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Near-threshold two-photon double ionization of Kr in the vacuum ultraviolet
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We report angle-resolved measurements on photoelectrons emitted upon near-threshold two-photon double
ionization (TPDI) of Kr irradiated by free-electron laser (FEL) pulses. These photoelectron angular distributions
(PADs) are compared with the results of semirelativistic R-matrix calculations. As reported by Augustin et al.
[Phys. Rev. A 98, 033408 (2018)], it is found that the presence of autoionizing resonances within the bandwidth
of the exciting FEL pulse strongly influences the PADs. In contrast to measurements on lower-Z targets such as
Ne and Ar, the larger spin-orbit interaction, inherent in 4p-subshell hole states of Kr, permits us to resolve and
study PADs associated with some of the fine-structure components of the Kr+ and Kr2+ ions.

DOI: 10.1103/PhysRevA.103.022832

I. INTRODUCTION

Atomic valence shell photoionization in intense laser fields
has been extensively investigated over the past four decades
by means of table-top lasers operating in the near-infrared and
visible spectral regions. Nonlinear processes such as above-
threshold ionization (ATI) [1] and multiphoton ionization [2]
were observed for the first time in pioneering studies. The
absence of sufficiently intense, short-wavelength radiation
prevented the observation of nonlinear processes involving
inner-shell electrons during this early period. Gradually, the
situation improved as progress on laser-driven high harmonic
generation (HHG) sources [3], allowed for the investigation
of nonlinear processes such as two-photon single and dou-
ble ionization [4–8], including, most recently, angle-resolved
photoelectron studies [9].

The advent of free-electron lasers (FELs) represented
a landmark in delivering vacuum ultraviolet (VUV) and
extreme ultraviolet (XUV) pulses of high enough bright-
ness [10,11] to induce and probe nonlinear processes involv-
ing inner-shell electrons (see, e.g., Refs. [12,13]). Ion [14] and
electron [15] time-of-flight (TOF) spectroscopy was used in
order to illustrate several light-induced atomic processes such
as two-photon excitation via inner-shell resonances [16–18],

shake-up and shake-off effects in atomic ions [19] and the
presence of sidebands in the photoelectron spectra of two-
color photoionization experiments [20–23].

The interplay between the sequential and direct nature of
atomic photoionization has been demonstrated in several ex-
periments performed over the past decade [24,25]. However,
most experiments were carried out using ion TOF detection
and very few angle-resolved measurements have been made to
date. Braune and his coworkers [26,27] were the first team to
perform angle-resolved photoelectron spectroscopy measure-
ments on electrons produced by sequential two-photon double
ionization in Ne, Ar, and Kr. In that case the photon energy
of the FLASH FEL was tuned to five specific values in the
range from 38 to 91 eV and the experimental results were
compared with theoretical calculations provided by Fritzsche
et al. [28,29] and Kheifets et al. [30]. A few other experi-
ments on PADs in multiphoton double ionization in FEL fields
exist [31–36]. The early studies on the sequential ionization
in noble gases are outlined in Ref. [37]. A “complete” ex-
periment, based on PAD measurements, was performed on
the sequential two-photon double ionization of neon in the
region of one-particle one-hole autoionizing states (AISs) of
Ne+ [38]. Furthermore, the effect of autoionizing Rydberg
resonances on the angular distribution of photoelectrons in
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FIG. 1. Partial energy-level diagram corresponding to the con-
ditions chosen in our experiment. The vertical arrows represent the
absorbed FEL photons for the first and the second-ionization step.
The slanted arrows represent the relaxation upon absorption of a FEL
photon. Convolution with a Gaussian function is required in order to
account for the inherent bandwidth of the FEL photon energy. The
energy bandwidth is represented by the black curves.

TPDI was treated theoretically in Ref. [39]. The present work
was motivated by an experiment on TPDI in Ar [31] where
only the 3P term of the rm3p4 configuration of Ar2+ was
accessible to the FEL photon energy used. The 2P term of
the 3p5 configuration was also accessible in the first step but
it was not possible to resolve the individual 3P2,1,0 spin-orbit
split terms.

Here, we report angle-resolved measurements on photo-
electrons ejected upon sequential two-photon double ioniza-
tion of Kr. In this study the FEL photon energy was set at
25.2 eV, slightly above the 4p ionization threshold for Kr+ (at
24.36 eV). Upon absorption of a 25.2 eV FEL photon one 4p
electron is emitted, populating either of the two 4p5 2P3/2,1/2

spin-orbit split states. In the second-ionization step, one more
electron is emitted and the Kr2+ ion ends up in any of the
4p4 3P2,1,0 terms. This is the only energetically available path-
way, since there is not enough energy available to reach the
4p4 1D2 state, as can be seen in the partial energy diagram
in Fig. 1. The 1S0 state is not shown in the figure but lies at
even higher energy (ca. 28.46 eV). Setting the photon energy
close to the Kr+ ionization threshold means that only the 3P
term of the resulting Kr2+ (4p4) configuration is accessible,
as in experiment [31]. However, in contrast to Ref. [31], for
single ionization of Kr we can resolve the individual spin-orbit
split components of the 4p5 2P term so that we can compare
measured anisotropy parameters with computed ones for each
total angular momentum J. Also, we are able to resolve some
of the fine structure associated with the second-ionization
step, 4p5 2PJ -4p4 3PJ ′ . As in Ref. [31], we find that accounting
for the presence of the Rydberg structure within the excitation
bandwidth of the FEL brings theoretical and experimental
PADs into better agreement except for one second step ion-
ization pathway, namely 4p5 2P3/2 -4p4 3P1,0. We believe that
extending these studies to Kr, thereby allowing us to resolve

the electron PADs corresponding to some of the fine structure
on both the first and second-ionization steps, represents an-
other important step towards a more complete understanding
of TPDI and the role of autoionizing states on this fundamen-
tal process.

In Sec. II the underlying theory is outlined, in Sec. III
the experiment is briefly described, in Sec. IV the results are
presented and discussed, while in Sec. V some conclusions
are drawn.

II. THEORY

A detailed description of the theoretical work performed
by Grum-Grzhimailo and his coworkers in order to model
the angular distributions in the sequential two-photon double
ionization is given in Ref. [37]. In brief, the photoelectron
differential cross section in the dipole approximation can be
expressed in terms of Legendre polynomials:

dσ

d�
= σ

4π

∞∑

k=0

akPk (cos θ ), (1)

where k takes even values, σ denotes the photoionization cross
section, and θ corresponds to the angle determined by the
direction of the emitted photoelectron and the polarization
vector of the incident radiation.

For ionization of an isotropic target by absorption of one
photon, it holds that ak = 0 for k > 2 and the photoelectron
differential cross section is given by [40]

dσ (E )

dω
= σ (E )

4π
[1 + β2(E )P2(cos θ )], (2)

where β2(E ) is the anisotropy parameter for such single-
photon ionization.

As stated in the introduction, the two-photon double-
ionization process takes place in two steps. In the first step a
FEL photon ionizes the neutral atom to form a singly charged
ion. In a further step, a second electron is released by absorp-
tion of another FEL photon from the same pulse, leading to a
doubly charged ion. In that case, the extra term β4 introduces
the fourth order Legendre polynomial which is required in
order to account for the polarization of the intermediate ionic
state [41].

For sequential TPDI the photoelectron differential cross
section becomes

dσ (E )

dω
= σ (E )

4π
[1 + β2(E )P2(cos θ ) + β4(E )P4(cos θ )].

(3)

Note that the double ionization Eq. (3) holds for electrons
from both ionization steps with their own anisotropy param-
eters β2 and β4, as discussed in Refs. [29,31,35]. The cross
sections and the anisotropy parameters are expressed in terms
of partial photoionization amplitudes, as derived in Ref. [29].

To calculate the amplitudes we used an approach based
on a semirelativistic version of the B-spline R-matrix
code [42,43], taking full account of the nonorthogonality
of the electron orbitals and diagonalization of the Breit-
Pauli Hamiltonian. For the atomic Kr ionization, the initial
state was obtained by a full self-consistent calculation of

022832-2



NEAR-THRESHOLD TWO-PHOTON DOUBLE IONIZATION … PHYSICAL REVIEW A 103, 022832 (2021)

FIG. 2. (a), (b) Calculated photoionization cross sections for neutral Kr showing the region of the 4s−1np resonance series. The 4s−1np
states strongly influence the Kr+4s24p5 2P3/2 or Kr+4s24p5 2P1/2 cross section, respectively. (c), (d) Calculated photoionization cross sections
for singly ionized Kr showing the region of the (4p4 1D)ns, nd resonance series. The upper members of the series (4p4 1D)ns (n � 9) and
(4p4 1D)nd (n � 6) decay to the Kr2+4s−14p4 3P2,1,0 states. The shaded region corresponds to the FEL bandwidth.

the [Ar] 3d104s24p6 configuration, with subsequent freezing
of all orbitals, except 4s and 4p, and mixing 1S terms of
the 4s24p6 + 4s24p55p + 4s4p65s + 4s4p54d5p + 4p64d2 +
4s24p44d5s configurations, in order to optimize the 5s, 5p,
and 4d correlation orbitals on the energy of the ground state.
The final ionic states were represented by mixed thresh-
olds with configurations 4s24p5, 4s4p6, 4s4p45s, 4s4p44d ,
4s4p45p, including all terms with J = 1/2, 3/2, 5/2. Here
the 4s and 4p orbitals were varied independently for each LS
term, while the inner orbitals up to 3d were obtained in the
[Ar]3d104s24p5 calculation and were frozen. Note that, for the
angular distribution of the second electron, only the alignment
of the 4s24p5 2P3/2 intermediate is needed in the narrow region
between 25.0 and 25.4 eV photon energy, because the influ-
ence of the 3d subshell begins at higher energies [44]. For the
second step where only the lowest Kr2+4p4 3PJ (J = 0, 1, 2)
thresholds are opened, the present theory accounted for the
4s24p4 1S0

3P0,1,2,
1D2 and 4s4p5 1P1,

3P0,1,2 mixed thresholds.
The initial state was a pure Kr+4p5 2P1/2,3/2 doublet state. All
the orbitals were obtained independently for each LS term of
the above configurations. Experimental energies of the thresh-
olds were used.

III. EXPERIMENT

The experiment employed the CAMP instrument installed
at the beamline BL1 [45] at FLASH FEL at DESY [10].
CAMP houses a double-sided (electron and ion imaging) VMI
spectrometer where the photoelectron spectra are registered
by means of a multichannel plate/phosphor (MCP/phosphor)
screen and a CCD camera operating at a frame readout
rate of 10 frames per second (fps). This arrangement of-
fers detection of electrons in a full 4π solid angle, and the
spectrometer provides a mean electron energy resolution of
approximately 0.3 eV over the electron kinetic-energy range
of interest here (namely, 0–12 eV). To reconstruct the slices
of the three-dimensional (3D) photoelectron angular distri-
butions out of the two-dimensional (2D) VMI images, three
alternative methods of the inverse Abel transformation have
been applied: the BASEX method [46], direct integration of
the Abel integral [46], and an iterative approach [47], which
all gave identical results.

The main experimental parameters are reported in a pre-
vious work [20]. In brief, the FEL photon energy was set at
25.2 eV, exhibiting an inherent bandwidth of 0.3–0.4 eV (full
width at half maximum, FWHM). Importantly, the FLASH

022832-3



LAZAROS VARVAREZOS et al. PHYSICAL REVIEW A 103, 022832 (2021)

FEL was operated in self-amplified spontaneous emission
(SASE) mode, thus exhibiting a spiky intensity distribution
of the extreme ultraviolet (XUV) pulse (see, e.g., Ref. [20]).
Hence the pulse duration was estimated to vary from 60 to
140 fs with a mean value of 100 fs (FWHM), and the pulse
energy at the focus ranged from ≈ 2 μJ to ≈ 6 μJ. The focal
spot diameter was estimated to be approximately 20 μm, at
which diameter, the peak intensity present in our experiments
is ≈2.0 × 1013 W/cm2 for a pulse energy of 6 μJ and a
duration of 100 fs.

IV. RESULTS AND DISCUSSION

In Figs. 2(a) and 2(b) the calculated (partial) photoion-
ization cross sections for atomic Kr including the 4s−1np
states which decay to the two first ionization thresholds of Kr,
namely, the 2P3/2 [Fig. 2(a)] and the 2P1/2 [Fig. 2(b)] limits,
are shown along with the total cross section. The calculations
show some weaker structures in the vicinity of the 4s → 5p
resonances. These have been observed in high-resolution mea-
surements [48,49] and are due to doubly excited states that
gain oscillator strength via configuration interaction with the
singly excited 4s−1np states.

Figures 2(c) and 2(d) show the calculated photoioniza-
tion cross sections for Kr+ including the 4p5 2P3/2,1/2 −→
4p4 3P2,1,0 ns, nd series. These more elaborate evalua-
tions included the following mixed Kr2+ thresholds:
4P4 3P0,1,2,

1D2,
1S0; 4s−14p5 3P0,1,2,

1P1; 4s−24p6 1S0. The re-
sults are in good agreement with experiment [50] and
calculations [51] for the total photoionization cross section.

At the chosen photon energy, ionization from the 2P3/2

component is affected by a few lowest AIS from the 4p4 1D nd
series (n = 6, 7), and ionization from the 2P1/2 component
is affected by the highest AIS of this series. The series
4p4 1S nd, ns seen at the photon energies above 26.0 eV in
Fig. 2(c) and 25.4 eV in Fig. 2(d) do not contribute to the
measured PADs. It is clear that, in the first ionization step
(Kr → Kr+) and especially in the second step (Kr+ → Kr2+),
the density of rapidly varying resonance structure will lead to
rapid fluctuations in other key atomic parameters, especially
here the anisotropy parameters characterizing the angular dis-
tributions of the emitted photoelectrons.

In Fig. 3(a) an angle-integrated photoelectron spectrum
is shown for a FEL intensity ≈2 × 1013 W/cm2, along
with a simulated spectrum [Fig. 3(b)] for a photon en-
ergy of 25.2 eV, convolved with a Gaussian profile to
account for the instrumental broadening of the experimen-
tal data. The first point to be made is that the 2P3/2 and
2P1/2 components in the first ionization step are distin-
guishable at ≈11.20 eV and ≈10.50 eV, respectively. In
addition, three more photoelectron peaks associated with the
second-ionization step are discernible. More specifically, the
peak at ≈1.45 eV corresponds to the Kr+4s24p5 2P1/2 −→
Kr2+4s24p4 3P2 transition, the peak at ≈0.25 eV to the
Kr+4s24p5 2P3/2 −→ Kr2+4s24p4 3P1,0 transition, whereas the
photoelectron peak at ≈0.85 eV incorporates contributions
from both the Kr+4s24p5 2P1/2 −→ Kr2+4s24p4 3P1,0 and
Kr+4s24p5 2P3/2 −→ Kr2+4s24p4 3P2 transitions. The theoret-
ically simulated spectrum is in good agreement with the
experimentally acquired data, with respect to both the posi-

(a)

(b)

FIG. 3. (a) Experimental angle-averaged photoelectron spectrum
for a FEL intensity ≈2.5 × 1013 W/cm2. (b) Theoretically simulated
photoelectron spectrum for a FEL photon energy of 25.2 eV. The
dashed lines correspond to the convolution of the calculated spectrum
with a Gaussian profile, of 0.3 eV (FWHM) and 0.6 eV (FWHM) for
the second- and first-ionization step, respectively.

tions and the relative intensities of the photoelectron peaks.
The spiky structure of the main photoelectron lines is gen-
erated by underlying Rydberg series of autoionizing states;
however, such structure gets washed out by the instrumental
broadening in the experiment.

Moving on to the angle-resolved measurements for the first
step, Fig. 4 shows the computed β2 anisotropy parameter as a
function of the photoelectron energy in the region of interest
here. The two curves, dashed red and solid blue, correspond to
ionization to 4p5 2P3/2 and 4p5 2P1/2 ionic states, respectively,
without convolution. As one would expect, the anisotropy
parameters change quite rapidly in the resonance region. Im-
portantly, the theoretical curve for the β2 anisotropy parameter
drops down to zero at resonance energies corresponding to
ionization from both the 2P3/2 (dashed red) and the 2P1/2 line
(solid blue) and increases for higher electron energies, up
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FIG. 4. Calculated anisotropy parameter of the first ionization
step of the TPDI of Kr as a function of photoelectron energy for
electrons corresponding ionization to 4p5 2P3/2 state (red dashed line)
and to 4p5 2P1/2 (blue solid line).

to nonresonant values of β2 ≈ 1.5, well known from previ-
ous experimental studies [48,52]. Furthermore, theoretically
calculated β2 values of approximately 1.25, closer to the
values obtained in this work, have been reported [53]. To
compare the theoretical angular distributions with experiment,
one has to multiply the calculated photon-energy and angle-
dependent electron signal by the normalized envelope of the
FEL pulse. The result is then convoluted with the electron
detector resolution. The results of this procedure together with
the experimental data are shown in Figs. 5 and 6.

We show in Fig. 5 the PADs for the Kr 1S0 to Kr+ 2P1/2

(top panel) and 2P3/2 (bottom panel) ionization channels. The
measured values correspond to the black data points. The
dashed curve is the result of fitting Eq. (3) to the experimental
data for each ionization pathway. The dotted curve in each
case is the calculated PAD (see Ref. [28]) without accounting
for resonantly excited states that lie within the bandwidth
of the FEL [the shaded band or stripe shown in Figs. 2(a)
and 2(b)]. The solid curve corresponds to the theoretically
calculated PADs after accounting for Rydberg states in the
excitation photon energy band of interest here. It is clear
that Rydberg states play an important role in this case as
they did in Ar [31], albeit the PAD was measured for the
2P term but not its fine-structure components in the latter
experiment. Inclusion of the resonances lying within the FEL
excitation bandwidth results in a reduction in the computed
β2 values so that they are closer to the measured values of
1.20 ± 0.06 for the Kr 1S0 → Kr+ 2P3/2 photoionization path-
way and 1.20 ± 0.10 for the Kr 1S0 → Kr+ 2P1/2 channel. The
value of the anisotropy parameter for the theoretical curve
lies above the experimental value because the theoretically
computed resonance is located at a lower energy than the mea-
sured value. Hence one should use the theoretically computed
value but shifted to lower electron energy (11.0 eV instead
of 11.1 eV in Fig. 4) where β2 decreases in the resonance.
Furthermore, the optimum fitting of the experimental angu-
lar distributions resulted in small negative β4 values. More
specifically, we obtained values of β4 = −0.09 ± 0.06 and

FIG. 5. Photoelectron angular distributions for the two open
channels of the first ionization step and for a FEL intensity of ≈2.5 ×
1013 W/cm2. The top panel corresponds to the Kr 1S0 → Kr+ 2P1/2

channel and the bottom panel to the Kr 1S0 → Kr+ 2P3/2 channel.

β4 = −0.11 ± 0.10 for the 2P3/2 and the 2P1/2 components,
respectively. It is clear that the experimental β4 values have
quite large errors associated with them and so we cannot,
at this stage, rule out the possibility that they may in fact
be equal to zero. Note that any model based on the lowest
nonvanishing order perturbation theory predicts negligible or
zero β4 values [54].

The computed anisotropy parameters for the second-step
ionization are plotted in Fig. 7 as a function of the photoelec-
tron energy, in the region of interest indicated in Figs. 2(c)
and 2(d). There are dramatic fluctuations in the anisotropy pa-
rameters caused by the resonances shown in Fig. 2. However,
the theoretical values presented in Table I take into account
both the spectral width of the photon beam and the spectral
resolution of the spectrometer, which leads to a smoothing.
Even in this case the impact of the discrete structure on the
asymmetry parameters, especially the β2 values is very sig-
nificant. The β4 parameters are predicted to be small in the
second-step ionization, due to small alignment of the interme-
diate Kr+ 2P3/2 state [28].

Concerning the asterisk in Table I, the R-matrix calcu-
lations near the thresholds of the Rydberg series were not
completely reliable. Note that there are no decay channels in
the isolated ions for these resonances to be further broadened
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FIG. 6. Photoelectron angular distributions for the three open
channels of the second-ionization step and for a FEL intensity of
≈2.5 × 1013 W/cm2. Panel (a) corresponds to the Kr+ 2P3/2 →
Kr2+ 3P1,0 channel, panel (b) to the Kr+ 2P1/2 → Kr2+ 3P1,0 and
Kr+ 2P3/2 → Kr2+ 3P2 channels, and panel (c) to the Kr+ 2P1/2 →
Kr2+ 3P2 channel.

and thus smooth the resonance manifold. Assuming that
the profile of the resonances is similar along the Rydberg
series [55], we theoretically interpolated the series up to
threshold and used this interpolation in the corresponding
energy region. Additionally, the experimental data represent
the average of thousands of FEL shots with spiky spectral
distributions which vary randomly from shot to shot with re-
spect to intensity and overall (envelope) spectral distribution.
Thus the undetermined structure of the SASE pulse may also
influence the convolution procedure in this critical region. The
exclusion of resonance structure resulted in β4 values of −0.1,
0.1, and zero for electron kinetic energies of 0.25, 0.85, and
1.45 eV, respectively. Thus it does not significantly affect the
computed β4 values.

Turning now to a comparison with the experiment, we
show in Fig. 6 the measured PADs for the three photoelectron
features observed to lie at kinetic energies of 0.25, 0.85, and
1.45 eV (Fig. 3). The measured PADs are shown as black
data points and the dashed red curves are obtained by fitting

FIG. 7. Calculated anisotropy parameters β2, β4 for ioniza-
tion from Kr+ 4p5 2P3/2 (upper) and β2 for ionization from 2P1/2

(lower) for the three components of the second-ionization step,
Kr2+4p4 3P0,1,2, and for a FEL photon energy set at 25.2 eV (see text).

Eq. (3) to them. The dotted pink and solid blue curves are the
computed PADs in the absence and presence, respectively, of
resonances. In the case of the features at 0.85 and 1.45 eV
[Figs. 6(b) and 6(c), respectively], it can be stated that the
inclusion of resonance structure improves the agreement with
the experiment (as it did in the first-step ionization).

The only PAD with single initial and final states (at the fine
structure level) is that for the photoelectron line at 1.45 eV
[Fig. 6(c)]. As is clear from Fig. 2(c) there is a very densely
packed discrete resonance structure that can be excited out
of the Kr+4s24p5 2P1/2 state by the FEL and so its inclu-
sion can be expected to result in a real improvement of
the agreement between theory and experiment. In Fig. 6(b),
we observe an excellent agreement between experiment and
theory for the blended features at 0.85 eV which yield two
overlapping PADs. In that case, we were not able to sepa-
rate the resonances sufficiently well (post-deconvolution of
the instrumental broadening) and so could not obtain two
separate PADs with good signal-to-noise statistics for reliable

TABLE I. The angular anisotropy parameters for different pho-
toelectron energies calculated at a photon energy of 25.2 eV, with
a FEL pulse of FWHM = 0.4 eV and the FWHM of the electron
detector resolution set at 0.6 and 0.3 eV for the first- and second-step
electrons, respectively. The asterisk sign is explained in the text.

First step Second step

Ee, eV 11.2 10.5 1.4∗ 0.8 0.2

β2 1.29 1.32 0.93 1.0 1.03
β4 −0.02 −0.13 0.08
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extraction of asymmetry parameters. However, it appears that
inclusion of resonances has a very large part to play in that
improvement between experiment and theory.

The most puzzling result concerns the peak at 0.25 eV
[Fig. 6(a)] for which there is one Kr+ fine-structure com-
ponent in the initial state (2P3/2) but two (unresolved)
fine-structure components 3P1,0 in the final Kr2+ state. In this
case the best agreement is obtained by computing the asym-
metry parameters and corresponding PAD without accounting
for resonances. We believe that the reason of this unexpected
result at the lowest electron energy is a very high sensitivity of
the phases of the ionization amplitudes at the threshold to the
model, reinforced by the resonances. The current theory may
need further improvement, including some additional electron
correlation and accounting for the unknown spiky structure
of the pulses, as mentioned above, while the model without
AIS may give here an accidental agreement with the experi-
ment. For the record the experimentally extracted asymmetry
parameters are β2 = 2.00 ± 0.10 and β4 = −0.08 ± 0.07 for
the 0.25 eV line, β2 = 1.03 ± 0.07 and β4 = −0.12 ± 0.06
for the 0.85 eV line, β2 = 1.19 ± 0.12, β4 = −0.15 ± 0.12
for the 1.45 eV line. It should be noted that the errors are
statistical and obtained from the fits to the PADs.

V. CONCLUSIONS

To summarize, we report angle-integrated and angle-
resolved photoelectron measurements for sequential two-
photon double ionization of Kr for a FEL photon energy near
the second-ionization threshold. The choice of Kr permitted us
to resolve fine structure in the initial and final states in the first-
step ionization pathways and to do so partially in the second
step. Measurements were accompanied by theoretical cal-
culations. The angle-integrated photoelectron spectra exhibit
good agreement with theory, which was able to reproduce the
energies and relative intensities of the photoelectron peaks.
Angle-resolved spectra were used to extract the anisotropy

parameters which were then compared with the theoretical
values. Our findings once again highlight the importance
of resonances, particularly on angle-resolved measurements
where resonance related signatures are prominent. Clear im-
provements for the future would involve measurements at a
narrow bandwidth seeded FEL to tune on or off resonance
and explore the effects of resonances on PADs in ions as well
as the use of coincidence measurements on both first- and
second-step electrons so that correlations between them could
be measured.
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