intensity
Digitizer

Time-of-flight

Traces of up to 50 bunches

Set of electron
time-of-flight spectrometers

Ne, Ar, Kr

Figure 1. Sketch of the experimental setup: The incoming FEL radiation ionizes the noble gas target which is introduced
in the center of a spherical vacuum chamber in an effusive beam. A set of time-of-flight spectrometers are mounted in a
plane perpendicular to photon beam which represents the dipole plane of the horizontally polarized FEL radiation. The
anisotropy parameters of photoelectron emission determined in this work refer to this plane as indicated by the schematic
angular distribution pattern (orange line). The signals of the MCP detector of each spectrometer are recorded with a multi-
channel digitizer system comprising up to 13 Acqiris DC 282 ADC modules. In our experiments, the analogue raw signal of
the FLASH gas monitor device (GMD) was fed into one of the channels for intensity correlation. Using the 5 Hz and, later on,
the 10 Hz pulse trigger of FLASH, traces of full bunch trains have been recorded using sampling rates of 2, 4, and 8 GS per
second.

4. Data Analysis

In a single data acquisition, typically 4000 or 8000 traces of entire FEL bunch trains have been
recorded. During the acquisition, the fast single-bunch resolved electron signal of the calibrated
pulse energy monitor device GMD signal was recorded with the digitizer system and the mean pulse
energy derived from the slow ion signal was noted for each acquisition. Hence, the pulse energy for
each individual bunch could be derived and attributed to the corresponding rare gas photoelectron
spectrum and a list of single-shot spectra sorted according to photon intensity could be generated.
In the analysis afterwards, these traces have been cut into single pulse time-of-flight spectra and
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converted into kinetic energy spectra. For the photoline peak evaluation, different models for the
background as well as several peak form functions (Gaussian, Lorentzian, and Voigt profile fitting
as well as ROI-counting and combinations thereof) have been used with consistent results showing
the stability of the evaluation [35].

Due to the narrow acceptance angle of our electron time-of-flight spectrometers, only relative in-
tensities can be measured. These intensities depend on the quantum efficiency and the gain of each
individual electron MCP detector. For intensity normalization, correction factors were introduced
for each electron spectrometer and each acquisition. These factors were determined such that the
intensities of signals of the primary ionization in the spectra match the angular distribution pattern
of the one-photon single ionization described by equation (2) which is well known for all rare gases
in the VUV photon energy range [1]. This procedure neglects higher order f4-contributions in the
angular distribution in the first ionization step [18, 28, 29, 36|, which is a small effect and in addition
affects only less than 30% of the primary ionization intensity (see below).

After applying the correction factors to the photoelectron intensities, the second step anisotropy
parameters B2 and (4 were determined in a least-squares fitting procedure using equation (3) as a
model function. To be able to discover possible effects on the results due to detector saturation at
high pulse energy and poor statistics at low photon intensities, the evaluation was done for different
intensity levels. For that, a set of sum spectra for different photon pulse energies was created by
adding up single spectra belonging to certain intensity intervals by means of the GMD intensity
list mentioned above. Correction factors derived from each of the sum spectra were applied to the
photoline intensities of every sum spectra for S-parameter analysis. In this matrix-type evaluation
(calibration for different photon intensities vs. S-parameter analysis for different photon intensi-
ties), the more recent experimental data have been evaluated together in a re-analysis of data sets
of earlier beamtimes [37, 38]. The new results turned out to be consistent over a large pulse energy
region [35].

Furthermore, comparing acquisitions recorded at different photon energies and/or different target
gases, we derived correction factors for different kinetic energies to account for transmission loss of
the electron spectrometers.

5. Results and discussion

As an example for a typical time-of-flight spectrum and the underlying ionization scheme, figure
2 shows a photoelectron spectrum for argon at a photon energy of 38 eV. It comprises a sum of
single shot spectra of the 10,000 most intense FEL pulses according to the GMD which have been
recorded with one of the ToF spectrometers mounted at an angle of 34.5° with respect to the
horizontal polarization axis of the FEL.

By means of the kinetic energy, the four main features in the spectrum can be attributed to
intermediate and final states of the photoionization. The most prominent photoline at a measured
kinetic energy of 22.2 eV represents the primary ionization which contains one-photon single
ionization events as well as the first ionization step of sequential double ionization. The three lines
at lower kinetic energies can be attributed to electrons emitted in the second step of two-photon
ionization creating the three different doubly charged final states Ar?T(3p=2)3P (Eg;,=10.1 €V),
AT (3p~)ID (Epin=8.4 V), and Ar**(3p=2)LS (Egin=6.0 eV). The total intensity of these three
lines is in the order of about 30% of the primary signal which is a typical value for the ratio of the
first-step and second-step yield in our experimental results. Clearly, sequential double ionization
is a strong process under the applied conditions in terms of photon energy and photon intensity.
Recorded signatures of processes involving two photons in the one ionization step which are not
reported here are about two orders of magnitude weaker. Continuous photoelectron signatures of
direct double ionization could not be observed. In our experiments, the FEL wavelength bandwidth
did not allow to resolve the spin-orbit multiplets of either the singly charged intermediate state 2P
or doubly charged final state 3P.
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Figure 2.

energy of 38eV is plotted. The most prominent photoelectron line (blue) represents the primary ionization creating the singly
charged Ar 3p~! state, whereas the three photoelectron lines at lower kinetic energies are assigned to the doubly charged final
states 3P, 1D, and 'S (red). The term scheme in the right panel illustrates the transitions of the two sequential ionization

B V]

steps and the resulting electron kinetic energies.

[eV]

E

Binding energy [eV]

30 ) |
first step
|- 40
20 | A |
| - 30 2
10 o 5 .
N © 20 W
0 G B
H
s 10
10 - “A“ second step |
.30,
.............;1.. 0
20 Spw/z
>
— [0]
0
30 b
] H
0] o 30°CP)
3p*('D)
-50 ~ 3p*('S)

In the left panel, an example of a photoelectron spectrum over electron kinetic energy of argon recorded at a photon

Target | State | Photon enery [eV] | B2 | B4 |
Ne | 2p72(3P) 47.5 0.79£0.10 | —0.21+0.10
52.3 0.80 £0.13 | —0.20 £0.13
61.2 1.11£0.14 | 0.01+0.14
89.9 1.30 £ 0.10 | —0.10 £ 0.10
91.0 1.17+0.13 | —=0.09 £ 0.13
2p—2(ID) 47.5 0.61+0.17 | —0.17 +0.18
52.3 0.50 £0.11 | —0.20 £0.10
61.2 1.04 +£0.11 | —=0.08 £ 0.11
89.9 1.21+0.11 | —0.05 £ 0.14
Ar | 3p7?(P) 38.0 1.70 £ 0.15 | —0.30 £ 0.15
47.5 1.25+0.16 | —0.22 £ 0.16
61.2 0.70 £0.19 | —0.21 £0.17
91.0 1.45+0.19 | —0.27 £0.19
3p~2(!D) 38.0 1.86+0.16 | 0.04 £0.16
3p~2(18) 38.0 2.07+0.16 | 0.21+0.16
61.2 1.204+0.20 | —0.11 £ 0.16
Kr | 4p~2(3P) 38.0 1.95+0.15 [ —0.01 £0.15
38.0 1.774+0.16 | —0.22 £ 0.23
47.6 1.434+0.16 | —0.43 £ 0.16
47.6 1.454+0.16 | 0.19+£0.25
61.6 0.88+£0.24 | —0.24 £0.19
78.5 1.06 +0.24 | 0.06 £0.18

Table 1.

The errors given here account for the uncertainty resulting from determination of the detector intensity values in single shot
spectra as well as the from averaging over the angular distribution parameters for different photon intensities.
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Our results for the second step ionization electron angular distributions of neon, argon and kryp-
ton compiled in table 1 are discussed in the following and compared to two recent theoretical studies
which differ mainly in assumptions concerning coherency of excitation of the intermediate ion fine
structure levels 2P, /2,3/2- In the density matrix and statistical tensor formalism used by Fritzsche et
al. [28, 30, 36] the excitation is considered completely incoherent (L.SJ-coupling scheme), whereas
Kheifets [29] used a model with completely coherent excitation of these levels (LS-coupling scheme).
The latter work employs the graphical angular momentum coupling technique to derive analyti-
cal formulas for the 8 parameters which contain the radial dipole matrix elements. These matrix
elements are evaluated numerically using the random phase approximation with exchange.

0.15f ' ' - ' ' ]

Ne @ 52.3 eV
Sum of the 10,000 most intense shots

2015, 203h

o
—
o
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Figure 3. The top plot shows the spectra for selected spectrometers summed for the 10,000 most intense FEL shots. The
high energy peak contains both the primary singly ionized Ne photoelectrons and the first step of the sequential double
photoionization. The second step electrons are at 8 and 10 €V, respectively the 1 D and 3 P electrons. The lower two polar plots
show the angular distribution of the 3P (left) and D (right) photoelectrons in comparison to the distribution of the first step
2p~! electron which was used for calibration.
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Neon

Acquisitions with neon as a target gas have been recorded at photon energies of 47.5, 52.3,
62, 89, and 91 eV. The upper panel of figure 3 shows sum spectra with corrected intensities of the
most intense FEL shots for a selection of spectrometers used in the measurement at hv = 52.3 eV.
Here, the spectra are magnified by a factor of five in the low kinetic energy region containing the
photolines of the doubly charged states Ne 2p~2 3P and 'D. The ratio of intensities at diverse
angles is different for the second step lonization signals compared to the primary ionization line
which already indicates a different angular distribution for the intermediate and final states,
respectively. The complete set of corrected intensities of the first and second step ionization
photolines are presented in polar plots in the lower panels of figure 3, together with the results
of the 8 parameter analysis fit procedure and the resulting angular distribution patterns. The
second step angular distribution patterns differ substantially from the first step pattern due to
a considerably large negative value of the higher order S-parameter £4 of around -0.2. In figure
4, the derived f values of all neon measurements (see tab.l) are displayed together with the
theoretical calculations for comparison. The theoretical data show a smooth change in £z with
increasing photon energy - like in the single ionization - and almost constant values for 34, but
different values for the three doubly charged final states. The agreement with our experimental
results is comparably good for the B2 values of both theoretical methods. With respect to the 54
parameter, the predicted positive values for 1D close to zero are in contrast to our measurements.
The experimental values for the 3P final state agree better with the results of Kheifets [29] for low
photon energies, whereas for higher photon energies there is better accordance with the calculation
of Fritzsche et al. [28]. In addition, the small difference of 8; parameters for I'D and 3P in the
latter theoretical model corresponds better to the measured values. Energetically the 1§ final state
is superimposed by the 2s single-photionization line. A meaningful angular distribution analysis
was therefore not possible.

T T
2+ -2 2+m -2

Ne“"2p Ne“"2p

exp. data with exp. data with

calculations [29] calculations [28]

1 experiment calculations n 11 T
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Figure 4. Anisotropy parameters (32) (squares) and (34) (circles) for the second step of sequential two-photon double ionization
of neon as a function of photon energy. Our results are compared to the calculations for (32) (solid lines) and (34) (dashed
lines) of Kheifets [29] (left panel) and Fritzsche et al. [28] (right panel).

Argon

For argon, angular distribution measurements have been performed at photon energies of
38, 47.5, 62, and 91 eV. In figure 5, the experimentally determined S-parameter values are shown
together with recent calculations [28, 29]. Compared to meon, these calculated curves show a
larger variation of the [-parameters along the photon energy. The curves of By for the three final
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states, Ar?t (3p_2)3P, Ar2+(3p_2)1D and Ar2+(3p_2)15 run quite uniformly through a minimum,
whereas the 4 values vary very differently due to the anisotropic interactions, especially in the
region of the minimum in the By theory curves. It is known from single ionization, that the
minimum in the B-parameter is slightly shifted towards higher photon energies compared to the
related Cooper minimum position of the cross-section at around hy = 50 €V [1]. For the double
ionization, with both theoretical methods shown in figure 5 the 8y minima positions are calculated
to be at significantly lower photon energies than the single ionization f7 minimum. However, we
assume that the difference between the radial wave function overlap conditions of the first and the
second ionization step by ejection of only one shell electron is small. Therefore, all the calculated
double ionization curves are shifted to coincide with the single ionization Fo-Cooper minimum.
This shift of 5 and 10 €V, respectively, (see figure 5) introduces no new physics, moreover, it is
just a correction of the theoretical data which is still in the range of the expected accuracy of
the theoretical models in terms of the energy scale which the authors amount to be within a few
electron volts (4 €V in the case of the calculation of A. Kheifets).

The agreement between our experimental data and the shifted theory curves is rather moderate
except for the lowest photon energy of 38 eV, for which the experimental values of 82 and 4
coincide very well with the different values of the three final states Ar?" (3p_2)3P, Ar2+(3p_2)1D
and Ar2+(3p_2)15 from both calculations. The region of the Cooper minimum is particularly
interesting, where especially the angular momentum coupling theory [29] predicts a tremendous
difference for the 3, values for the 3P, 'D, and 1§ states. Whereas for this theoretical model there
is good agreement with the calculated Bo-values, we cannot confirm a very pronounced anisotropy
in the angular emission pattern with a large negative value of 84 =-1.7. Instead, we measured a
rather isotropic distribution with only small lobes in horizontal and vertical direction, which is
more consistent with the results of the calculation of Fritzsche et al. [28].

Generally, in the case of argon the 3s single ionization line position practically coincides with the
1D 2-photon-line which precluded reliable ' D data analysis.

T T T T T T T T T T T T
+ -2 —
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Figure 5. Anisotropy parameters 32 (squares) and 34 (circles) for the second step of sequential two-photon double ionization
of argon as a function of photon energy. Our results are compared to the calculations for 82 (solid lines) and 34 (dashed lines)
of Kheifets [29] (left panel) and Fritzsche et al. [28] (right panel). The theory curves are shifted by 10 eV and 5 €V, respectively,
towards larger photon energy (see text). The experimental data points for 2P and 'S at hv = 62 €V lie on top of each other
in this axis scale.

Krypton

Regarding the sequential lonization of krypton, we present data for the photon energies 38,
47.5, 62, 78.5 eV for the 3P doubly charged final state only (see figure 6). Similar to the argon case,
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the krypton single ionization cross section shows a Cooper minimum with an according reflection
in the single ionization f-curve at a photon energy of 84 €V, in this case [1]. Again, the S-minima
in the calculations for the second step ionization deviate from this position and theory curves
were shifted accordingly, as depicted in figure 6. In the photon energy range on the plots, both
theoretical models predict a decrease of By with increasing photon energy starting from a value
around 2, which is reproduced by our experimental data up to 62 eV. For 84 the calculations do
not show variations around the minimum as large as for Ar, in fact the 84 values of the theoretical
description used in [30] are basically close to zero over the whole plot range. A rather small higher
order anisotropy effect is in accordance with our data. Remarkably, the experimental value for
B2 at 78.5eV in the region of the Cooper minimum deviates strongly from both calculations. The
correspondingly measured angular distribution exhibits pronounced emission probability in the
horizontal direction, whereas according to the calculations the emission pattern should be either
almost completely isotropic, as in the model equivalent to the LSJ-coupling scheme [30], or show
predominant intensity at angles around 45° with respect to horizontal or vertical directions as
derived with the graphical angular momentum coupling technique.

T T T T T T T T T T T T
+ -2 2+ f n—2
2f Kr*4p™2 4  2p $ Kre*4p=2 -
exp. data with ~— exp. data with
calculations by fﬂ calculations [30]
A. Kheifets
. N I T
© ©
> >
ﬂ:) + \ @ #
jo jo
£ o $ ‘ ¢x———3 £ o$ _______________________ Y
s [  O----—ao LN ©
8 | ®epee e g [
o | T Tl ,l' """ Lo q)
experiment calculatons T Tea__ ’ experiment  calculations
-1 B B B Ba ] -1r B> Ba B Ba b
H O P — - H QP — -
D 'D
's 's
1 1 1 1 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 40 50 60 70 80 90 100

Photon energy [eV] Photon energy [eV]

Figure 6. Anisotropy parameters 32 (squares) and 34 (circles) for the second step of sequential two-photon double ionization
of krypton as a function of photon energy. Our results are compared to the calculations for 82 (solid lines) and 34 (dashed lines)
of Kheifets (left panel) and Fritzsche et al. [30] (right panel). The theory curves are shifted by 10 eV and 1.2 eV, respectively,
towards larger photon energy (see text).

6. Conclusion (and Outlook)

Our report shows that FEL photon sources are able to induce strong sequential two-photon double
ionization processes in rare gases which are almost as intense as the single ionization in the photon
energy range between 38 eV and 91 €V. For a number of different photon energies, we measured
the angular distribution patterns of photoelectrons emitted in the second ionization step. The
anisotropy parameters o and 34 of these angular distributions could be derived for the doubly
charged final states 1.9, ! D, and mainly 3P. The comparison with two different theory calculations
showed altogether reasonable agreement, but the results do not allow favoring one or the other
in general. However, based on our results there is qualitatively no experimental indication for a
change of the parameter 4 of the Ar 3P state in the region of the Cooper minimum as large
as predicted by the LS coupling approximation of [29]. To confirm our findings and to improve
quantitative significance, further measurements at a number of photon energies in the Cooper
minimum region are necessary. The role of Cooper minima for sequential ionization processes and
its impact on the angular distributions of all involved steps is especially important with respect to
a breakdown of the dipole approximation in the non-linear regime [39]. A future investigation of
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this kind can benefit from the recent prosperity in FEL evolution, especially in terms of wavelength
tunabilty. For example, the seeded FEL source at FERMI [40] as well as FLASH2 [41, 42| with
variable gap undulators coming to operation soon allow fast wavelength changes which will facilitate
scanning over a wavelength interval. Furthermore, new developments in photon diagnostics, like a
FEL radiation polarization monitor [43] very similar to our experimental setup, can support these
efforts in terms of experimental accuracy as well fast handling and processing of large amounts
of data in order to map out the details of electron angular distribution effects in multi-photon
ionization.
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