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Discerning on a sub-optical-wavelength the attosecond time delays in electron emission from
magnetic sublevels by optical vortices
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Photoionization from energetically distinct electronic states may have a relative time delay of tens of
attoseconds. Here we demonstrate that pulses of optical vortices allow the measurement of such attosecond
delays from magnetic sublevels, even from a spherically symmetric target. The difference in the time delay
is substantial and exhibits a strong angular dependence. Furthermore, we find an atomic scale variation in the
time delays depending on the target orbital position in the laser spot. The findings thus offer a method for
spatiotemporal sensing of the magnetic states from which photoelectrons originate, with a spatial resolution far
below the diffraction limit of the vortex beam. Our conclusions follow from analytical considerations based on
symmetry, complemented and confirmed by full numerical simulations of the quantum dynamics.
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I. INTRODUCTION

The development of attosecond (as) optical sources is
a major achievement. Beside technological applications, at-
tosecond spectroscopy and metrology shed light on new and
old fundamental problems that were hitherto experimentally
inaccessible (cf. [1]). An illuminating example is the recent
revival of the issues of time and time delay in tunneling
and photoionization [2–7], which dates back to early ap-
plications of quantum mechanics to study the variation of
the scattering-amplitude phase with the wave vector during
collision processes [8–10]. Combining attosecond extreme UV
(XUV) pulses and infrared (IR) streaking fields, the relative
time delay of photoemitted electrons from different atomic
levels was reported [11] (for an overview, see, e.g., [2,12,13]).
The finding triggered theoretical activities with a varying
level of success in reproducing the experiments [14–25] but
pointing out the role of electronic correlations, the directional
dependence of emitted electrons, laser field effects, and the
influence of resonances and Cooper minima.

Here we draw attention to another aspect of time-
resolved photoelectron chronoscopy when utilizing spatially
phase-structured (singular) laser fields, i.e., optical vortices
[26–33]. Such beams can transfer orbital angular momentum
(OAM) when interacting with matter [30,34–39] and have
found numerous applications in a number of fields in science
[40–52]. The OAM phase front forms a helical shape charac-
terized by exp(imOAMϕ), where ϕ is the azimuthal angle with
respect to the propagation direction, and mOAM is an integer
winding number called the topological charge. OAMs carrying
laser beams are routinely realized, e.g., as Laguerre-Gaussian
modes. Each photon may transfer a quantized OAM of mOAM�.
Beams with more than mOAM� = 300 were demonstrated,
offering the opportunity to access excitations way beyond the
limit set by the conventional optical propensity rules [53,54]
(however, the degree of degeneracy of involved states is also
important [55]). Hence, vortices offer an optical key to access
magnetic sublevels [55], which is the starting idea of this work.

*jamal.berakdar@physik.uni-halle.de

We consider an XUV OAM carrying a Laguerre-Gaussian
beam ionizing an initially completely symmetric target such as
Ar atoms or C60 molecules. For the experimental feasibility and
trapping properties of Laguerre-Gaussian beams we refer to
[56] and other references [57–62]. As the amount of transferred
OAM depends strongly on the orbital location in the laser spot
[54,55,63–65], and the predicted time delay is explicitly related
to the transferred OAM, we infer a sub optical wavelength
spatial resolution on orbitals having a time delay.

A. Background

The quantity of interest is the dependence of the time
delay τ in photoionization on the light topological charge.
Usually, in the experiment τ receives two contributions,
τW and τCLC. The Wigner time delay τW is related to the
photoionization process triggered by the XUV pulse. The
Coulomb-laser coupling term τCLC is akin to photoelectron
motion in the combined Coulomb-streaking field and, hence,
is a setup-dependent quantity [20,66]. We concentrate here on
Wigner time delay as a system-sensitive quantity [68]. The
time delay of a specific subshell is the average contributions
over all magnetic substates, labeled mi . For linearly polarized
light the photoionization probabilities of states with ±mi are
equal and so are their contributions to the time delay. Also,
the angular dependences of photoelectrons emitted from these
states are identical. Irradiation with OAM beams allows for
transitions involving a change in magnetic quantum numbers
by a maximal amount set by mOAM . We show explicitly for the
Ar atom and a fullerene cluster that a short XUV OAM pulse
[61,69,70] ionizes preferentially specific magnetic sublevels.
Consequently, in certain directions the photoionization (and
hence the time delay) is dominated by a specific magnetic
sublevel, depending on the atom position in the beam. The
time delay may serve thus as a tool to identify the origin of the
photoelectron in energy, magnetic state, and space.

II. MODEL

In a gauge where the scalar potential vanishes the inter-
action Hamiltonian reads (atomic units are used) ĤInt = p̂ ·
A(r,t) + A(r,t) · p̂, where p̂ is the momentum operator and A
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J. WÄTZEL AND J. BERAKDAR PHYSICAL REVIEW A 94, 033414 (2016)

is the vector potential with polarization vector ε̂ = (1,i), waist
w0, and temporal envelope g(t) = cos[πt/nT ]2, where T =
2π/ω is the cycle duration and n is the number of optical cy-
cles. The explicit form of A is given in Appendix A. The main
message is worked out by focusing on Ar as the target atom.
Technicalities for C60 are given in Appendix F. For Ar the in-
volved initial states are captured by the effective single-particle
potential [71] V (r) = −(1 + 5.4e−r + 11.6e−3.682r )/r, which
proved useful for similar problems [72]. V (r) misses corre-
lation effects [73], yet the energetic position of the Cooper
minimum is reasonably well reproduced [24]. Note that we
consider photoemitted electrons and do not study the hole
dynamics upon electron removal [74,75]. From symmetry
considerations when applying OAM beams a hole current is ex-
pected to emerge, which orbitally magnetizes the residual ion.

Obviously |A|2 has a donut shape (Appendix A). An Ar
atom in the donut center experiences only a weak intensity,
justifying a nonrelativistic perturbative treatment even for
moderately intense fields (the frequency is in the XUV). As
the atoms might be distributed over the beam, some would
experience the peak intensity. However, as shown below
these atoms show no reaction to a topological charge change
and hence no time delay (because the transferrable angular
momentum refers to the optical axis, not the atom center).
Hence the two types of atoms, located in the donut center or
on its ring, should be distinguishable by measuring the time
delay. Here, the electric field starts with a zero amplitude at
the vortex center, reaching, at a distance of 10 a.u., a peak
amplitude of 1 a.u. [76]. It is important to remark that the time
delay dependence on mOAM diminishes rapidly as the atom is
displaced (say by 2 a.u.) from the vortex center so that the high-
intensity region is irrelevant for the time delay discussed here.
We note (and explicitly demonstrate below) that due to the
laser donut-type intensity profile, orbitals with larger extension
such as for fullerenes show similar effects as for atoms, but
at intensities orders of magnitudes smaller than needed for
atoms (this difference between Ar and C60 is two orders of
magnitude). As the effect is of a general nature, we expect the
proposed scheme to be useful also for extended systems.

Concerning the emitted electron, its wave function
is expressible in a standard way [77] as �(r,t) =∫

dk a(k,t)ϕ(−)
k (r)e−iεk t . The projection coefficients a(k,t)

determine the photoionization amplitude as follows: The
photoinduced emission of an electron initially in the bound
state labeled |	i(r)〉 with energy εi to the continuum state
ϕ

(−)
k (r) with wave vector k and energy εk = k2/2 reads [77]

ai(k) = −i

∫ ∞

−∞
dt ′〈ϕ(−)

k |Ĥint(t)|	i〉ei(εk−εi )t . (1)

As established [20,77–79] we expand in spheri-
cal harmonics Y
m(�) as 	i(r) = Rni
i

(r)Y
imi
(�r ) and

ϕ−
k (r) = ∑∞


=0

∑

m=−
 i
Rk
(r)e−iδ
(k)Y ∗


m(�k)Y
m(�r ). The
radial wave functions Rk
 are normalized as 〈Rk
|Rk′
〉 =
δ(εk − εk′). The scattering phases are given by δ
(k) = σ
(k) +
η
(k), where σ
(k) = arg[�(
 + 1 − i/k)] is the Coulomb
phase shift [10]. The quantity η
(k) is due to short-range phase
interactions [20].

For an analytical model let us consider an attosecond
OAM pulse with ε̂ = (1,i)T , mOAM = 1, and the atom in

the donut center. We find ∇ · A(r,t) = 0 and e−ρ2/w2
0 = 1 for

w0 = 50 nm. The angular [�k = (ϑk,ϕk)]-dependent projec-
tion coefficients, (1), and the reduced radial matrix elements
d

mOAM

,ni
i

are given in Appendix B. The photoionization probabil-

ity wi(εk,�k) = |ai(k)|2 is peaked around the center of energy
(COE), given as εCOE = ω + εi and kCOE = √

2εCOE .

III. RESULTS AND INTERPRETATION

The photoionization amplitudes from the magnetic sub-
levels mi of the 3p subshell have the structure

ai(kCOE ,�k)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

SmOAM +2,mOAM
YmOAM +2,mOAM

(�k)

+ SmOAM +2,mOAM
YmOAM ,mOAM

(�k),
mi = −1,

SmOAM +2,mOAM +1YmOAM +2,mOAM +1(�k), mi = 0,

SmOAM +2,mOAM +2YmOAM +2,mOAM +2(�k), mi = 1,

S
,m = E−(εCOE)d
mOAM

,ni
i

i−
eiδ
(kCOE )

(

 mOAM + 1 1

−m mOAM + 1 mi

)

(2)

[cf. Appendix A for E−(εCOE)]. These relations impose the
propensity rules 
− 
i = �
� mOAM + 1 for 
i + 
+ mOAM

is odd, and m − mi = �m = mOAM + 1.

Photoelectrons originating from mi = 0 avoid the x-y plane
(i.e., ϑk = π/2) since the spherical harmonics Yλ,λ−1(�k) have
a node at ϑk = π/2. The emission probability |ai(k)|2 exhibits
no angular dependence in the equatorial plane. Around the
Cooper minimum transitions to lower orbital angular momenta
are weaker [80]. The energetic position of the minimum
depends strongly on the angular momentum of the perturbative
field. Figure 1(a) shows the radial matrix elements for
mOAM = 1. The relevant transitions according to scheme (2) are
the transitions 
i = 1 → 
 = 3 and 
i = 1 → 
 = 1. Around
a laser frequency of ω = 95 eV we find that the expectedly

dominant d
mOAM =1

=3,
i=1 has a magnitude comparable to d

mOAM =1

=1,
i=1.

A strong angular dependence of the time delay is expected
in the energy regime where the strengths of both ionization
channels are comparable, for the interference between the
two channels eventually delivers the angular modulation
[25]. This motivates our choice of the frequency regime, for
both Ar and C60. The underlying physics of time delay for
both Ar and C60 is similar, and we elaborate here on Ar,
deferring the C60 case to Appendix F. For ω = 100 eV the Ar
photoionization probability dependence on the photoelectron
emission angle ϑk is shown in Fig. 2 for different initial
states mi . For a topological charge mOAM = 1 and mi = 1, the
ionized electron ends up in the f partial-wave channel with
m = 3, while the counter-rotating photoelectron ends up in a
superposition of the p and f partial-wave channels with m =
1. A photoelectron launched from mi = 0 is described by the f

partial-wave channel with m = 2, i.e., the node of the spherical
harmonic Y3,2(ϑk = π/2,ϕk) leads to vanishing emission in
this direction. In the x-y plane (ϑk = π/2) the corotating
electron with mi = 1 relative to the circularly polarized OAM
field is dominant over the counter-rotating one with mi = −1.
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FIG. 1. (a) Reduced radial matrix elements for partial-wave functions with orbital angular momenta 
 = 3 and 
 = 1. (b) Photoionization
probabilities for the three initial states of the 3p subshell in argon. (c, d) Photoelectron momentum distribution corresponding to mi = 1 at
ϑk = 90◦ and mi = −1 at ϑk = 150◦. The beam has waist w0 = 50 nm and is n = 10 optical cycles long.

FIG. 2. (a, b) Time delays for vortex beam ionization of the 3p subshell of Ar as a function of ϕk for different ϑk. (c, d) Time delay for
vortex pulse ionization of the highest occupied molecular orbitals of C60 fullerenes. In (c) ϑk = 90◦ (electrons with mi = −1 dominate); in (d)
ϑk = 180◦ (mostly electrons from mi = −2 are emitted). Full averaged time delays for the 5h subshell are shown.
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The electron with mi = 0 does not escape in this direction.
Interestingly, the two types of electrons are predominantly
emitted in different directions (at ϑk = 150◦ the counter-
rotating electron dominates the corotating one), thus allowing
a discrimination via angular-resolved photoelectron detection.

IV. ATTOSECOND TIME DELAY

The Wigner time delay is

τ i
W(εk,�k)= ∂

∂εk

μi(εk,�k), where μi(εk,�k) = arg[ai(k)],

or τ i
W(εk,�k)= Im

[
1

ai(k)

∂ai(k)

∂εk

]
. (3)

The analytical expressions for ∂a(k,�k)/∂εk are given in
Appendix D. Evaluating Eq. (3) on the energy shell εk =
εCOE reveals angular modulations with the azimuthal angle
of the form exp[i(2mOAM + 2)ϕ], while the amplitude of
this modulation depends on ∂E+/∂εk|εk=εCOE

. ∂E+/∂εk|εk=εCOE

depends on the pulse length (number of optical cycles n), and
these variations diminish quickly for longer pulses.

The time delay associated with a subshell averaged over mi

is

τ
ni
i

W (�k) =
∑
i

mi=−
i
w
imi

(εCOE,�k)τ 
imi

W (εCOE,�k)∑
i

mi=−
i
w
imi

(εCOE,�k)
. (4)

In addition to this quasianalytical model we solved the
three-dimensional Schrödinger equation numerically using the
matrix iterative method [81,82]. This numerical algorithm
has been tested and implemented in time delay calculations
[83,84] (cf. Appendix E for details). The time delays in Fig. 2
show, depending on the emission direction, a large difference
between the photoionization process from initial states with
mi = 1 vs mi = −1. The photoelectron originating from
mi = 1 dominates the photoionization probabilities (cf. Fig. 1)
at the angle ϑk = 90◦, while at ϑk = 150◦ the counter-rotating
electron (mi = −1) delivers the largest contribution. The small
angular variations in the time delay (in ϕk) smoothen very fast
(without affecting the magnitude of the time delay) for longer
pulses (cf. Appendixes C–E). Experimentally advantageous is
the large difference between the cases where the corotating
or the counter-rotating electrons dominate the photoionization
process. The averaged time delay τ

3p

W (ϑk = 90◦) = 10.7 as,
which almost coincides with the value of τ

mi=1
W = 8.7 as. The

time delay τ
mi=−1
W related to the counter-rotating electron is

only a minor contribution to the full subshell delay due to the
lower photoionization probability. The electron ionized from
the initial state with mi = 0 has no influence on the resulting
time delay because we find no photoionization probability in
the equatorial plane. The differences between the analytical
model and the numerical propagation are vanishingly small,
giving further credibility to the analytical explanations.

In contrast, at ϑk = 150◦ the fully averaged, subshell time
delay, τ

3p

W = −23.5 as, is mainly characterized by τ
mi=−1
W =

−27 as, where the influences of the corotating electron
(τmi=+1

W = 3.0 as) and the electron ionized from the initial state
with mi = 0 (τmi=0

W = 4.0 as) play a minor role. Thus, we find
the large difference of 34.2 as between the two cases where

either the corotating (mi = 1) electron or the counter-rotating
electron (mi = −1) dominates. With this configuration it is
also possible to pinpoint the origin of the time delay, i.e., a
time delay measurement identifies from which initial magnetic
sublevel the photoelectron were launched. From the analytical
and symmetry considerations it is conceivable that these
findings are of a general nature and are akin to quantized
systems with spherical symmetry. This is indeed confirmed by
corresponding results [Figs. 2(c) and 2(d)] for ionization of
C60 from the highest occupied molecular (HOMO) levels (see
Appendix F for full technical details). The five electrons in the
HOMO (or the 5h state) occupy the magnetic sublevels mi =
±2, ± 1,0, which are degenerate, but their photoionization
probabilities exhibit crossly different angular behavior, as for
Ar: In certain directions the photoionization is dominated
by emission from specific initial magnetic sublevels of the
HOMO. As a result, if, for instance, ϑk = 90◦ or ϑk = 180◦
is chosen, where photoionization stems largely from m = −1
or m = −2, respectively, we observe the azimuthal time delay
behavior as depicted in Figs. 2(c) and 2(d). The interpretation
goes along the same lines as for Ar. The time delays averaged
over the initial degeneracies are governed by contributions
from the mi states that dominate the photoionization.

V. SPATIAL DEPENDENCE OF THE TIME DELAY

Another interesting aspect is the dependence of the time
delay in photoionization on the position r0 of the atom in the
OAM XUV laser spot, i.e., away from the optical axis. When
the atom is in the donut center the transfer of OAM from
the light beam to the photoelectron is maximal, decreasing
with increasing distance between the atom and the optical
axis r0 [55]. This is due to the vast difference in the spatial
extension of the atom and the laser spot. Roughly speaking,
when the atom is at the peak intensity (r0 ≈ w0/

√
2), only

the beam local spatial structure is relevant, which resembles
locally a Gaussian beam [85]. In Fig. 3 we show the time
delay corresponding to cases where either the corotating
electron (ϑk = 90◦) or the counter-rotating electron (ϑk =
150◦) dominates the photoionization process, as delivered
from the full numerical simulations. The numbers at r0 = 0
belong to the results in Fig. 2. Surprisingly, even at small

FIG. 3. Time delay variation with the atom distance r0 from the
optical axis. Pulse duration is n = 10 optical cycles. Other pulse
parameters are as in Fig. 2.
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distances, r0 ≈ 1 a.u., the transfer of OAM diminishes rapidly.
At distances r0 > 10 a.u. the two time delays are nearly
indistinguishable. So we argue that measurement of the time
delay as a function of the topological charge allows accessing
magnetic information with an atomic size spatial resolution
using optical beams. This is not a violation of the diffraction
limit, as this information derives from the photoelectron and
not gained via optical microscopy.

VI. CONCLUSIONS

Summarizing, time delays in photoionization are substan-
tially different for corotating (relative to the OAM field) and
counter-rotating emitted electrons, even for spherically sym-
metric targets. The time delays carry atomic-scale information
on the orbital position in the beam spot. Including spin-orbital
coupling, e.g., as done in [86], should yield spin-dependent
time delays offering a tool for polarized electron burst [87]
by short OAM pulses. Combined with the possible spatial
resolution of the magnetic states, this may offer a technique
for spatiotemporal mapping of spin dynamics.
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APPENDIX A: MODELING PROPAGATING OAM BEAMS

The OAM beam vector potential in the coordinate frame of
the atom with the z axis parallel to the light propagation (with
wave vector qz) is [26],

A(r,t) = ε̂A0f
p
mOAM

(r)ei[mOAM ϕ′(r)−ωt] g(t)eiqzz
′(r) + c.c.

(A1)

The polarization vector is taken as ε̂ = (1,i)T , and for the pulse
temporal envelope we take

g(t) = cos[πt/nT ]2,

where T = 2π/ω is the cycle duration and n is the number of
optical cycles. ϕ′(r) is the electron azimuthal angle relative to
the optical axis of the laser field. If the atom is in the beam
center, we write ϕ′(r) ≡ ϕ. For the photon energies of concern
here qzz

′(r) � 1 applies, i.e., the dipole approximation is
acceptable along the z axis. The radial structure is described
by the function

f p
mOAM

(r) = e
− ρ′ (r)2

w2
0

(√
2ρ ′(r)

w0

)|mOAM |
L

|mOAM |
p

(
2ρ ′(r)2

w2
0

)
,

(A2)

where ρ ′(r) is the radial distance to the optical axis. If the
atom is in the beam center, then ρ ′(r) = r sin ϑ . The number
of nodes in the beam radial profile is indexed by p, and

L
|mOAM |
p (x) are the generalized Laguerre polynomials. We

consider the experimentally important case p = 0 for which

L
|mOAM |
p (x) = 1. Calculations for p = 0 are feasible but are not

expected to yield any sizable effect on the time delay (the beam
radial variation is on the scale of tens of nanometers, i.e., far

off the electron wavelength). w0 stands for the beam waist.
Typical values that we employed in the calculations are in the
range of w0 = 50 nm (940 a.u.). Obviously |A|2 possesses a
donut shape for p = 0 and intercalated rings for p > 1.

APPENDIX B: TRANSITION AMPLITUDE

For the analytical model and the situation detailed in
the text the optical-vertex matrix elements between the
initial and the final states are (we exploited p = −[Ĥ0,r]−)
〈ϕ(−)

k |Ĥint(t)|	i〉 = i(εi − εk)〈ϕ(−)
k |r · A(r,t)|	i〉. After the

laser pulse is off we infer

ai(k) = (εi − εk)
∑

=0

m=
∑
m=−


i−
eiδ
(k)d
mOAM

,ni
i

Y
m(�k)

×
[
E−(εk − εi)

(

 mOAM + 1 
i

−m mOAM + 1 mi

)

+ E+(εk − εi)

(

 mOAM + 1 
i

−m −mOAM − 1 mi

)]
, (B1)

where E∓(ε) = E0
∫ ∞
−∞ dt g(t)ei(ε∓ω)t and E0 = A0(

√
2

w0
)
|mOAM |

.
The reduced radial matrix elements are given by

d
mOAM

,ni
i

=
√

(2
 + 1)(2mOAM + 3)(2
i + 1)

3

×
(


 mOAM + 1 
i

0 0 0

)∫
dr r3+mOAM Rk
(r)Ri(r).

(B2)

APPENDIX C: DETAILS OF THE NUMERICAL
PROPAGATION SCHEME

Numerically, we follow a standard matrix iterative method:
The time-dependent wave function is expanded in spherical
harmonics, i.e., 	(r,t) = ∑Lmax


=0

∑

m=−
 R
(r)Y
m(�r ) with

limt→−∞ 	(r,t) = 	i(r,t). Every initial state of the Ar 3p
subshell is propagated from t = −0.5T to 0.5T in the presence
of the OAM laser field. When the photoelectron wave packet
is fully formed, the solution 	(r,t > 0.5T ) is then projected
onto a set of field-free scattering wave functions ϕ

(−)
k (r) and

we obtain the photoionization amplitudes ai (k) associated with
the specific initial state i, which are further analyzed to extract
the time delay.

APPENDIX D: TIME DELAY

The Wigner time delay in photoionization is given by

τ i
W(εk,�k) = ∂

∂εk

μi(εk,�k), (D1)

where μi(εk,�k) = arg[ai(k)], or by

τ i
W(εk,�k) = Im

[
1

ai(k)

∂ai(k)

∂εk

]
. (D2)

Taking into account that ∂E−/∂εk = 0 (absorption) while
∂E+/∂εk = 0 (emission) at εk = εCOE , we find the following
expression for the energy derivative of the amplitude in the
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FIG. 4. Dependence of time delays on the pulse duration. This figure is to be compared with Fig. 2. (a, b) the pulse consists of n = 3 optical
cycles; (c, d) the pulse has n = 10. Other pulse parameters are the same as in Fig. 2. For ϑk = 150◦ the averaged time delay stems from states
with mi = −1, whereas for ϑk = 90◦ states with mi = +1 deliver the major contribution to the averaged time delay (note that the ionization
probability for mi = −1 in this region is suppressed).

case of mi = 1,

∂a(k,�k)

∂εk

∣∣∣∣
εk=εCOE

= ∂SmOAM +2,mOAM +2

∂εk

YmOAM +2,mOAM +2(�k)

+FmOAM ,−mOAM
YmOAM ,−mOAM

(�k)

+FmOAM +2,−mOAM
YmOAM +2,−mOAM

(�k),

(D3)

where

F
,m = ∂E+
∂εk

d
mOAM

,ni
i

i−
(k)eiδ
(k)

×
(


 mOAM + 1 1
−m −mOAM − 1 mi

)∣∣∣∣
εk=εCOE

(D4)

incorporates the emission coefficient. Along the same lines,
we obtain for mi = 0

∂a(k,�k)

∂εk

∣∣∣∣
εk=εCOE

=∂SmOAM +2,mOAM +1

∂εk

YmOAM +2,mOAM +1(�k)

+ FmOAM +2,−mOAM−1YmOAM +2,−mOAM −1(�k)

(D5)

and for mi = −1

∂a(k,�k)

∂εk

∣∣∣∣
εk=εCOE

= ∂SmOAM +2,mOAM

∂εk

YmOAM +2,mOAM
(�k)

+∂SmOAM ,mOAM

∂εk

YmOAM ,mOAM
(�k)

+FmOAM +2,−mOAM−2YmOAM +2,−mOAM −2(�k).

(D6)

APPENDIX E: ANALYTICAL VS NUMERICAL RESULTS

To facilitate the comparison between the analytical and the
numerical results for the delay time as the pulse duration varies
we refer to Fig. 4, which should be compared with Fig. 2 in
the text. It is obvious that for longer pulse durations (meaning
more optical cycles n) the small variations in the dependence
on the azimuthal angle ϕk diminish.

APPENDIX F: TIME DELAY IN PHOTOIONIZATION
OF THE C60 MOLECULE

Due to the vast difference between the atomic orbital
extent and the focused, but diffraction-limited laser spot,
the predicted effects for atoms require highly intense laser
pulses. For instance, the Ar calculations were performed
for a peak intensity of 5.6×1019 W/cm2 at w0/

√
2. For

more extended orbitals similar effects of photoionization are
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FIG. 5. Real radial wave functions of the electronic states for
different orbital quantum numbers.

achieved at a lower peak intensity, which is advantageous
from an experimental point of view. To support and quantify
this statement we considered C60 as the next step from atoms
towards extended systems. The radius of the carbon cage of
C60 is RC60 = 6.745 aB . Assuming that A0 = 0.05 a.u. at RC60

we find a peak intensity of 3.2×1017 W/cm2 at w0/
√

2. In
principle, one may consider C240 to lower the peak intensity
even more.

To apply our theory we describe a molecule with an
effective single-particle potential that captures the valence
electronic structure with its characteristics as derived account-

ing for the Ih symmetry. Technically, as an input we use the
correlated, ab initio calculated, single-particle density n(r),
which incorporates the underlying ionic structure to construct
a local single-particle (orbital-dependent) potential [88–90].
This potential is utilized for the driven electron dynamics
[89,91]. Using the constructed potential, the electronic wave
function 	(r) of the fullerene valence shell is expressible as the
product of a radial part Rni

(r) with ni − 1 nodes and an angular
part characterized by the spherical harmonics Y
imi

(�r ) with
the orbital and magnetic quantum numbers 
i and mi . The
corresponding energies (degenerate in mi) are εni
i

. Within this
model the occupied valence states form two radial (σ and π )
subbands. The wave functions are shown in Fig. 5. Occupation
of the single-particle orbitals is discussed in Ref. [92], with
the HOMO orbital (ni = 2, 
i = 5) being occupied by five
electrons. C60 has a diamagnetic character, with the HOMO
magnetic sublevels mi = −2, − 1,0,1,2 being populated.

In Fig. 6(a) we present the radial matrix elements, which
are relevant for the photoionization process of the HOMO
orbital. For the same reason as in the text we choose a
frequency regime where the matrix elements have similar
magnitudes (in which case �ωXUV = 60 eV). In Fig. 6(b)
we show the corresponding photoionization probabilities
|a
i=5,mi

(kCOE,ϑk)|2 of the different initial states from the 5h

orbital in C60 dependent on the polar angle ϑk relative to the
optical axis of the vortex field. The figure demonstrates the
significantly different angular distributions for photoelectrons
originating from different initial states, which supports the

(units of )

FIG. 6. (a) Reduced radial matrix elements for partial-wave functions with orbital angular momenta 
 = 5 and 
 = 7. (b) Angular-dependent
photoionization probabilities for the different initial states of the 5h subshell (HOMO) in C60. (c, d) The time delays vary with the azimuthal
angle ϕk at polar angle ϑk. (a, c) The photoionization process for ϑk = 90◦ (electrons with mi = −1 are dominant); (b, d) the process for
ϑk = 180◦ (electrons with mi = −2 are dominant). Time delays for the 5h subshell averaged over the initial states degeneracies are also shown.
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generality of the predicted effect. Clearly, one may follow the
arguments made for Ar and reach the same conclusions for
C60: We find directions where the photoionization process is
totally dominated by some specific initial magnetic sublevel
of the HOMO. This also has a direct consequence for the
time delay depicted in Figs. 6(c) and 6(d). We choose here as
examples the polar angles ϑk = 90◦ and ϑk = 180◦, which,
according to the photoionization probabilities, are dominated

by emission from, respectively, the mi = −1 and mi = −2
states. The duration of the pulse is n = 3 optical cycles. The
small variations as the azimuthal angle ϕk varies decrease for
longer pulses. We show only time delays of electrons which
have a photoionization probability |a
=5,m(kCOE,ϑk)|2 > 0.
The time delay averaged over the initial-state degeneracies
receives major contributions from specific magnetic sublevels
at certain directions as in the case of the argon atom.
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