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In a seminal article, Fano predicts that absorption of light occurs preferably with increase of angular
momentum. We generalize Fano’s propensity rule to laser-assisted photoionization, consisting of
absorption of an extreme-ultraviolet photon followed by absorption or emission of an infrared photon.
The predicted asymmetry between absorption and emission leads to incomplete quantum interference in
attosecond photoelectron interferometry. It explains both the angular dependence of the photoionization
time delays and the delay dependence of the photoelectron angular distributions. Our theory is verified by

experimental results in Ar in the 20—40 eV range.
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In quantum mechanics, the possible transitions between
different states are dictated by selection rules which are
based on symmetry arguments. For example, the famous
parity and angular momentum selection rules are at the core
of our understanding of light-matter interactions. In contrast
to these stringent selection rules, the concept of propensity
rules, which was introduced by Berry [1], is based on the fact
that all allowed transitions are not equally probable.
Selection and propensity rules play a fundamental role in
physics and chemistry in understanding reaction outcomes
and probabilities. One of the most fundamental reactions is
the photoionization of an atom following the absorption of a
high energy photon, A + y — A" + e~, where an electron is
promoted to a manifold of degenerate continuum states. The
well-known electric dipole selection rules greatly simplify
the problem, restricting the possible transitions to those
where the electron angular momentum changes by one unit,
A? = +1. Fano’s propensity rule states that out of the two
possible transitions, the one increasing the electron angular
momentum is favored due to increase of the centrifugal
potential with angular momentum [2].

This Letter deals with laser-assisted photoionization,
A+yxuytyr— AT +e”, where absorption of an extreme
ultraviolet (XUV) photon brings an electron to the con-
tinuum, followed by absorption or stimulated emission of
infrared (IR) laser radiation between continuum states.
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Laser-assisted photoionization is a cornerstone of attosecond
science, used in the temporal characterization of XUV
radiation, such as high-order harmonics [3-5] and the
measurement of attosecond pulses using the reconstruction
of attosecond beating by interference of two-photon tran-
sitions (RABBIT) scheme [6,7]. This technique is used in
many applications, especially the investigation of photoioni-
zation dynamics in atoms [8—12], molecules [13-16], and
solids [17-19]. A natural question is whether Fano’s pro-
pensity rule, originally stated between bound and continuum
states, can be extended to laser-assisted photoionization, and
how a possible asymmetry between absorption and emission
affects attosecond photoemission measurements.

Recently, attosecond experimental observations have been
extended to include angle resolution, with the aim of
providing information on multiple competing channels
[20]. These studies show that the measured photoionization
time delays strongly depend on the electron emission angle
[21,22]. Conversely, the photoelectron angular distributions
(PADs) vary as a function of the delay between the atto-
second pulse train and the probe field [22,23]. Modifications
of PADs with pump-probe delay have been theoretically
predicted [24,25] and the angular dependence of the photo-
ionization time delays in RABBIT measurements has been
reproduced in several numerical calculations [21,26-30].
Nonetheless, the underlying physical origin of these effects is
still not understood.

Here we demonstrate that Fano’s propensity rule can be
generalized to laser-assisted photoionization in atoms.
Subsequently, we show that the asymmetry between
absorption and emission leads to incomplete quantum
interference in the RABBIT scheme, which is at the origin
of the delay dependence of the PADs and the angle
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dependence of the photoionization time delays. Finally, we
verify our theoretical predictions by comparing them with
experimental results obtained in argon.

Our theoretical approach is based on angular-channel-
resolved many-body perturbation theory. The two-photon
transition matrix elements corresponding to absorption of
the (s  1)th harmonic followed by absorption or emission
of a fundamental IR photon with angular frequency w are
calculated according to (we use atomic units, 7 = m =
e = 4ney = 1, unless stated otherwise)

I (q|zlp){plz + 6za) ()

ea—€p+ (s Fl)+ie’
P

where a is the initial state, with energy ¢,, ¢ being the final
electron continuum state, with angular momentum L, and p
being the intermediate states, with energy €, and angular
momentum 4. The (£) sign refers to absorption or emission
of the IR photon. The common linear polarization of the
XUV and IR fields, along the z axis, ensures conservation of
the magnetic quantum number, m. The amplitudes of the
XUVand IR fields are set to 1 for simplicity. Our calculations
are based on a one-electron Hamiltonian, with a Dirac-Fock
potential plus a correction that ensures the correct long-range
potential for ionized photoelectrons [28]. Electron correla-
tion effects are included by self-consistent changes in the
interaction, 6z, known as the random phase approximation
with exchange, for absorption of the XUV photon [31].
Figure 1(a) presents ratios between two-photon matrix
elements corresponding to increasing or decreasing angular
momentum in the IR absorption process, from the same
intermediate state in the continuum. The ratios, calculated
for various noble gas atoms ionized from different shells
[outer shell of helium (1s), neon (2p), and argon (3p), or
inner shell of krypton (3d)], are generally larger than 1,

which means that IR absorption is more probable towards
higher angular momentum. These ratios are to a large
extent atom independent, only showing a dependence on
the final electron energy and the intermediate angular
momentum. Figure 1 also compares absorption and emis-
sion from the same intermediate continuum state. The
absorption:emission ratio is larger than 1 when angular
momentum is increased, 4 — 4+ 1 [Fig. 1(b)], while the
emission:absorption ratio is larger than 1 when angular
momentum is decreased, A — 1 — 1 [Fig. 1(c)], thus reflect-
ing the time-reversal symmetry of the laser-driven con-
tinuum transition.

Similar to the case of one-photon transitions between
bound and continuum states, discussed by Fano [2], the
physical origin of the propensity rule can be understood by
evaluating the radial part of the transition matrix elements.
The strength of the transition between the intermediate and
final states is largest when the difference between the local

momenta k(r) = /2[E — V(r)] is smallest. (Here E is the
electron kinetic energy, and V(r) the radial potential.)
Hence, in the case of absorption (emission) of a photon,
increasing (decreasing) angular momentum is favored
because the increased (decreased) kinetic energy of the
electron is compensated for by a larger (smaller) centrifugal
potential. In addition, the asymmetry between absorption
and emission increases with angular momentum since the
centrifugal potential varies as L(L + 1).

It should be pointed out that there is also a competing
effect, due to the angular momentum part of the transition
matrix elements, which always favors lowering the angular
momentum. Indeed, in Fig. 1(a), at energies larger than
20 eV, Fano’s propensity rule is violated in the case of
absorption of a photon from an intermediate p continuum.
In this case, the centrifugal potential is much smaller than
the electron kinetic energy, leading to a small radial effect.
Here the angular effect takes over, leading to a ratio slightly
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Propensity rules in laser-assisted photoionization in He 1s (cross), Ne 2p (inverted triangle), Ar 3 p (circle), and Kr 3d (plus).

The color of the curves indicates the angular momentum of the intermediate state in (a) and the final state in (b),(c) [gray, s; blue, p;
green, d; red, f; orange, g]. (a) Probability ratio between increasing (A — 4 + 1) and decreasing angular momentum (A - A — 1) in
the case of absorption of a photon from the intermediate state. (b) Probability ratio between absorbing and emitting a photon in
the case of increasing angular momentum. (c) Probability ratio between emitting and absorbing a photon in the case of
decreasing angular momentum. (Insets) An energy versus angular momentum diagram illustrating the propensity rule in

each case.
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lower than 1. Conversely, the ratios over different final
angular momenta for emission of a photon in the con-
tinuum show larger asymmetry, because both radial and
angular effects favor the decrease of angular momentum
(not shown). In Figs. 1(b) and 1(c), the ratios are always
larger than 1 because final states with the same angular
momentum are compared.

The RABBIT technique relies on the interference of two-
photon transitions using an XUV attosecond pulse train,
consisting in a comb of odd-order harmonics and a weak
phase-locked IR field [7]. The strength of the created
sideband (SB), P, photoelectron peaks oscillates with the
delay, z, between the XUV and IR fields according to

Psp(7) = a + bcos (2wt + 6¢). (2)

The measured photoionization time delay is defined as
74 = —6¢/2w [9]. In the case of angle-resolved measure-
ments, the coefficients a, b and the phase offset d¢ depend
on the emission angle 0 [21,22].

Any angular distribution with azimuthal symmetry can
be described as

S(0) = Z—;’T (1 + iﬁnPn(cos 9)), (3)
n=1

where P, are Legendre polynomials, /3, are the so-called
asymmetry parameters, and o is the total cross section. For
two-photon transitions, the sum can be stopped at n = 4
and f; = f3 = 0 because the final states have the same
parity, giving rise to an up-down symmetric PAD described
by f, and p, [32,33]. In the case of RABBIT measure-
ments, the sideband PAD, Pgg(@,7), can be described by
Eq. (3), with delay-dependent asymmetry parameters,
Po(7), P4(7). Using a partial wave expansion, the angle-
resolved SB signal can be formally expressed as

%ww:/w§
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(4)

where ¢ is the azimuthal angle, 7; the phase of the scattering
state with angular momentum L, and Y ,,, (0, ¢) the spherical
harmonics. The amplitudes A;,(7) are given by

Ap(2) =Y M) e + M) e . (5)
A

Using an asymptotic approximation described in Ref. [34],
the phase of the transition matrix elements can be simplified
such that

. . T
arg(Mi, e H20m) w4 g = G+ D)3, (6)

where ¢£.f> represents the phase of the continuum-con-
tinuum transition, and n/({i)
intermediate state.

We now consider RABBIT in He, where only one
intermediate angular momentum (1 = 1) is reached, and

where m = 0. In this case, Eq. (4) simplifies to

is the scattering phase of the

Psp(0,7) = 27[Agg(2)e™ Y 50(0) — Ago(7)e™ Yoo (7)

In angle-integrated measurements, the orthogonality of the
spherical harmonics leads to an incoherent sum of the two
final momenta contributions (L = 0, 2) in Eq. (7). Since
there is only one intermediate angular momentum, these
terms will oscillate in phase provided that the continuum-

continuum phases, ¢,(f), do not depend on L. Hence, a
unique photoionization time delay can be accurately
extracted [9,34].

We now consider angle-resolved RABBIT. At high
kinetic energy, referred to as the soft-photon regime
[35], absorption and emission amplitudes are symmetrical,
ie., \M(IJL”2)| = |M(lz)0| The 7 and € dependencies in Eq. (7)
can then be separated into two independent factors.
Consequently, the delay dependence of the PAD and the
angle dependence of the photoionization time delay
disappear.

At lower kinetic energy (<30 eV), previous approxima-
tions are not valid, and a rigorous treatment requires a
careful account of interfering terms in Eq. (7). Figure 2(a)
shows the evolution of the asymmetry parameters of SB 20
in He for delays spanning one SB oscillation period as well
as the corresponding PADs at specific delays. The PAD
varies strongly as a function of the delay, with a periodic
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FIG. 2. Delay dependence of the PAD. (a) Asymmetry param-
eters 3, (blue) and f, (yellow) as a function of the delay for SB 20
in He. The pictures at the top show the evolution of the PADs
together with polarization direction Z. (b) Temporal dependence
of |A5)? (yellow) and |Ag|? (blue) normalized to the maximum
of |Ago[*.
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emission of electrons perpendicular to the laser polariza-
tion. This can be understood by comparing the relative
weight of the s and d contributions, |A;((7)|?, as a function
of delay [Fig. 2(b)]. Around the SB maximum, the two
contributions are comparable, while at the SB minimum,
the s state contribution drops significantly and the d state
becomes dominant, resulting in a strong modification of the
PAD. The asymmetry between absorption and emission
leads to incomplete quantum interference and reduction of
the contrast of the oscillations (|A;(|*> remains greater than
zero). This effect is stronger for the d contribution than for
the s one, as predicted by Fano’s propensity rule.

To understand the origin of the angular dependence of
the photoionization time delays, we introduce the angle-
resolved contribution of the absorption (emission) path

il+wr () (.if> + +
A ()  elFEortn + 0 ) | M) Vo (6) — [ Mgl Yool (8)

Depending on the relative weight of the L-dependent
amplitudes, the s and d contributions may interfere
destructively at specific angles, leading to a z# phase jump
of the argument of A(*)(#). As shown in Fig. 3, the
absorption path to SB 20 presents strong destructive
interference at 75° and 105°, indicating that A*)(6) under-
goes a z phase jump [see the Supplemental Material (SM)
[36] ]. In contrast, the emission path does not exhibit any
destructive interference and varies smoothly as a function
of angle. This behavior also results from the asymmetry
between absorption and emission explained by the gener-
alized Fano’s propensity rule.

In Fig. 3, the calculated atomic delay does not depend
much on the emission angle, except at the positions close to
the destructive interference in the absorption path. In exact

numerical calculations, a slight L dependence of qb(cjf)
occurs at low energy [34,37]. This smooths the variation
of the time delay around 75° and 105°, leading to a phase
jump smaller than z, as shown in Fig. 3. (A z phase jump
corresponds to a delay of 667 as.) As the kinetic energy
increases, the angles at which the destructive interference
occur move towards 90° since the asymmetry between
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FIG. 3. Angular dependence of the photoionization time delay.

Contributions of the absorption (A, blue) and emission (A,
yellow) paths and atomic delay (z4, black) in SB 20 in He.

absorption and emission becomes weaker and the phase
jump closer to z (see the SM [36]).

We now study the case of Ar, for which we present both
experimental measurements and theoretical calculations of
the asymmetry parameter 3, as a function of the delay as well
as angle-resolved photoionization time delay measure-
ments. This case is more complex than He since there are
three incoherent channels corresponding to m = 0, =1 and
since, for m = 0, there are two possible intermediate angular
momenta (4 = 0, 2). In the experiments, we focus an XUV
attosecond pulse train with photon energy in the 20-40 eV
range, together with a fraction of the fundamental IR field
(hw = 1.58 eV) with a variable delay, into a gas jet of argon
atoms. The photoelectrons are detected using a velocity map
imaging spectrometer (see Refs. [22,38] for more details on
the experimental setup). Because of the proximity of the
3s~'np series of window resonances, SBs 16 and 18 are
excluded from our analysis. Figures 4(a) and 4(b) show that
the asymmetry parameter f3, retrieved from the RABBIT
measurements or simulations strongly oscillates as a func-
tion of delay. Experimentally, the attosecond pulse trains are
intrinsically chirped. This chirp, corresponding to a group
delay dispersion of 0.018 fs? (equivalent to 130 mrad/eV),
simply adds a different phase offset for different SBs and
hence does not affect the PADs. In order to make the
comparison with the theory easier, the chirp is removed in
Fig. 4(a). Theory and experiment show good qualitative
agreement, with a f§, delay dependence decreasing with
energy. The difference at the minima of the oscillations
might originate from a low signal to noise ratio close to 90°,
nonuniform macroscopic phase effects in the gas target, and
limited angular resolution.

The angle-resolved atomic delays extracted from the
analysis of the experimental RABBIT traces are shown in
Fig. 4(c). For each data point, the SB signal was integrated
over 10° and the oscillations were fitted according to
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FIG. 4. Experimental and theoretical results in Ar. (a) Exper-
imental and (b) theoretical variation of f, as a function of delay
for SBs 14 (blue), 20 (magenta), and 22 (yellow). Solid lines in
(a) are fits to the data. (c) Experimental (circles) and theoretical
(solid curves) angle dependence of the atomic delay for SBs 14,
20, and 22. The error bars correspond to the standard deviation
returned from the fitting algorithm.
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Eq. (2). These results are compared to our simulations and
show excellent agreement, demonstrating the accuracy of
both the experimental and theoretical methods employed.
In both cases, for each SB, the phase measured at the lowest
angle was set to zero to make the comparison easier.

In conclusion, we have generalized Fano’s propensity
rule to laser-assisted photoionization. The asymmetry
between absorption and emission has strong implications
on angle-resolved RABBIT measurements since it leads to
incomplete quantum interference. This provides a general
explanation to both the delay dependence of the PADs [22]
and the angular dependence of the photoionization time
delays [21]. These conclusions are valid even in the case of
multiple incoherent angular channels, as shown by the
excellent agreement between our calculations and our
experimental measurements in Ar. The universality of
the propensity rule implies that these conclusions can be
extended to more complex atomic or molecular systems.
The understanding of angular-resolved laser-assisted
photoionization is essential to the study of angle-resolved
attosecond dynamics in a variety of systems.
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