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Coulomb confinement resonances (CCRs) are the main features of the photoionization spectra of an atom
inside an anionic fullerene. These CCRs can act as an amplifier to spin-orbit-interaction-activated interchannel
coupling (SOIAIC) and can lead to discernible signatures of relativistic effects even for low Z confined atomic
systems. The present paper demonstrates this intriguing feature by studying angular photoemission time delay of
the 2p3/2 subshell of Ar@C−1

60 in the vicinity of the 2p1/2 ionization threshold. Here 2p1/2 CCR functions as an
amplifier to the SOIAIC and, thereby, induces significant modifications in the 2p3/2 angular time delay through
the interchannel coupling. Moreover, the effects of the SOIAIC for the spin-up and spin-down photoelectrons are
found to be different. All of these suggest that angle-resolved time-delay measurements can reveal the relativistic
effects even for the low Z confined atomic systems, and Ar@C−1

60 is a potential candidate for such experimental
scrutiny. The impact of the model parameters on the predicted feature is also critically examined by using
different sets of parameters. All of those calculations showed the existence of SOIAIC enabled structures in
the angular time-delay profile.

DOI: 10.1103/PhysRevA.107.052804

I. INTRODUCTION

Recent developments in ultrafast laser technologies have
opened up a new route for studying electron dynamics in
atoms and molecules. With the help of the state-of-the-art ex-
perimental techniques of laser pulses, electron dynamics can
now be observed in its natural timescale, i.e., attosecond (as)
scale [1–3]. Many theoretical and experimental works have
studied the time delay associated with the photoionization
of atomic systems [4–13]. The concept of time delay was
initially introduced by Wigner [14], Eisenbud [15], and Smith
[16] in the realm of the quantum scattering process. The time
delay is defined as the energy derivative of the scattering phase
shift, which is introduced by the scattering potential. Pho-
toionization can be viewed as the “half-scattering” process;
the final state of ionization (photoelectron+ion) is the same
as the elastic scattering state of an electron from a residual ion.
The connection between the two processes can be obtained by
invoking time-reversal symmetry [17]. Using this connection,
the idea of time delay can also be extended to photoionization
studies.

In photoionization, the time delay follows the same def-
inition of being the energy derivative of the phase, where
the phase associated with the complex ionization matrix
element is considered. The time delay is an essential measur-
able parameter along with cross section, angular distribution
asymmetric parameter, etc., which provides information about
various correlations and dynamics [10,18–26]. Furthermore,
the time-delay measurements give direct knowledge of the
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phase of the matrix elements, which is otherwise inacces-
sible. In the pump-probe type measurement techniques, the
time delay can be separated into (i) the Wigner contribution
and (ii) the Coulomb laser coupling contribution [27]. The
first one is the intrinsic delay (also known as the Wigner
time delay) due to the single-photon ionization of the target,
whereas the latter is due to the interaction of the ejected
electron with the combined field of the laser and the residual
ion. An interesting feature associated with the time delay is
its anisotropy relative to polarization of laser light. It has
been theoretically predicted [28,29] and successfully mea-
sured experimentally in the recent past [30,31]. In this work,
we demonstrate the enhanced anisotropy in the time delay
in the region of spin-orbit-interaction-activated interchannel
coupling (SOIAIC) when an Ar atom is trapped inside a
charged fullerene.

The SOIAIC is an important relativistic many-body feature
which appears in the photoionization spectra of free atoms
having high enough Z [32–36]. It was first observed experi-
mentally for the case of Xe 3d ionization data [33]. The 3d5/2

cross section was found to show an extra resonance structure
just above the 3d3/2 threshold. The origin of this feature is
attributed to the presence of a shape resonance in the 3d3/2

cross section that appears in this region [32]. This dominant
structure in 3d3/2 in turn modifies the 3d5/2 ionization chan-
nels via the interchannel coupling between them, leading to
an amenable feature in the 3d5/2 cross-section profile. In the
absence of shape resonance in 3d3/2 such a feature cannot
be observed in 3d5/2 even if the coupling of spin-orbit split
continuum channels is included. In this sense, shape reso-
nances can be considered as an amplifier to the SOIAIC.
Its discovery and its subsequent successful explanations have
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prompted a number of research works [33,34,37–42], both
theoretical and experimental, in this direction due to its sig-
nificant impact on the photoionization spectrum even at the
qualitative level. The effect of spin-orbit-interaction-activated
interchannel coupling (SOIAIC) on angular 3d photoemission
time delay for free atomic systems has been reported recently
[22]. It is unlikely that one would observe any SOIAIC effect
for free atoms, in general, with smaller atomic number (Z)
and initial orbital angular momentum quantum number l less
than 2 due to the absence of prominent shape resonances.
This is, however, not true when the atom is trapped inside a
fullerene cage. Such confined atomic systems provide ways
to understand the response of the atom under an external
environment and provide impetus to many other fields in
physics.

An outstanding feature of the ionization spectra of such
confined atomic systems is the presence of confinement
oscillations resulting from the interference of an escaping
photoelectron and the part of it that gets reflected from the
cage. They appear near the thresholds and are present in
any subshell irrespective of the value “l”. Their existence
has been verified experimentally in the recent past [43–46].
The existence of confinement oscillations can facilitate many
features that are not common in free atoms. Study of confined
atomic systems, therefore, continues to attract significant
research attention both from fundamental and applied per-
spectives [47–52]. These confinement resonances can lead to
manifestation of SOIAIC in confined systems, similar to the
aforementioned role that shape resonances play in high Z free
atomic systems.

The photoionization dynamics of a confined atom becomes
more riveting when the surrounding fullerene is charged. The
presence of charge on the fullerene shell induces additional
huge resonancelike structures near the threshold, known as
Coulomb confinement resonances (CCRs), on the ionization
spectra of the atom inside. CCRs were predicted initially by
Dolmatov and Manson [53] and their genesis was attributed
to the modified barrier potential seen by photoelectrons due
to the charged nature of the shell. This engenders additional
resonance structures in the cross sections, and these CCRs
were rigorously examined in a recent work [54]. The presence
of CCRs lead to intriguing features in the ionization dynamics
[55,56]. These CCRs can mimic the role played by the shape
resonances in activating the SOIAIC feature in free atoms.

In this work, we show the imprints of CCR enhanced
SOIAIC in the angular photoemission delay by taking a pro-
totype Ar@C−1

60 , which is a low Z confined system. Moreover,
the results are demonstrated for the photoemission from the
2p subshells, where SOIAIC induced features are not even
expected for the case of free Ar. What makes it possible in
Ar@C−1

60 is the presence of CCR which acts like an amplifier
to the SOIAIC. The amplification of SOIAIC and its conse-
quences on cross section and angular distribution have already
been discussed in an earlier work [55]. Here we further show
that the enhanced SOIAIC results in dramatic angle depen-
dence on the Wigner time delay associated with the electron
emission from the 2p3/2 subshell of Ar@C−1

60 . The anisotropy
in the photoemission time delay emanates due to the presence
of CCRs in the 2p1/2 ionization channel, which reappears in
the 2p3/2 ionization channel through interchannel coupling. It

is interesting to note that systems such as Ar@C−1
60 are highly

stable [57] and, thus, these systems are potential candidates to
explore such relativistic effects in confined atomic systems. It
also suggests that the time-delay chronoscopy is very handy
to probe the SOIAIC features.

A brief review of the theoretical methodologies used in
the present work is given in Sec. II. Results and Discussion
are given in Sec. III. Finally, in Sec. IV, the Summary and
Conclusions are provided. Atomic units are abbreviated as a.u.
throughout the manuscript.

II. THEORY

In an endohedral fullerene, the weak van der Waals force
allows the noble gas atom to reside at the geometrical center
[58]. This study considers the atom Ar encapsulated at the
center of the fullerene C60 anion. A neutral fullerene envi-
ronment is simulated by a spherically attractive short-range
square well potential V cage(r):

V cage(r) =
{−U0, if Rin � r � Rin + �

0, otherwise . (1)

The cage parameters used in this work are the inner radius
Rin = 5.8 a.u., the width � = 1.9 a.u., and the depth U0 =
0.3021 a.u. This model potential has been used successfully in
many theoretical studies [20,59–63]. In the case of a fullerene
anion, the potential due to the excess charge is calculated
using Gauss’s law and is given by [53,54,56,63,64]

Vq(r) =
{ q

Rin+�
if 0 < r < Rin + �

q
r otherwise

. (2)

Then the effective model potential for a fullerene anion
Cq

60 is Vcq(r) = V cage(r) + Vq(r). This effective potential is
added to a free atom’s Dirac-Hartree-Fock (DHF) equation
to calculate an endohedral system’s ionization energies and
ground-state wave function. We have employed Johnson and
Lin’s relativistic random phase approximation (RRPA) for-
malism [65–67] to study the photoionization dynamics.

The transition amplitude from an initial state a (n, κ ) to a
continuum state ā (E , κ̄ ) for a linearly polarized photon in
the ẑ direction, in electric dipole approximation [20,22,28], is
given by

T 1±
10 ≡ [

T (1)
10

]
ν=±1/2 =

∑
κ̄m̄

C j̄,m̄
l̄,m̄−ν,1/2ν

Yl̄m̄−ν ( p̂)(−1)2 j̄+ j+1−m̄

×
(

j̄ 1 j
−m̄ 0 m

)
Dl j−l̄ j̄, (3)

where the label “n” corresponds to the principal quantum
number; κ and κ are, respectively, the kappa quantum num-
bers of the initial state and the final state; and the final
continuum state has energy E. In the above equation,

Dl j−l̄ j̄ = i1−l̄ eiδκ̄ 〈ā||Q(1)
1 ||a〉 (4)

is the reduced matrix element, as defined in Ref. [28], with
the appropriate phase factor. The photoelectron momentum
direction is denoted by p̂ and δκ̄ is the phase of the final
continuum state with κ̄ = ∓( j̄ + 1

2 ) for j̄ = (l̄ ± 1
2 ). Here the

labels l , j, m respectively correspond to the orbital angular
momentum, total angular momentum, and magnetic quantum
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numbers of the initial state while l̄, j̄, m̄ represent the same
but for the final state. In Eq. (3), C is the Clebsch-Gordan
coefficient, and Yl̄m̄−ν ( p̂) is the spherical harmonics.

The electric dipole transition amplitudes for the np states
are given in Ref. [28]. Our interest is to investigate the
SOIAIC effect in the 2p3/2 subshell. The four required
angle-resolved transition amplitudes associated with the 2p3/2

subshell are listed below:

[
T 1+

10

]m= 1
2

2p 3
2

= 1√
6

Y00D2p3/2→εs1/2

− 1

5
√

6
Y20D2p3/2→εd3/2 − 1

5

√
3

2
Y20D2p3/2→εd5/2 ,

(5)[
T 1−

10

]m= 1
2

2p 3
2

= 1

10
Y21D2p3/2→εd3/2 − 1

5
Y21D2p3/2→εd5/2 , (6)

[
T 1+

10

]m= 3
2

2p 3
2

= −
√

3

10
Y21D2p3/2→εd3/2 − 2

√
3

15
Y21D2p3/2→εd5/2 ,

(7)

[
T 1−

10

]m= 3
2

2p 3
2

=
√

3

5
Y22D2p3/2→εd3/2 −

√
3

15
Y22D2p3/2→εd5/2 . (8)

Each of these expressions has its own Wigner time delay
defined as

τ = dη

dE
, where η = tan−1

[
Im T 1±

10

Re T 1±
10

]
. (9)

The Wigner time delay averaged over initial m states and
summed over final spins of the photoelectrons is given by the
weighted sum for the 2p3/2 subshell as

N τ̄2p 3
2

= τ
m=1/2,+
2p3/2

∣∣∣∣[T 1+
10

]m= 1
2

2p 3
2

∣∣∣∣
2

+ τ
m=1/2,−
2p3/2

∣∣∣∣[T 1−
10

]m= 1
2

2p 3
2

∣∣∣∣
2

+ τ
m=3/2,+
2p3/2

∣∣∣∣[T 1+
10

]m= 3
2

2p 3
2

∣∣∣∣
2

+ τ
m=3/2,−
2p3/2

∣∣∣∣[T 1−
10

]m= 3
2

2p 3
2

∣∣∣∣
2

,

(10)

with N = |[T 1+
10 ]

m= 1
2

2p 3
2

|
2

+ |[T 1−
10 ]

m= 1
2

2p 3
2

|
2

+ |[T 1+
10 ]

m= 3
2

2p 3
2

|
2

+

|[T 1−
10 ]

m= 3
2

2p 3
2

|
2
.

In multichannel RRPA formalism, different levels of trun-
cation for the dipole transition channels can be performed to
study the SOIAIC effect. In the present study, two different
levels of calculations are employed. For the first case, all 16
relativistic ionization channels (16ch) originating from the 1s,
2s, 2p, 3s, and 3p subshells are included. Another calculation
with fourteen channels (14ch) is executed where the ionization
channels from the 2p1/2 are excluded. Comparison between
these results provides the knowledge about the impact of 2p1/2

ionization channels over the channels arising from the 2p3/2

subshell. In other words, SOIAIC features arising from the
coupling between the 2p3/2 and 2p1/2 channels can be clearly
demonstrated by performing 16ch and 14ch calculations.

FIG. 1. Phase shift calculated using Eq. (5) for the 2p3/2 subshell
of Ar@C−1

60 with (16ch) and without (14ch) 2p1/2 coupling. The
upper solid curve (black) corresponds to 0◦ and the lower solid
curve (dark green) corresponds to 90◦. All the in-between solid
curves starting from the top correspond, in order, to the angles 30◦,
45◦, 54.7◦, and 60◦, respectively. The same applies to the 14ch
curves (dotted curves), which do not show any structures in this
region.

III. RESULTS AND DISCUSSION

The phase shifts associated with [T 1+
10 ]

m= 1
2

2p 3
2

are calculated

for different angles and at two levels of truncation (14ch and
16ch), as mentioned in the previous section, in the region
between 9.52 and 9.62 a.u. where SOIAIC effects can be
observed. Results from these two levels of calculations are
shown in Fig. 1 for different angles. For the 14ch case, i.e.,
without 2p1/2 coupling, the phase shift shows a monotonic
decrease and the trend is the same for all the angles except for
the magic angle. The profiles are clearly angle dependent. The
angular anisotropy arises because the transition amplitude,
given in Eq. (5), is a combination of two dipole channels
(2p → εd , and 2p → εs) with different angular momentum
final states; the associated coefficients have spherical harmon-
ics Y00 and Y20, among which the former one is the same for
all angles, whereas the latter changes its value with different
angles. The coupling with 2p1/2 channels brings two dramatic
changes as depicted in the 16ch curves. The first one is a
significant deviation from the monotonic decrease for each
angle and the second is a strong enhancement in the angular
anisotropy in the vicinity of SOIAIC. The dramatic variations
in the phase shift are then translated to the time delay because
the latter is the energy derivative of the former.

The angular time-delay profiles for 14ch and 16ch associ-
ated with [T 1+

10 ]m=1/2
2p3/2

are shown in Fig. 2. The 16ch time-delay
curves show strong angular anisotropy in the SOAIC region.
More interestingly, time delay undergoes large excursions, a
few thousand of attoseconds, in this region. These features
stem from the coupling between the 2p1/2 and 2p3/2 ionization
channels. The presence of 2p1/2 CCR strongly enhances the
coupling and acts as an amplifier to the SOIAIC leading to
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FIG. 2. Angular time delay calculated using Eq. (5) for the 2p3/2

subshell of Ar@C−1
60 with (16ch) and without (14ch) 2p1/2 coupling.

The various angles used in the calculations are indicated near the
minimum of each of the solid curves corresponding to each 16ch
calculation. The dotted curves correspond to the 14ch calculations
and are structureless in the region of interest.

such stupendous deviations in the time-delay profile. It is seen
that anisotropy is more in the region below 9.58 a.u. and as the
energy increases further the anisotropy is somewhat dimin-
ished, except for the magic angle. This can be attributed to the
relative importance of each channel in the vicinity of SOIAIC.
As shown in a previous work [55], in the region before 9.58
a.u., the magnitudes of all possible relativistic channels from
2p3/2 have comparable contributions and hence all of them
play important roles in the time-delay determination. As a
result of the interference among these channels, the time-delay
profile in this region shows strong anisotropy. After the photon
energy of 9.58 a.u., the 2p3/2 → εd5/2 matrix element starts
to dominate, which leads to the reduction in the anisotropy.
In the case of the magic angle (54.7◦), Y20 is zero, leading
the second and the third terms of Eq. (5) to vanish and thereby
making the time-delay profile purely due to the 2p3/2 → εs1/2

matrix element. Hence it behaves differently from the rest.
Although 2p3/2 → εs1/2 is a weak channel, time delay at the
magic angle is entirely dictated by this ionization channel.
This has an important consequence on the average time delay
which will be discussed later in this paper.

It is important to note that the presence of a charge (q) on
the fullerene is necessary to observe such a feature, which
only can induce the CCR [53,54,63,64]. In other words, if
the surrounding cage is neutral, the predicted feature will not
be present. To illustrate this point, we show in Figs. 3(a) and
3(b), the 16ch results obtained from Ar@Cq=0

60 and Ar@Cq=−1
60

above their respective 2p1/2 thresholds for two different an-
gles. They are plotted against the photoelectron energy since
the 2p1/2 thresholds differ in both species. The 2p1/2 threshold
for Ar@Cq=0

60 is 9.635 a.u. whereas for Ar@Cq=−1
60 it is 9.505

a.u. [55]. Also note the difference in the 2p3/2 thresholds;
the threshold is at 9.550 a.u. for Ar@Cq=0

60 , whereas it is at
9.420 a.u. for Ar@Cq=−1

60 . In both cases (q = 0 and q = −1),

FIG. 3. The upper and lower panels show the 16ch calculations,
for q = 0 and q = −1, corresponding to 0◦ and 60◦, respectively. In
both cases q = −1 shows a structure whereas q = 0 is monotonic in
the region of interest.

the coupling between the spin-orbit split channels from 2p3/2

and 2p1/2 is present. However, for the q = 0 case there are no
resonance structures irrespective of the presence of coupling.
On the other hand, the large CCR structure present in the
2p1/2 ionization channels for the case of Ar@C−1

60 makes the
coupling between the 2p3/2 and 2p1/2 ionization channels
stronger. This leads to dramatic deviations in the time-delay
profiles for both angles in this energy region of interest. The
CCR, therefore, can be viewed as an amplifier to the SOIAIC
effect.

The phase shifts and time delays for [T 1−
10 ]m=1/2

2p3/2
,

[T 1+
10 ]m=3/2

2p3/2
, and [T 1−

10 ]m=3/2
2p3/2

are shown in Figs. 4 and 5,
respectively, with 14ch and 16ch channel truncations. The
14ch phase shifts and time delays show a monotonic decrease
whereas the 16ch results are dramatically modified due to the
CCR amplified SOIAIC effect. The phase and time-delay re-
sults at both levels of truncation are no more angle dependent.
Hence the results are shown only for one particular angle only.
The reason for isotropy is that all the terms corresponding
to any of the individual amplitudes expressed in Eqs. (6)–
(8) contain single spherical harmonics, which gets canceled
off while determining the phase. Hence both phase shift and
time delay are independent of the angles. Notwithstanding
the isotropy in the emission delay, it is interesting to note
that the effect of SOAIC appears differently in each of these
amplitudes. The time delay associated with [T 1−

10 ]m=3/2
2p3/2

is
only positive whereas it undergoes both positive and negative
delays for the other two cases. The spin-up and spin-down
electrons associated with m = 3/2 show different sensitivity
to energy although they are angular isotropic. On the other
hand, the delay associated with [T 1−

10 ]m=1/2
2p3/2

shows isotropy
whereas the corresponding delay for the spin-up electron (i.e.,
for [T 1+

10 ]m=1/2
2p3/2

) is anisotropic (as shown in Fig. 2). The differ-
ence in nature of the spin up and spin down in the SOIAIC
region makes this system an interesting candidate, particu-
larly in the context of spin-resolved time-delay measurements
[68–71].
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FIG. 4. Phase shift calculated using Eqs. (6)–(8) for the 2p3/2

subshell of Ar@C−1
60 with (16ch) and without (14ch) 2p1/2 cou-

pling. The solid curves correspond to the 16ch calculations for
[T 1+

10 ]m=3/2
2p3/2

(upper), [T 1−
10 ]m=1/2

2p3/2
(middle), and [T 1−

10 ]m=3/2
2p3/2

(lower).
The corresponding 14ch results are structureless and are shown with
dotted curves in which [T 1+

10 ]m=3/2
2p3/2

, [T 1−
10 ]m=1/2

2p3/2
appear on the top and

[T 1−
10 ]m=3/2

2p3/2
on the bottom part of the figure.

The photoionization time delays from the 2p3/2 subshell,
i.e., the weighted average over the initial-state magnetic quan-
tum number m, and summed over the final-state spins of the
photoelectrons [from Eq. (10)], are depicted in Fig. 6 for
different angles. Both levels of truncation (14ch and 16ch) are
shown in the figure. The 14ch time delay shows a monotonic
decrease, while the 16ch result is modified due to the SOIAIC

FIG. 5. Angular time delay calculated using eqs. (6)–(8) for the
2p3/2 subshell of Ar@C−1

60 with (16ch) and without (14ch) 2p1/2 cou-
pling. The solid curves correspond to 16ch calculations and the time
delay corresponding to [T 1−

10 ]m=3/2
2p3/2

have positive values throughout
the entire energy region whereas the time delays corresponding to
[T 1−

10 ]m=1/2
2p3/2

and [T 1+
10 ]m=3/2

2p3/2
show negative and positive values. The

dotted curves correspond to the 14ch calculations.

FIG. 6. Weighted average angular time delay calculated using
Eq. (10) for the 2p3/2 subshell of Ar@C−1

60 with (16ch) and without
(14ch) 2p1/2 coupling. The various angles used for the calculations
are indicated near the minimum of each of the solid curves corre-
sponding to the 16ch calculations. The dotted curves correspond to
the 14ch calculations.

effect. The profiles undergo a minimum which is followed by
a humplike structure. In the region of the minimum, the aver-
age time-delay profile is anisotropic whereas the region above
the humplike structure depicts isotropic behavior, except for
the magic angle (54.7◦). This can be directly traced to the
features seen in Figs. 2 and 5. The individual time-delay con-
tributions from all transition amplitudes fluctuate significantly
below 9.58 a.u., leading to strong angular anisotropy in the
region of minimum in Fig. 6. However, above 9.58 a.u., these
contributions are relatively small and quantitatively similar,
giving rise to the isotropic behavior. The difference in average
time delay at the magic angle is directly connected to the
feature observed in Fig. 2, where the time delay associated
with [T 1+

10 ]m=1/2
2p3/2

shows a different profile at the magic angle
at these energies, which was discussed earlier.

A number of different types of fullerene model potentials
are available in the literature [72–77] with different sets of
parameters and forms. However, the simple model potentials
such as the one employed in the present work continue to
be popular because of the ease of calculations and its suc-
cess in the past predicting important features of endohedral
systems. It captures an average effect of the fullerene po-
tential. Even in this simple model different sets of values
have been employed for the confinement parameters. In order
to check the robustness of the SOIAIC induced feature on
the angular time delay, the RRPA calculations were repeated
systematically for different sets of fullerene parameters. At
first calculations were executed by using the values Rin =
6.01 a.u., � = 1.25 a.u., and U0 = 0.422 a.u. [73] [set (i)].
Previous studies using this set of values have shown better
agreement with experimental results on photoionization cross
section [46]. Further, the calculations were repeated by using
another set of values [set(ii)] Rin = 5.262 a.u., � = 2.91 a.u.,
and U0 = 0.2599 a.u., which had been successfully employed
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FIG. 7. Angular time delay calculated using Eq. (5) in the manuscript (a) using parameters listed in set (i), set (ii), and set (iii), and
afterwards, using set (iii) parameters but varying only (b) the radius, (c) the width, and (d) the depth of the potential. In (a) both 14ch and 16ch
results are shown for the angles 0◦ and 60◦ whereas in (b–d) only 16ch results are presented for both angles.

in scattering studies of fullerene [77]. The results obtained
from these modified parameters along with the original pa-
rameters used in the present work (Rin = 5.8 a.u., � = 1.9
a.u., and U0 = 0.3021 a.u. ([set(iii)]) are displayed in Fig. 7(a)
for two different angles 0◦ and 60◦ (both 14ch and 16ch). The
14ch calculations do not show any structures in the SOIAIC
region, whereas the spin-orbit-activated structures arising due
to 2p1/2 coupling are present in all 16ch calculations for
sets (i–iii). As can be seen, the SOIAIC induced time delay
is qualitatively the same in all model potential calculations,
despite its quantitative differences. It clearly demonstrates that
the existence of such SOIAIC effect is irrefutable in the an-
gular time-delay profile although its quantitative features are
susceptible to various model potentials. The SOIAIC region
is far away from the region of plasmon resonances in C60

[78] which implies that even in more complex molecular-level
calculations, the predicted effect in the time delay cannot
be eliminated, while the quantitative details are likely to
alter.

The nature of variations in the above-mentioned three sets
makes it impossible to do any systematic analysis. Therefore,
an additional study has been carried out utilizing set (iii), but
changing one parameter at a time in a systematic manner,
i.e., by changing either the Rin, �, or the U0 of the potential
while retaining the other parameter values the same. The
results obtained are shown in Figs. 7(b)–7(d). Regardless of
the settings of the parameters used, it can be observed that
SOIAIC enabled structure is present in all of these calcula-
tions even though their quantitative details vary. For the sake
of brevity the 14ch results are not depicted as they do not show
any structure due to the absence of the coupling between the
relativistic split channels.

It should be noted that the SOIAIC effect was strengthened
in the 2p3/2 photoionization time delay by the presence of
Coulomb confinement resonance (CCR) in the 2p1/2 ioniza-
tion channel. As discussed in earlier papers [53–56,63], the
charged character of the fullerene accounts for the CCRs
and these resonance structures depend on the barrier height
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seen by the escaping photoelectron. Using these, the nature
of sensitivity of the SOIAIC effect in the time-delay profile
can be easily understood. Therefore, it is anticipated that the
change in fullerene potential will impact the CCRs and in turn
modify the SOIAIC induced feature.

Figures 7(b)–7(d) depict the 2p3/2 time delay related to

[T 1+
10 ]

m= 1
2

2p3/2
for various fullerene parameters with 16ch calcu-

lations. These figures depict a time delay at 0◦ and 60◦ to
illustrate how these computations are angularly dependent. In
all these cases, the time delay shows a prominent SOIAIC
effect. In every case, it has been observed that the resonance
structure is shifting to the lower energy region. This is be-
cause the resonance condition shifts to lower energy as the
barrier height is lowered. The variations in the barrier height
with regard to the parameters of the confining potential were
shown in the earlier paper [54]. The positions of the resonance
structure in the time-delay profile somewhat remain the same
in Fig. 7(d). This can also be understood from the fact that,
in this case, only the confinement well depth is varied but
the barrier height remains the same. These findings show that
time delay is sensitive to the fullerene model parameters and,
however, that the SOIAIC effect is guaranteed in all the cases.

IV. SUMMARY AND CONCLUSIONS

The effect of spin-orbit-interaction-activated interchannel
coupling (SOIAIC) on the Wigner angular time delay in the
photoionization channels from the 2p3/2 subshell has been
studied for Ar@C−1

60 . The calculations are performed at two
different levels of truncation in order to elucidate the effect
of the spin-orbit interchannel coupling effect for such a low
Z confined atomic system. The presence of CCR in 2p1/2

ionization channels strengthens the coupling and thus acts like
an amplifier to the SOIAIC. The enhanced SOIAIC induces
dramatic features in the phase shift and time-delay profiles.
Strong angular and energy dependences are found for the
photoemission of a spin-up photoelectron associated with the
angle-resolved transition amplitude [T +

10 ]m=1/2. On the other
hand, the corresponding spin-down electron has only energy

dependence and shows angular isotropy. Similarly, time de-
lays associated with [T +

10 ]m=3/2 and [T −
10 ]m=3/2 show different

SOIAIC features although they show angular isotropy. The
difference in nature of spin-up and spin-down electrons in the
SOIAIC region makes this system a potential candidate for
spin-resolved time-delay measurements [79] since Ar@C−1

60
is a highly stable configuration. The impact of the model
parameters on the predicted enhancement is also tested by
changing the values of these parameters. In all the different
sets of model parameters, the predicted features are found to
be present and are in agreement at least qualitatively, which
shows the robustness of the current results. However, the
model potential considered here includes only the average
effects of the anionic fullerene environment. A sophisticated
calculation that explicitly includes the electronic structure
present in C−1

60 would have more features coming from, for ex-
ample, the additional bound states present in the system [80].
Nevertheless, the present work predicts the unusual features
induced by the anionic fullerene on the angular time-delay
spectrum of the atom inside, and we hope this would stimulate
more sophisticated calculations in this direction.

The spin-averaged time-delay profiles are anisotropic in
the region where all the possible dipole ionization chan-
nels compete among each other, whereas it follows isotropic
behavior when the 2p3/2 → εd5/2 transition channel starts
dominating. The excursions of the time delay in all the cases
are found to be large (∼ a few thousands of attoseconds) in
the SOAIC region and also fluctuate between positive and
negative values. All these features qualify this endohedral an-
ionic system as a possible candidate for probing the SOIAIC
effect in low Z confined atomic systems. Although we showed
results only for the case of Ar@C−1

60 , such dramatic modifi-
cations can be observed in other systems as well where CCR
amplified SOIAIC exists.
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