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When a bound electron is photoionized from an atom or molecule, the remaining multielectron ion with excess
internal energy will relax towards lower-energy states. The subsequent transverse angular momentum transfer
between the parent ion and the ejected electron can lead to an electron parity-unfavored transition. Here we
perform a self-calibrated timing experiment to measure the time delay of the angular momentum transfer of
parity-unfavored transitions during the multiphoton ionization. We use a strong linearly polarized 400-nm light
field to trigger a parity-unfavored transition in the channel of the spin-orbit excited ionic state of krypton atoms
and then selectively probe the phases of the electron wave functions with different magnetic quantum numbers
with a weak parallelly (orthogonally) polarized 800-nm light field. The parallel and orthogonal probes serve as
the start and the stop of a stopwatch, respectively. Hence, this allows us to access the characteristic time of such

an ultrafast intra-atom multielectron process.
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Photoionization of atoms is one of basic electron dynami-
cal processes where the electrons can be removed from atoms
by absorbing one or more photons, generally leaving behind
a multielectron ion. The angular momentum transfer among
electron, photon, and ion dictates that photoionization can
be classified as parity-favored or parity-unfavored transitions
[1-4]. The parity-favored transition is well understood by the
selection rule of the magnetic quantum number m (i.e., Am =
0, =1 by absorbing each photon) within the single-active-
electron approximation. In this case, the ejected electron
totally absorbs the spin angular momenta of photons and con-
verts them to its own orbital angular momentum, whereas the
ion is viewed as a spectator. By contrast, when the electron-ion
correlations come into play, the parity-unfavored transition
will occur [5—-7] in which the ion exchanges transverse angular
momenta (characterized by the magnetic quantum number)
with the ejected electron when relaxing to lower states [5,6].
As a result, the photoelectron emits perpendicularly with
respect to the light polarization. Previous studies [1-9] on
the parity-unfavored transition mostly focus on the pecu-
liar photoelectron angular distribution. As a fundamental
multielectron process, the timescale of the parity-unfavored
transition is yet unclear. Time-resolving correlated multielec-
tron dynamics is one of central topics in both ultrafast science
[10] and condensed-matter physics [11] nowadays.

Recent advances [12-14] in attosecond metrology have
opened the door to trace intra-atomic electron dynamics on the
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fastest measurable timescale, providing a new perspective of
the fundamental photophysical and photochemical processes
in the time domain. Attosecond time delays have been ob-
served in the photoionization of atoms [15,16], molecules
[17], and solids [18]. Generally, the time delays are measured
with the attosecond streaking camera [12,19] or the recon-
struction of attosecond beating by interference of two-photon
transition (RABBIT) technique [13,20]. Recently, owing to
the flexibility of controlling the polarization of visible lights,
a variation of the RABBIT with a fundamental light field
and its second harmonic has been introduced to temporally
resolve the electron dynamical processes triggered by visible
lights [21-24]. However, for most of the attosecond timing
experiments only the relative time delay (or phase shift) of the
process of interest with respect to other channels is measured.
The absolute duration time of an ultrafast process can hardly
be acquired since it is difficult to determine the start time and
the end time of a process which occurs within a light cycle.
In this Rapid Communication, we present a self-calibrated
timing experiment to measure the absolute duration time of
the angular momentum transfer for a parity-unfavored transi-
tion in krypton atoms with two-color (400- + 800-nm) light
fields. In the strong linearly polarized 400-nm field, the parity-
unfavored transition occurs in the channel of the spin-orbit
excited ionic state with the angular quantum number J; = 1/2.
In the parity-unfavored transition the electron angular mo-
mentum varies fromdy ( =2, m= 0)tod, (I =2, m = ?2).
A weak parallel (or orthogonal) linearly polarized 800-nm
light field is used to probe the phase of the electron wave
packet populated in the dy (or d») state through a RABBIT-
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type scheme, analogous to the start (or stop) of a stopwatch.
In whatever the parallel two-color (PTC) or the orthogonal
two-color (OTC) light fields, the retrieved phase from the
time-resolved sideband spectrum is calibrated with the refer-
ence of the ground ionic state (J; = 3/2), based on the fact
that the relative delay between the two ionic states of krypton
can be inherently negligible (less than 8 as) [25]. Using the
self-calibrated stopwatch, we measured the characteristic time
of —255 + 81 as for the angular momentum transfer process
in the parity-unfavored transition of krypton atoms.

Experimentally, we obtained the fundamental laser pulses
(800 nm, 25 fs, and p polarization) from a multipass
Ti:sapphire laser amplifier operating at 3 kHz. We produced
the second harmonic (400 nm, 35 fs, and s polarization)
via frequency doubling using a 200-pum-thick B-barium bo-
rate crystal, and then the two light beams were arranged
in a Mach-Zehnder interferometer [26,27]. In each arm of
the interferometer, we guided the light beam through a A/2
wave plate and a thin-film polarizer to control its polar-
ization direction and intensity independently. Then the two
light pulses recombined and the phase delay between the
two colors was finely tuned by a pair of fused silica wedges
with a tilt angle of 2°. The two-color fields were focused
into a skimmed supersonic jet of krypton gas by a sil-
ver mirror in the reaction chamber. The intensity of the
400-nm light was calibrated at ~3.2 x 10" W /cm? from the
locations of above-threshold ionization (ATI) peaks, and the
intensity of the 800-nm light was controlled at a perturbative
weak level about 6.0 x 10'"' W/cm?, which was calibrated
by the comparing results with those from the solution of the
time-dependent Schrodinger equation (TDSE). We measured
three-dimensional momenta of photoelectrons using cold tar-
get recoil ion momentum spectroscopy [28,29]. The static
electric (~3.2 V/cm) and magnetic (~5.4-G) fields were ap-
plied in the spectrometer.

In Fig. 1(b), we illustrate the measured photoelectron mo-
mentum distribution in the single 400-nm light field. There
are two sets of ATI structures corresponding to the two ionic
states of J; = 1/2 and J; = 3/2 of Kr atoms, respectively.
The first-order ATI from J; = 1/2 shows a typical angular
distribution of the parity-unfavored transition, i.e., the elec-
tron yield along the perpendicular direction is dominant. This
angular distribution indicates that the states with nonzero m
are populated, which is not allowed by the selection rule in the
linearly polarized light. Using an experiment of continuously
varying the light intensity (not shown), we have revealed
that the parity-unfavored transition is assisted by a Freeman
resonance with the intermediate Sp state [30]. The electron
at the 5p state transits upwards to a weak-binding dj state
after absorbing one photon. Then, the spin-orbit excited ion
relaxes to its ground state (i.e., from J; = 1/2 to J; = 3/2),
accompanying a transverse angular momentum transfer with
the emitting electron. The electron population mostly tran-
sits from the dy state to d; and d, states correspondingly.
Finally, the electron wave packet in the superposition state
of dy, di, and d, creates the parity-unfavored photoelectron
structure. Using the least-squares fitting, one can estimate that
the electron populations in the dy, di, and d, states on the
ATT are 24.9%, 7.8%, and 67.3%, respectively, as illustrated
in Fig. 1(c).
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FIG. 1. Angular momentum transfer in the parity-unfavored pho-
toionization of krypton atoms and the phase measurement with
two-color fields. (a) Principle of measurement. When a krypton atom
is ionized by a strong linearly polarized 400-nm light field (the
pump), the first-order ATI from the channel of the J; = 1/2 ionic
state is formed by the resonance-assisted parity-unfavored transition
where the electron angular momentum is transferred from dj to d;
and d,. A parallel (or orthogonal) 800-nm light field is used to probe
the phase of the electron wave packet populated at the dy (or d,)
state. The electron wave packet from the J; = 3/2 ionic state serves
as the phase reference, allowing one to calibrate the measured phase
from the J; = 1/2 channel. (b) Measured photoelectron momentum
distribution in the pump light field polarized along the z axis. There
are two sets of ATI structures, corresponding to the two ionic states.
The one with a lower energy is contributed from the J; = 1/2 ionic
state. (c) Photoelectron angular distribution of the first-order ATI
from the J; = 1/2 ionic state and its least-squares fitting with the d,
dy, and d, waves. The fitting result is 0.249Y,,(8)? + 0.078Y»,(6)* +
0.673Y»,(0)?, where Y,,,(0) is the spherical harmonics and the pho-
toelectron emitting angle is defined as 6 = arctan(p,/p;). As to the
experimental curve, we integrated the photoelectron energy in the
range of [0.2, 0.6] eV and performed the symmetrical operation in
order to implement the fitting. (d) and (e) Phase-integrated photo-
electron momentum distributions probed by a weak parallel (d) and
orthogonal (e) linearly polarized 800-nm light fields. The blue and
red arrows at the top-right corner mark the polarization directions of
the 400-nm and 800-nm lights, respectively. The solid and dashed
arrows mark the first-order ATI and the first-order sideband from
J; = 1/2, respectively. In (b), (d), and (e), the photoelectron momen-
tum p, along the light propagation direction was integrated in the
range of [—0.2, 0.2] eV.

Our goal is to measure the duration time of the angular
momentum transfer. For this purpose, we use another weak
linearly polarized 800-nm light field to probe the phases of
the different-m components of the wave packet as shown in
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FIG. 2. Time-resolved angular distribution of the first-order sideband in the PTC fields. (a) and (b) Measured time-resolved photoelectron
angular distributions from the (a) J; = 3/2 and (b) J; = 1/2 ionic states as a function of the phase delay between the two pulses. The
photoelectrons are integrated in the energy range of [2.1, 2.7] eV for (a) and [1.4, 2.0] eV for (b). (c) Simulated time-resolved angular
distribution of the J; = 3/2 ionic state with the TDSE method. (d) Angle-resolved PP extracted from (a) and (b) using the Fourier transform.

Fig. 1(a). According to the shape of the electron orbitals and
the polarization direction of the probe light, one can infer that
the parallel (or orthogonal) probe light will selectively ionize
the component in the dy (or d,) state. Thus, one is able to
extract the phase difference between the electron components
in those two states, which is directly related to the duration
time of the angular momentum transfer process since the dj
state is mainly triggered before the process and the d, state
can only be triggered after that. Therefore, the measurements
with the PTC and the OTC fields, respectively, serve as the
start and the stop of a stopwatch in our timing experiment.

In Figs. 1(d) and 1(e), we illustrate the measured phase-
integrated photoelectron momentum distributions in the PTC
and OTC fields, respectively. In the PTC fields, the crosswise
electron yield on the first-order ATI from J; = 1/2 is still
dominant after the depletion by the ATI-to-sideband transition
[see the red solid arrow in Fig. 1(d)], indicating that the d
component is less probed by this light. By contrast, in the
OTC fields the crosswise electron yield on the ATI is reduced
significantly [see the red solid arrow in Fig. 1(e)]. And the
relative yield of the resulting sideband in the OTC fields is ob-
viously larger than that in the PTC fields [see the black dashed
arrows in Figs. 1(d) and 1(e)]. These observations validate that
the light with a specific polarization can selectively probe the
specific electron orbital.

As the same as the RABBIT, the phase of the probed elec-
tron wave is encoded in the phase of the sideband spectrum
with respect to the two-color phase delay, i.e., phase of the
phase (PP) [31], which is usually obtained by a sine fit or the
Fourier transform. Generally, the time-delay t converted from

the PP (by dividing 2w, w is the frequency of the 800-nm field)
can be decomposed as the sum of the contributions that reflect
the steps of the sideband generation,

(D

in which tj;gy is the group delay of the pump light, Tyump is
the accumulated time delay during the multiphoton ionization
by the pump light, and 7., is the delay of the continuum-
continuum transition from ATI to sideband in the probe
process. Finally, 7.5 is the delay of the resonance with the
5p state and T,y is the delay of the parity-unfavored transition
after the resonance, which are both peculiar to the channel
of J; =1/2. Note that the sum of Tjgy, Tpump, and e is
nearly common for the two ionic states of krypton [25], and,
thus, we use the time delay obtained from J; = 3/2 to cali-
brate the absolute delay of the parity-unfavored emission of
J; = 1/2. The phase difference between the two ionic states
AT'/232 =1, + Ty naturally eliminates Tiight, Tpumps and Tec.
The physical quantity of interest (i.e., Tou) can, thus, be ob-
tained.

In Figs. 2(a) and 2(b), we illustrate the measured angular
distributions of the sidebands as a function of the two-color
phase delay in the PTC fields from J; =3/2 and J; = 1/2
ionic states, respectively. We use the Fourier transform to ex-
tract the PPs of the two sideband spectra as shown in Fig. 2(d).
From the results, it is clear that the oscillations of the electrons
from the two ionic channels are nearly out of phase, and their
phase difference is larger than 7 /2 for most emission angles.
Since the electron dynamics in the channel of J; = 3/2 is ordi-
nary, we can solve the TDSE within the single-active-electron

T = Tight + Tpump + Tres + Tput + Tec,
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FIG. 3. Time-resolved results of the first-order sideband in the OTC fields. Figure captions are the same as those in Fig. 2.

approximation to calculate the corresponding time-resolved
angular distribution [see Fig. 2(c)]. In the modeling [32], we
used a model potential V (r) = —} — Acp(-B r)+(3r5_A)e"p(_Cr)
with A = 5.250, B = 0.902, and C = 3.640 to simulate the
ground 4p state of krypton (I, = 14.0eV for J; = 3/2) [33],
and a sin?-envelope laser pulse with a duration of 12 400-nm
cycles. The simulated spectrum agrees well with the experi-
mental result. We have also checked electron populations at
intermediate states in our simulation and validated that there
is no resonance. Note that in our experiments the two-color
phase delay is calibrated by the TDSE simulation of J; = 3/2.
Therefore, the channel of J; = 3/2 can serve as a well-defined
reference. In the PTC fields only the electron component at
the dj state is probed and hence the measured phase shift of
Ji = 1/2 with respect to J; = 3/2 originates from the reso-
nance in the channel of J; = 1/2, i.e., Arl%é%/ 2
The corresponding results measured with the OTC fields
are illustrated in Fig. 3. Owing to the polarization direction
of the probe light, most electrons in the sideband are emitted
along the angle of 90°. The TDSE simulation agrees well
with our experimental result of J; = 3/2, except the fact that
the electron lobe ranging in 50 °~60 ° is more distinct in the
calculation. When carefully comparing the extracted PPs from
the two ionic states [see Fig. 3(d)], one can observe that there
is only a tiny phase difference between the two channels for
the lobe near 90 °, which is in contrast with the PTC case.
In this OTC case, the time delay of resonance is partially
offset by the delay of the angular momentum transfer of the
parity-unfavored transition, i.e., Arcl)fc_y 2 = Tres + Tput-
After subtracting the extracted PP of J; = 3/2 from that
of J; = 1/2, we obtain the phase difference between the two

= Tres-

ionic states as shown in Fig. 4(a). The phase difference is an-
gle dependent due to the interference with different-/ electron
orbitals [34], and, thus, it is necessary to select some specific
angles to convert the phase difference to the time delay of in-
terest. In the PTC fields, we choose the emitting angle around
0°, i.e., the parallel-polarization direction of the two pulses
since the electron components populated in the d; and d,
states have no influence in this direction. Thus, the time delay
of the parity-unfavored transition (7py) is not involved along
this direction. The converted resonance time delay () is 315
=+ 32 as. In the OTC case, we focus on the phase difference
along the angle of 90 °, which corresponds to the polarization
direction of the probe light and the orientation direction of the
d, orbital as well. Thus, the contribution from the d orbital is
the least along this direction. Then the sum of 7.; and Ty is
retrieved, as illustrated in Fig. 4(b). Finally, after a differential
procedure the time-delay T, is measured to be —255 £ 81
as in Ref. [35]. The negative sign means that it is opposite
to the resonance delay. Note that the positive resonance de-
lay represents the resonance electron will be advanced when
comparing with the free electron. So the negative time delay of
the parity-unfavored transition is reasonable since the electron
will be delayed due to the angular momentum transfer in the
transition.

The Freeman resonance with the 5p state allows the elec-
tron to be populated to the levels between the J; = 3/2 and
the J; = 1/2 thresholds, which is the prerequisite for the
parity-unfavored channel. Because of the intensity averag-
ing effect in the laser focus, the Freeman resonance can be
observed in a large range of the light peak intensity, and,
thus, this parity-unfavored channel is not very sensitive with
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FIG. 4. (a) Phase difference between extracted PPs from the two ionic states. (b) Time delay from the resonance (7.), the sum of 7., and
the time delay of the parity-unfavored transition (z,,), which are converted from the phase difference at the emitting angle of 0 ° in the PTC
fields and at the angle of 90 ° in the OTC fields, respectively. The integration window of the electron emitting angle is 10 ° as illustrated by
the shadows in (a). In (b), the original data are marked with blue diamonds and red circles, and the mean value and the standard deviation are

represented by the black error bars.

the intensity of the 400-nm light. In the Supplemental Mate-
rial [36], we show the experimental results at a higher light
intensity, i.e., 5.2 x 10> W/cm?. There the parity-unfavored
channel is still clearly resolved, and the relative time delay is
similar.

To justify the rationality of the measured time delay, one
can estimate the time of the angular momentum change from
dy to d, using an intuitive classical rotor model. The electron
rotational angle from the dj state to the d, state is about 90 °,
and in the process the electron acquires the transferred angular
momenta of £2/ along the rotation axis from the excited ion
[30]. Therefore, the duration of the electron rotation could be
estimated as 5™ = A0/Aw = (77/2)/(2wa00) ~ 167 as,
which is close to the measurement.

In conclusion, we have measured the characteristic time of
the angular momentum transfer in the parity-unfavored transi-

tion of krypton atoms triggered by an intense ultraviolet light
field. The phases of the electron wave functions with different
magnetic quantum numbers are probed via an angle-resolved
RABBIT-type scheme and are calibrated with the phase ref-
erence of the ground ionic state. The probes with the parallel
and orthogonal lights serve as the start and the stop of a timing
stopwatch, respectively, which provides a general approach
to time resolve the orbital-dependent electron dynamics. This
study has implication to explore time delays of many-body
dynamical processes caused by electron correlations beyond
the single-active-electron approximation in the multiphoton
ionization.

This work was supported by the NSFC (Grants No.
92050201, No. 11434002, No. 11774013, No. 11725416, and
No. 11527901).
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