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Anomalous photoelectron angular distribution in ionization of Kr in intense ultraviolet laser fields
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We investigate multiphoton ionization of Kr for the formation of the two spin-orbit split states 2P 1/2 and 2P 3/2

of Kr+ in intense ultraviolet femtosecond laser fields (λ ≈ 398 nm, τ ≈ 50 fs). As the laser intensity increases
from 8 to 39 TW cm−2, the photoelectron angular distribution (PAD) exhibits the anomalous enhancement in
the direction perpendicular to the laser polarization. With the support of the time-dependent density functional
theory taking account of the spin-orbit interaction, the measured anomalous PAD is ascribed to the autoionization
to 2P 3/2.
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I. INTRODUCTION

Ionization of atoms and molecules in intense laser fields has
been investigated since the invention of the laser. The measured
ionization yields of rare gases as a function of the laser intensity
were reproduced by the calculation based on the theory, taking
account of the interaction between the initial bound state
and the final continuum [1–5]. By measuring photoelectron
spectra for more details, above threshold ionization (ATI) was
discovered as a unique feature in strong field ionization [6].

As the intensity of femtosecond laser pulses varied,
the presence of resonant Rydberg states was identified in
photoelectron spectra at a specific laser intensity, indicating
that the ponderomotive energy shift brings Rydberg states
into multiphoton resonance [7,8]. Unlike the nonresonant
ionization, the resonant ionization shows no energy shift
as a function of the laser intensity, because the ionization
continuum and the highly lying Rydberg levels are similarly
shifted by the ponderomotive energy.

Photoelectron angular distributions (PADs) of rare gas
atoms were also investigated as a function of laser wavelength
and intensity [9–13]. It was revealed that the orbital angular
momentum l of photoelectrons increases by �l = +1 from l

of resonant Rydberg levels, from which one-photon ionization
takes place. Regarding ATI, the orbital angular momentum l

of photoelectrons increases by �l = +1 with an increase of
one photon in the absorbed photon number irrespective of the
presence of a resonant intermediate state.

In addition to the resonant intermediate states, it was also
revealed that photoemission from an inner valence orbital is
induced by intense laser fields, resulting in the formation of
ions in electronically excited states [14–18]. Furthermore, the
coherent superposition of the spin-orbit split states 2P 3/2 and
2P 1/2 of rare gas ions was experimentally confirmed through
the quantum beat measurement [19–24] and theoretically
described [25–28]. Thus, multiple electronic states of both
neutral and ionic levels make significant contributions in
ionization in intense laser fields.

Recently, intermediate states in strong field ionization have
been investigated intensively [29–34]. In ionization induced
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by an attosecond pulse, the electronic dynamics prior to
photoemission can be controlled by dressing a couple of states
using an intense laser pulse [35–40]. If ionization is induced
by a single intense laser pulse, the laser pulse has to play
two roles in dressed state formation and in photoemission,
simultaneously. Such coupling mechanisms among electronic
bound states and continua still have plenty of room for further
investigation.

In the present study, we investigate ionization of Kr for the
formation of the two spin-orbit split states of Kr+(4p−1), 2P 1/2

and 2P 3/2, in intense UV femtosecond laser fields. We have
measured three-dimensional (3D) photoelectron momentum
distributions as a function of laser peak intensity I0. It has
been found that photoelectrons are emitted dominantly in the
direction perpendicular to the laser polarization direction at the
laser peak intensity of I0 = 39 TW cm−2 (TW = 1012 W). For
discussion on the ionization mechanism causing anomalous
PADs, we have performed an ab initio calculation based on
the time-dependent density functional theory (TDDFT) in
which the relativistic effect causing the spin-orbit splitting
is taken into account. Indeed, the calculation of the spin-orbit
interaction in intense laser fields is a theoretical challenge.

II. EXPERIMENTAL

Details of the experimental setup used in this study were
described in previous publications [41,42]. Briefly, linearly
polarized UV femtosecond pulses [λ ≈ 398 nm, τ ≈ 50 fs
(FWHM), 1 kHz] were obtained by frequency doubling of
output pulses from a Ti:sapphire chirped-pulse regenera-
tive amplification system. The temporal wave form of the
UV pulses was characterized by self-diffraction frequency-
resolved optical gating [43]. The UV pulses were focused on a
pure Kr beam, which was introduced into an ultrahigh vacuum
chamber through a microsyringe as a skimmed effusive beam.
The background pressure in the chamber was below 10−8 Pa.
The flow rate of the sample gas was controlled with a variable
leak valve (Varian) so that the detection count rate was smaller
than 0.8 events per laser shot.

By using a fast microchannel plate detector with a
position-sensitive delay-line anode (RoentDek HEX80), the
3D momentum vector of each photoelectron was measured in
a single-shot acquisition mode. In order to reduce the position
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dependence of the detection efficiency, the PADs P (θ ) with
inversion symmetry were obtained from the raw data of the
PADs Praw(θ ) as

P (θ ) = P (180◦ − θ )

= Praw(θ ) + Praw(180◦ − θ )

2
, (1)

where θ is the polar angle with respect to the laser polarization
direction (θ = 0 and 180◦).

The measurements were carried out at different laser peak
intensities in the range of I0 = 8–39 TW cm−2. The laser
peak intensities I0 at the focal spot were estimated from
the ponderomotive energy shift (Up) [7] in the photoelectron
spectra.

III. THEORETICAL METHOD

The electronic dynamics in intense laser fields can be
described with the TDDFT [44]. A time-dependent N-electron
system was solved with two-component electronic wave
functions ψi(�r,t) = (ψi,α(�r,t),ψi,β(�r,t)) satisfying the time-
dependent Kohn-Sham equation,

ih̄
∂

∂t
ψi(�r,t) =

[
− h̄2

2m
∇2 + VH[ρ(�r,t)]

+Vxc[ρα(�r,t),ρβ(�r,t)] + V̂ion + μB �σ · �Bxc

+ V̂SO − e�r · �Eext(t)

]
ψi(�r,t), (2)

where ρα(β)(�r,t) = ∑
i |ψi,α(β)(�r,t)|2 and ρ(�r,t) = ρα(�r,t) +

ρβ(�r,t) are the electron densities, VH the Hartree potential,
Vxc and �Bxc the spin-independent and dependent exchange-
correlation potential, respectively, V̂ion the potential of the ion,
V̂SO the spin-orbit interaction, and Eext(t) the external laser
field, which is linearly polarized. We employed a conventional
noncollinear local spin density approximation (NC-LSDA)
[45,46] as the exchange-correlation potentials of Vxc and �Bxc.
The Hartwigsen-Goedecker-Hutter (HGH) pseudopotential,
including the spin-orbit interaction, was used for V̂ion and V̂SO

[47]. In this calculation, the magnetic field of the laser pulse
was neglected and the system was spin unpolarized.

The time-dependent Kohn-Sham equation [Eq. (2)] was
solved numerically by a grid-based method in real-space
[48]. The time propagation of the Kohn-Sham orbitals was
carried out by using a fourth-order Taylor expansion, and the
Laplacian operator was evaluated by the nine-point difference
formula. We took a constant time step of 0.000 66 fs and
utilized uniform grids in the 3D Cartesian coordinate with a
mesh spacing of 0.2 Å. The total number of the time steps was
100 000. We carried out the numerical calculations employing
grid points inside a spherical box whose radius was R = 40 Å.
To absorb the emitted electron, we adopted an absorbing
potential W (r) with a linear dependence on the coordinate
r as [49]

W (r) =
{

0 (0 < r < R)
−iW0

r−R
�r

(R < r < R + �r).
(3)

We set the height W0 and width �r to be 10 eV and 10 Å,
respectively.

The ionization potentials (IPs) of Kr for the formation
of the two spin-orbit levels 2P 3/2 and 2P 1/2 of Kr+(4p−1)
were calculated to be 9.3 and 10.3 eV, respectively, while the
measured IPs of Kr are 13.999 6 eV for 2P 3/2 and 14.665 4 eV
for 2P 1/2 [50]. The discrepancy in the IP from the measurement
is a well-known problem originating from (i) the spurious
self-interaction energy in the LSDA and (ii) the incorrect
long-range potential deviated from the Coulomb potential
[51]. Nevertheless, comparisons between the experimental and
calculated results are meaningful within the framework of the
nonresonant multiphoton ionization. In the calculation, we
reduced the laser frequency such that the minimum photon
number required for the ionization is the same as that in the
experiment.

Since the Keldysh parameter γ is a good measure for
evaluating whether the ionization mechanism is multiphoton
or tunneling [2,52], the laser intensity I0 in the calculation was
also set so that the γ values are similar to the experiment. When
we calculated γ , the calculated IPs, 9.3 and 10.3 eV for 2P 3/2

and 2P 1/2, respectively, were used for self-consistency. As I0

increases from 8 to 39 TW cm−2 in the experiment with h̄ω =
3.1 eV (λ = 398 nm), the Keldysh parameter decreases from
γ = 7.7–3.5 for the 2P 3/2 channel. The Keldysh parameter
of γ > 1 at I0 = 39 TW cm−2 suggests that the multiphoton
ionization mechanism is dominant even at the highest intensity
in the present experiment. We set the laser frequency in the
calculation to be h̄ω = 2.1 eV, with which the dominant
ionization process proceeds by the five-photon absorption for
the calculated IPs.

We adopted a quasi-CW laser field,

Eext(t) =
{
E0 sin2 π t

2T
sin ωt (0 < t < T )

E0 sin ωt (T < t),
(4)

where T is set to be 5 fs. The amplitude of the laser electric
field E0 is obtained from the equation of I0 = ε0cE0

2/2.
Although the laser wave form described by Eq. (4) is different
from that in the experiment, this type of wave form is
frequently used to secure the computational accuracy [53].
Since the ionization probability depends on the laser intensity
exponentially, ionization takes place dominantly when the
amplitude of the laser field is the maximum. The ionization
yields in the rising and falling regions of the pulse are
negligible. Since the laser pulse duration of 50 fs (FWHM)
in the present experiment is much longer than an optical cycle
of 1.3 fs, the temporal variation of the laser field amplitude is
sufficiently slow and the temporal region around the peak can
be regarded as a quasi-CW electric field. It is true that the laser
wave form in the calculation is different from the actual wave
form, but the quasi-CW field used in this study is sufficiently
relevant to describe nonresonant multiphoton ionization. In
order to obtain the ionization probability sufficiently larger
than the accumulated computational error, the relatively long
CW field was applied. The smooth ramping at the beginning of
the laser field was also applied to avoid artificial nonadiabatic
excitation and ionization. The number of emitted electrons
was counted in the respective ionization channels, 2P 3/2 and
2P 1/2, at the boundary (r = R). The counted numbers of the
electrons as a function of the emission angle θ were divided
by sin θ to obtain the calculated PADs.
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FIG. 1. Two-dimensional sliced image of the 3D momentum
distribution of photoelectrons emitted from Kr at the laser peak
intensity of I0 = 18 TW cm−2. The photon energy is 3.1 eV (398 nm)
and the laser polarization direction is along the vertical (y) axis. The
unit of the coordinates is the atomic unit (a.u.).

IV. RESULTS AND DISCUSSION

A. Photoelectron momentum distribution

The energy of no less than five photons (5 h̄ω = 15.5 eV)
is required to form both two spin-orbit levels 2P 3/2 and 2P 1/2

of Kr+ in the electronic ground state from the neutral Kr in
the electronic ground state [50]. Figure 1 shows the 2D sliced
image of the 3D momentum distribution of photoelectrons
measured at I0 = 18 TW cm−2. This image was obtained
by extracting the data in the range of |pz| < 0.02 atomic
units (a.u.) from the 3D distribution of the photoelectron
momentum, where pz stands for the momentum component
along the time-of-flight tube axis and perpendicular to the
detector plane. The photoelectron spectra and angular distri-
butions were obtained from the sliced images. We confirmed
the slicing thickness of |pz| < 0.02 a.u. was sufficiently thin
for the photoelectron spectra and angular distributions to be
correctly extracted. Multiphoton ionization of Kr to the two
spin-orbit states 2P 3/2 and 2P 1/2 appears as concentric rings.
The rings at the momenta of 0.2 and 0.3 a.u. correspond to
the five-photon ionization of Kr to Kr+ 2P 1/2 and 2P 3/2 states,
respectively. The ring at the momentum of 0.5 a.u. corresponds
to ATI resulting from the six-photon absorption of Kr.

Figures 2(a)–2(c) indicate the photoelectron spectra at
I0 = 8,18, and 39 TW cm−2, respectively. The two peaks in
the energy range of 0–2 eV are assigned to the five-photon
ionization for the formation of Kr+ 2P 1/2 and 2P 3/2 from the
lower energy side. The results of the least-squares fitting of
Lorentzian functions to the measured photoelectron spectra in
the energy range of 0–2 eV are shown in Fig. 2. The peaks of
the six- and seven-photon ATI are also recognized in the energy
ranges of 3–5 eV and 6 – 8 eV, respectively, as minor peaks.

B. Photoelectron angular distributions

1. Five-photon ionization

For the respective ionization channels of Kr to Kr+ 2P 3/2

and 2P 1/2, PADs were extracted. The separation of these
two channels was based on the photoelectron energy. At
I0 = 8 TW cm−2, the photoelectrons in the energy ranges

FIG. 2. Measured photoelectron spectra of Kr at the laser peak
intensities of I0 = (a) 8, (b) 18, and (c) 39 TW cm−2 (solid curves).
The photon energy is 3.1 eV (398 nm). The results of the least-squares
fitting of the two peaks assigned to the five-photon ionization to 2P 1/2

and 2P 3/2 are represented by dotted curves. Photoelectrons falling in
the hatched energy ranges are counted in constructing photoelectron
angular distributions for the five-photon ionization of Kr to Kr+ 2P 1/2

and 2P 3/2, and for the six-photon ionization to Kr+ 2P 1/2 and 2P 3/2,
respectively, from the lower energy side.

of 1.308–1.667 eV and 0.544–0.992 eV were counted for the
five-photon ionization channels to the formation of Kr+ 2P 3/2

and 2P 1/2, respectively. As I0 increases, each peak energy is
shifted by the ponderomotive energy as shown in Fig. 2. At
I0 = 39 TW cm−2, the photoelectrons in the energy ranges
of 0.784–1.144 eV and 0.267–0.600 eV were counted for the
five-photon ionization channels to the formation of Kr+ 2P 3/2

and 2P 1/2, respectively. The PADs of the five-photon ionization
channels to the formation of Kr+ 2P 3/2 and 2P 1/2 at I0 = 8, 18,
and 39 TW cm−2 are plotted in Figs. 3(a)–3(c), respectively.
The Keldysh parameters are γ = 7.7, 5.1, and 3.5 for the
ionization to 2P 3/2, and γ = 7.9, 5.3, and 3.6 for the ionization
to 2P 1/2 at I0 = 8, 18, and 39 TW cm−2, respectively. Although
the two peaks are overlapped at the highest intensity of
I0 = 39 TW cm−2, the remarkable difference between the
PADs of the two channels can be recognized as shown in
Fig. 3(c).

At I0 = 8 TW cm−2, photoelectrons are emitted dominantly
along the laser polarization direction and partly in the
direction perpendicular to the laser polarization. In the 2P 3/2

channel, the PAD exhibits a substantial yield in the range of
θ = 45◦−135◦. The angular range of photoelectron emission
toward the perpendicular direction (θ = 90◦) in the 2P 1/2
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FIG. 3. Polar plots of measured photoelectron angular distribu-
tions in the energy ranges of the photoelectrons assigned to the
five-photon ionization of Kr to Kr+ 2P 3/2 (left) and 2P 1/2 (right) at
the laser peak intensities I0 = (a) 8, (b) 18, and (c) 39 TW cm−2. The
photon energy is 3.1 eV (398 nm) and the laser polarization direction
is vertical (θ = 0 and 180◦), as indicated by a double-headed arrow
in the top right.

channel is narrower than that in the 2P 3/2 channel. Compared
to I0 = 8 TW cm−2, the photoemission toward θ = 90◦ in
the 2P 3/2 channel is suppressed at I0 = 18 TW cm−2, and
meanwhile, it is recovered at I0 = 39 TW cm−2, with a
narrower angular distribution. On the other hand, in the 2P 1/2

channel, the photoemission in the direction perpendicular
to the laser polarization direction is anomalously enhanced
with increasing I0 from 8 to 39 TW cm−2. In strong field
ionization, photoelectrons tend to be dominantly emitted in
the direction along the laser polarization. It is anomalous that
the photoemission yield in the direction perpendicular to the
laser polarization is larger than that in the direction along the
laser polarization.

FIG. 4. Polar plots of calculated PADs for the ionization of Kr
to Kr+ (a) 2P 3/2 and (b) 2P 1/2 at the laser peak intensity I0 =
12 TW cm−2 corresponding to the Keldysh parameters γ = 3.5
and 3.6, respectively. The photon energy is 2.1 eV and the laser
polarization direction is vertical. For comparison, the calculated PAD
without taking spin-orbit interaction into account is also plotted in (c).

The PADs were theoretically calculated at the Keldysh
parameters γ = 3.5 [Fig. 4(a)] for the ionization of Kr 1S to
Kr+ 2P 3/2, and γ = 3.6 [Fig. 4(b)] for the ionization to 2P 1/2,
where the laser intensity was set to be I0 = 12 TW cm−2.
The calculated ionization probabilities are 1 or 2 orders of
magnitude larger than the accumulated computational error at
this laser intensity, while the ionization probability becomes
comparable to the error as the laser intensity decreases. There-
fore we compare the calculated results with the experimental
results only at the smallest Keldysh parameters, that is, the
highest laser intensity.

The calculated PAD in the 2P 3/2 channel [Fig. 4(a)] exhibits
the main peaks at around θ = 0◦ and 180◦, which are parallel
to the laser polarization direction (θ = 0◦ and 180◦). The
small yield of the perpendicular emission in the angular range
of θ = 70◦–110◦ is also seen. This PAD is close to the d0

orbital (l = 2,ml = 0), where l and ml are the orbital angular
momentum and its magnetic quantum number, respectively,
and qualitative agreement with the experimentally measured
PAD is obtained. In the 2P 1/2 channel, the calculated PAD
[Fig. 4(b)] exhibits dominant peaks at θ = 0◦ and 180◦,
with minor peaks at θ = 70◦ and 110◦. The significantly
enhanced photoemission yield in the direction of θ = 90◦
is not reproduced in the calculated PAD, which has a major
contribution of larger l photoelectron orbitals such as an
f0 orbital (l = 3,ml = 0) and/or photoelectron orbitals with
ml = 1 such as a d1 orbital. All photoemission events with
different numbers of absorbed photons were counted in the
calculation. The five-photon ionization is considered to be
dominant, but the six-photon ionization is also included as a
minor contribution.

In order to clarify the role of the spin-orbit interaction, we
calculated the PAD without taking the spin-orbit interaction
into account. As shown in Fig. 4(c), the PAD is quite similar
to the d0 orbital. When the spin-orbit interaction is included,
the calculated PAD in the 2P 3/2 channel is almost the same
as the PAD with no spin-orbit interaction. A slight influence
by the spin-orbit interaction appears in the calculated PAD in
the 2P 1/2 channel in the angular range of θ = 60−120◦.

Contrary to calculated PADs where the photoemission
along the laser polarization direction is dominant, the
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experimentally measured PADs in the 2P 1/2 channel indicate
the anomalous enhancement of the photoemission perpendic-
ular to the laser polarization direction. The slight influence
by the spin-orbit interaction in the calculation cannot account
for the anomalous enhancement of the photoemission toward
θ = 90◦. This discrepancy suggests that one or more important
processes in the course of the ionization are not included in
the theoretical framework.

In the previous studies, it was reported that autoionizing
states of Kr below the ionization threshold for the formation
of Kr+ 2P 1/2 exhibit the photoemission in the direction
perpendicular to the laser polarization direction [54,55].
Using a nanosecond dye laser [54] or a synchrotron light
source [55], the anisotropy parameter β of the photoemission
from the ns ′ autoionizing states of Kr was measured to be
negative, indicating that the photoemission in the direction
perpendicular to the laser polarization direction is preferred.

Although the autoionization forms Kr+ 2P 3/2, the photo-
electron energy in the autoionization might coincide with that
in the nonresonant five-photon ionization for the formation of
the other state 2P 1/2 in intense laser fields. The photoelectron
energy in the nonresonant ionization is shifted toward the
lower energy by the ponderomotive energy Up (eV) =
1.4794 I0 × 10−2 at λ = 398 nm, where I0 is in the unit of TW
cm−2. On the other hand, the photoelectron energy resulting
from the autoionization hardly changes with increasing I0,
because the lifetime of the autoionizing states is much longer
than the femtosecond laser pulse duration. The photoemission
takes place mostly after the laser pulse is gone. Even
if the photoemission in the autoionization takes place within
the laser pulse duration, the ponderomotive energy shift of
the autoionizing levels with a highly lying Rydberg electron
is as large as that of the ionization threshold, resulting in
no energy shift of the photoelectron from the autoionizing
levels. The photoelectron energy from the autoionizing level
of Kr 10s ′ to Kr+ 2P 3/2 with the perpendicular photoemission
is known to be around 0.35 eV [50], which accidentally
coincides with the photoelectron energy of the nonresonant
ionization of Kr to Kr+ 2P 1/2 shifted by the ponderomotive
energy at I0 = 39 TW cm−2. Therefore, it is probable that
the autoionization of Kr to form Kr+ 2P 3/2 appears at the
same photoelectron energy as the nonresonant five-photon
ionization of Kr to Kr+ 2P 1/2.

Examination of the PAD in terms of the coupling of the
spin and orbital angular momenta helps us to understand how
the photoelectrons are emitted. Since MJ = 0 is preserved, the
magnetic quantum number of the total angular momentum je

of the photoelectron in the 2P 1/2 channel is mje
= −MJC

=
∓1/2, where MJ and MJC

are the magnetic quantum numbers
of the total angular momenta J and JC of Kr and Kr+,
respectively. For mje

= ∓1/2, the possible combinations of
(ml,ms) are (0,∓1/2) and (∓1,±1/2), where ms is the
magnetic quantum number of the spin of the photoelectron.
Considering a single active electron, the photoelectrons with
even l orbitals of s,d, and g are preferred in the five-photon
ionization from the outermost orbital of 4p.

In the 2P 3/2 channel, MJc = ±3/2 is possible as well as
MJc = ±1/2. When MJc = ±3/2, the possible combinations
of (ml,ms) are (∓1,∓1/2) and (∓2,±1/2). Therefore, only the

2P 3/2 channel is allowed to have the photoelectron orbitals with
ml = 2, irrespective of the presence of intermediate states. In
the case of l = 2 and ml = ∓2, that is, the d2 orbital, the
photoelectrons are emitted toward the direction perpendicular
to the laser polarization direction.

The remarkable intensity dependence of the perpendicular
photoemission suggests the resonantly enhanced population
transfer to specific Rydberg levels connecting to the d2 photo-
electron orbital. The autoionizing states are strong candidates
of such Rydberg levels. In the experimental measurement, the
autoionization to 2P 3/2 is expected to appear at the same energy
as the nonresonant ionization to 2P 1/2.

From a theoretical point of view, it is difficult to simulate
autoionization in the present TDDFT [56]. Additionally,
stepwise ionization processes via a resonant intermediate
state are not correctly included in the TDDFT. In order to
numerically simulate the ionization from an electronically
excited state, the potential of the electronically excited state of
Kr is necessary. However, the present TDDFT has a limitation
that only the potential of the electronic ground state is taken
into account.

Nevertheless, we should examine resonant intermediate
states below both ionization thresholds to 2P 3/2 and 2P 1/2.
In the experiment at I0 = 8 TW cm−2, the substantial photo-
electron yields in the range of θ = 45◦−135◦ exhibits nodes at
θ = 75◦ and 105◦ in the 2P 3/2 channel, suggesting that larger l

photoelectron orbitals such as a g orbital (l = 4) emerge from
an f -Rydberg state.

Considering the ponderomotive energy shift of Rydberg
levels as well as ionization thresholds, resonant intermediate
states should be located below the four-photon energy level in
the field-free condition. In Fig. 5, the energy levels of Kr below
the ionization thresholds for the formation of Kr+ 2P 3/2 and
2P 1/2 are shown with the four- and five-photon energy from
the electronic ground state 1S of Kr. At I0 = 8 TW cm−2,
the ponderomotive energy is Up = 0.118 eV, represented
by the thin arrow (a) in Fig. 5. Therefore, 6s, 4d, and 5p′
are energetically allowed to be intermediate Rydberg states.
In terms of the four-photon transition probability from the
outermost 4p orbital in the electronic ground state of Kr 1S, odd
l orbitals such as p and f are preferred. As mentioned above,
the PAD in the 2P 3/2 channel at I0= 8 TW cm−2 suggests the
contribution of an f -Rydberg orbital to the intermediate state.
However, there are no f orbitals below the four-photon energy.
A possible explanation for the contribution of an f orbital is the
dressed state formation of the 4d Rydberg levels and the highly
lying f -Rydberg levels just below the ionization threshold for
the formation of Kr+ 2P 1/2. That is, the intermediate state is a
dressed state, which is a linear combination of 4d and highly
lying f -Rydberg states.

As I0 increases from 8 to 18 TW cm−2, the nodal structure
of the PAD in the 2P 3/2 channel is suppressed. And then, as I0

increases to 39 TW cm−2, the number of the apparent nodes
in the PAD decreases to two, suggesting that the contribution
of a d orbital becomes dominant in photoemission.

The population in the autoionizing states such as 10s ′ is
also explained by the dressed state formation as follows.
The energy difference between 10s ′ and 5p levels is almost the
same as the one-photon energy at λ = 398 nm, suggesting the
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FIG. 5. Energy-level diagram of Kr converging to 2P 3/2 and 2P 1/2

of Kr+ [50]. The energy on the left axis originates from the ground
state 1S of Kr. The length of the thick blue arrows corresponds to
the one-photon energy of λ = 398 nm. The up arrows in the right
side indicate the fourth and fifth photons required for the ionization
from the electronic ground state of Kr. The double-headed arrows
indicate the couplings between 5p and ns ′, and between 4d and nf ,
respectively, for the dressed state formation. The lengths of the thin
yellow arrows labeled with (a), (b), and (c) indicate the ponderomotive
energies of 0.118, 0.266, and 0.576 eV at I0 = 8, 18, and 39 TW cm−2,
respectively.

strong dipole coupling for the dressed state formation as shown
in Fig. 5. As I0 increases to 39 TW cm−2, the pondermotive
energy shift causes four-photon near-resonant excitation to 5p

Rydberg levels, with which the autoionizing states such as
10s ′ form the dressed states in the intense UV laser field. It is
possible that population is nonadiabatically transferred to the
upper level of the dressed states leading to the autoionization.

2. Six-photon ATI

In the photoelectron spectra shown in Fig. 2, the six-photon
ATI is clearly separated from the five-photon ionization. The
separation of the 2P 3/2 and 2P 1/2 channels in the six-photon
ionization was based on the photoelectron energy in the same
manner as the five-photon ionization. At I0 = 8 TW cm−2, the
photoelectrons in the energy ranges of 4.29–4.87 eV and 3.57–
4.09 eV were counted for the six-photon ionization channels

FIG. 6. Polar plots of measured photoelectron angular distribu-
tions of Kr to 2P 3/2 (left) and 2P 1/2 (right) through the six-photon
ionization at the laser peak intensities I0 = (a) 8, (b) 18, and
(c) 39 TW cm−2. The photon energy is 3.1 eV. The laser polarization
direction is vertical.

to the formation of Kr+ 2P 3/2 and 2P 1/2, respectively. As I0

increases, each energy range was shifted by the ponderomotive
energy. At I0 = 39 TW cm−2, the photoelectrons in the energy
ranges of 3.85–4.39 eV and 2.93–3.47 eV were counted for the
six-photon ionization channels to the formation of Kr+ 2P 3/2

and 2P 1/2, respectively.
Polar plots of the measured PADs of the six-photon ATI are

shown in Fig. 6. In the 2P 3/2 channel at I0 = 8 TW cm−2, the
PAD exhibits five nodes, suggesting that larger l photoelectron
orbitals such as an h orbital (l = 5) emerge through the two-
photon transition from a dressed state containing an f state.
As I0 increases to 39 TW cm−2, the photoelectron orbital
in the 2P 3/2 channel becomes close to an f0 orbital (l = 3,

ml = 0) with three nodes, as shown in Fig. 6(c). This trend is
consistent with that of the five-photon ionization to 2P 3/2.

063404-6



ANOMALOUS PHOTOELECTRON ANGULAR DISTRIBUTION . . . PHYSICAL REVIEW A 95, 063404 (2017)

FIG. 7. Photoelectron yield ratio of the six-photon ATI with
respect to the five-photon ionization (solid circle). A dashed straight
line from the origin is the result of the least-squares fitting in the
range of I0 < 25 TW cm−2. The errors of the yield ratios are
obtained through propagation of errors. The errors of the counted
event numbers of photoelectrons are assumed to be the square root
of the counted numbers. The errors of the intensity are also obtained
from the errors of the ponderomotive energy shift.

In the 2P 1/2 channel at I0 = 8 and 18 TW cm−2, the photo-
electrons are dominantly emitted along the laser polarization,
and a small photoelectron yield is measured in the range of θ =
45◦−135◦. As I0 increases to 39 TW cm−2, the photoelectron
yield in the ranges of θ = 55◦−85◦ and 95◦−125◦ increases
and the PAD becomes close to an f0 orbital similar to the
2P 3/2 channel. This f0 character in the six-photon ionization
to 2P 1/2 is simply explained by the one-photon transition from
a d0 orbital at the five-photon level to a f0-photoelectron
orbital at the six-photon level. In the six-photon ionization,
the photoemission yield toward θ = 90◦ is much smaller than
that toward θ = 0 and 180◦. This behavior is different from the
five-photon ionization. In the autoionization, the photoelectron
with a fixed energy is emitted from a bound Rydberg state
through the configuration interaction. The autoionizing state is
prepared through the five-photon absorption, while the addi-
tional one-photon excitation from the bound Rydberg state
causes the direct ionization for the formation of Kr+ 2P 1/2.

The photoelectron yield ratios of the six-photon ionization
with respect to the five-photon ionization are plotted in
Fig. 7. The areas of the peaks assigned to the five- and
six-photon ionization in the measured photoelectron spectra
in Fig. 2 are regarded as the respective yields. When I0

is smaller than 25 TW cm−2, the ratios as a function of
I0 are plotted on a straight line as shown in Fig. 7. This
linear response of the ratio is consistent with the difference
of one photon between the five- and six-photon processes.

At I0 > 30 TW cm−2, the lower energy side of the peak
assigned to the five-photon ionization to 2P 1/2 is cut off at the
photoelectron energy of 0 eV, as shown in Fig. 2(c). This means
that the channel closing of the five-photon ionization partly
takes place. However, the ratio of the six-photon ionization
with respect to the five-photon ionization is suppressed from
the straight line in the range of I0 > 30 TW cm−2 as shown
in Fig. 7. This suppression indicates the enhancement of the
five-photon ionization and/or the reduction of the six-photon
ionization. The enhancement of the five-photon ionization is
consistent with the autoionization, because the autoionization
takes place only in the five-photon ionization. The saturation
of the six-photon ionization with respect to the five-photon
ionization, and the increase in the yield of the seven-photon
ionization alternative to the six-photon ionization, might also
partly contribute to the suppression of the ratio.

V. SUMMARY

We have measured the 3D photoelectron momentum
distributions of Kr in intense UV laser fields at the laser
peak intensities I0 in the range of 8–39 TW cm−2 and
discussed the ionization routes on the basis of the PADs
for the respective final ionic states of 2P 3/2 and 2P 1/2. As
I0 increases to 39 TW cm−2, the photoemission toward the
direction perpendicular to the laser polarization direction is
anomalously enhanced in the five-photon ionization. This
perpendicular photoemission is attributed to the autoionization
to 2P 3/2, whose photoelectron energy coincides accidentally
with that of the five-photon direct ionization to 2P 1/2. The
theoretical calculation has been performed on the basis of
the TDDFT including the spin-orbit interaction but has not
reproduced the anomalous enhancement of the perpendicular
photoemission. The disagreement between the experimental
and theoretical results suggests the presence of resonant
intermediate states including autoionizing states, because the
TDDFT does not take account of the transient population at
resonant intermediate states.
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