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Attosecond time delays in the body frame for photodetachment from molecular anions
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Attosecond time delays in molecular photoionization at low energies are dominated by the contribution of the
Coulomb phase, which diverges as the energy of the photoelectron decreases towards zero. With calculations
on core-electron ejection from CN− and C −

2 we demonstrate that in photodetachment of molecular anions the
absence of the long-range Coulomb interaction in the final state can reveal the delays of narrow low-energy shape
resonances that do not generally occur in photoionization. Delays of several femtoseconds can be associated with
such resonances. The angular dependence of photodetachment time delays in the body frame is highly sensitive
to short-range anisotropies in the electron-molecule interaction as well as to the initial state.
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I. INTRODUCTION

Since the electron-ion scattering continuum is the final
state for photoionization, the dynamics of that process is
dominated by the Coulomb interaction between the outgo-
ing electron and the residual ion. As a result, the theoretical
description of photoionization is partially simplified by the
dominant long-range Coulomb potential which diminishes
the relative importance of electron correlation and long-
range polarization, especially at low energy. In contrast, for
photodetachment of electrons from molecular anions, where
the relevant scattering continuum is that of electron-neutral
molecule scattering, correlation and long-range polarization
effects dominate the dynamics at low energy.

The measurement of photoelectron distributions in the
molecular frame [1] and, more recently, the measurement of
attosecond time delays [2–7] have allowed richly detailed
interpretations of molecular photoionization. In particular,
observation of photoionization time delays on the attosec-
ond scale has opened the way for experimental access to
the energy dependence of the phases of quantum-mechanical
amplitudes for photoemission. However, below a few electron
volts, where the intrinsically molecular aspects of the process
can be strongest, that new view of photoionization dynamics
is partly obscured by the dominant contribution to the phase
of the amplitude that is due to the Coulomb interaction of the
outgoing electron and the residual ion.

Extending time delay measurements, including their angu-
lar dependence in the molecular frame, to photodetachment
of molecular anions can provide a more powerful view of
low-energy electron-molecule interactions than has previously
been available. Attosecond time delay observations in pho-
todetachment will probe low-energy shape resonances with
longer lifetimes than are typical in photoionization, as well
as excitation threshold dynamics, and long-range interactions.
Such measurements will provide a powerful test of theoretical
treatments of photodetachment. In this paper we explore time
delays in core-electron photodetachment of CN− and C −

2
anions as examples of the physics that time delay observa-

tions can reveal, and also attempt to address some of the
challenges to theoretical predictions of time delays posed by
photodetachment.

Much of the experimental and theoretical foundation for
the study of photodetachment time delays has been laid in
the recent literature on photoionization time delays. Starting
from the measurement and interpretation of delay differences
of a few tens of attoseconds in photoionization from differ-
ent electronic energy levels in atoms [5,6], experiment and
theory rapidly evolved to interpret the appearance of pho-
toionization resonances in time delay measurements [8–12].
The fundamental physics of time delays and their measure-
ment has become the subject of extensive investigation [7,13–
20]. The angular dependence of photoionization time delays
has also been explored in several contexts [10,11,21], includ-
ing through measurements and theoretical predictions of the
angular dependence of delays in the body frame of a molecule
[12]. The understanding of the information accessible through
time delays has been further enhanced by measurement and
theory of the photoionization of dimers [22] and larger
clusters [23].

There has been much less work on the subject of time
delays in photodetachment of anions, most of it on atoms, and
that work provides impetus for our present paper. Lindroth and
Dahlström [24] calculated time delays for photodetachment
of the F− and Cl− anions, and analyzed the fundamental
differences between measurement of photodetachment delays
in experiments using reconstruction of attosecond beating by
interference of two-photon transitions (RABBITT) [25] and
the analogous measurements for photoionization delays. Saha
et al. [26,27] have given relativistic theoretical treatments of
photodetachment delays in atomic Cl−.

In all studies of attosecond time delays in photoionization
or photodetachment the target of measurements is the delay
due to the energy dependence of the phase of the photoab-
sorption matrix element [2,7]:

τ (k̂, ε̂) = h̄
∂

∂Ek
arg

〈
�−

�0,k

∣∣ε̂ · μ|�0〉 (1)
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FIG. 1. Attosecond delays due to a pure Coulomb phase of dif-
ferent angular momenta as a function of electron kinetic energy for
an attractive Coulomb potential with unit charge.

where μ is the dipole operator, ε̂ is the polarization, �0 is
the initial state of the target, and �−

�0,k
is the electron-ion (or,

in the case of photodetachment, electron-neutral) scattering
wave function with incoming boundary conditions labeled by
the momentum, k, of the electron and the ionization channel,
�0. In both atomic and molecular photoionization there is a
contribution to the phase of the dipole matrix element from the
Coulomb scattering phase shift for all the angular momenta,
�, involved in the matrix element:

σ�(k) = arg �(� + 1 + iη). (2)

Here k is the momentum of the electron and η = − Ze2m
h̄2k

,
where Ze is the charge of the residual positive ion and m is the
electron mass. As the photoelectron kinetic energy decreases
below 5 eV, the pure Coulomb delay, shown in Fig. 1, rises
continuously from about 50 as to hundreds of attoseconds at
1 or 2 eV before going to infinity at E = 0. Even though
measurements of photoionization time delays are generally
relative, the large Coulomb contribution can obscure low-
energy features. However, the difference between time delays
for photodetachment and photoionization is still more funda-
mental. As we will demonstrate in the two examples we study
here, low-energy features like long-lived shape resonances can
abound in photodetachment, as well as strong anisotropies in
the angular dependence of the time delay that are sensitive to
both short- and long-range details of the final-state interaction,
while these are far less common in photoionization.

Since we are investigating the physical origins of the body-
frame angular dependence of the photodetachment time delay,
we focus on detachment of a core electron from molecular
anions. The resulting neutral molecule that is produced has a
core vacancy that can Auger decay to dissociate the molecule
and produce at least one charged fragment. Coincidence mea-
surements using momentum imaging [28–30] are thus a way
in which the body-frame time delays could be accessed. In
addition, photoemission from core levels is a localized probe
of the emission dynamics, providing a possibly easier path to
physical interpretation of the process.

Since the definition of photoemission time delay is some-
what different from the more familiar Eisenbud-Wigner-Smith
time delay [31–33] in scattering theory, in the following
section we will briefly summarize the connection of the
photodetachment time delay and the multichannel electron-
molecule scattering wave function, and also review the
complex Kohn variational method we use to calculate those
time delays including the effects of electron correlation. In
Sec. III we discuss the results of our calculations on core
photodetachment of the C −

2 anion, and the role of channel
coupling in that example. Section IV reports our results for
time delays in detachment from either the C or N core in the
cyanide anion. We conclude with a discussion of the interpre-
tation of photodetachment time delays in Sec. V.

II. THEORY AND COMPUTATION

A. Body-frame photoemission delays

Time delays in attosecond photoejection of electrons from
molecules generally depend on the direction in the molecular
frame of the final momentum of the electron. It will be useful
here to review specifically how that angular dependence arises
and how it emerges from the combination of the multichannel
electron-molecule scattering wave function that we calculate
using the complex Kohn variational method and the wave
function of the bound initial electronic state.

After the original references [31–33] an extensive literature
on Eisbud-Wigner-Smith time delays appeared, first address-
ing questions of their physical meanings, and later stimulated
by the questions posed by the development of methods for
measuring them in the photoejection of electrons. At a funda-
mental level a detailed review of the theoretical underpinnings
of time delays by de Carvalho and Nussenzveig [34] recon-
ciles the ideas of scattering time delays with the notion of
“dwell time” and explains how the derivative of the phase
of the scattering amplitude in a particular direction defines
the time delay for scattering in that direction relative to an
unscattered wave packet (a result also derived in 1972 by
Nussenzveig [35]).

A more recent review of delays in photoejection by Pa-
zourek, Nagele, and Burgdörfer [2] provides one derivation
of Eq. (1) and discusses the physical manifestation of photoe-
jection delays in streaking experiments both for short-range
and Coulomb potentials. Since there is no physically real-
izable reference wave packet in the case of photoejection
of electrons, the physically measurable meaning of the time
delays is demonstrated in that review by considering the evo-
lution in time of the expectation value of distance for the
outgoing packet produced by a 200-as radiation pulse in two
model systems. The result is a demonstration that IR streaking
measurements can measure the delay defined by Eq. (1) for
the cases of both short-range and Coulomb potentials despite
the formal difficulties posed by the long-range nature of the
Coulomb interaction.

Still more recently, a number of studies explore aspects
of two-photon experimental determinations of photoioniza-
tion time delays [7–10,17,20,21]. The question of how such
measurements can be used to explore photoionization delays
in the molecular frame has also been explored [12,15].
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Here, our calculations of photodetachment time delays
are based on multichannel electron-molecule scattering wave
functions. We need only take the first steps in the treatments
like those in Refs. [2,7], for example, to see how the outgoing
wave packet of a photoelectron after a short radiation pulse
appears as a superposition of time-independent N-electron
scattering eigenfunctions, ψ−

�,�k�

(r1 · · · rN ), of energy Ek with
incoming wave boundary conditions. If the scattering eigen-
functions are labeled by the momentum �k� in the channel
labeled by electronic state �, the outgoing wave packet has
the general form

�(r1 · · · rN , t )

=
∑

�

′ ∫
d3k C� (�k�, t ) ψ−

�,�k�

(r1 · · · rN ) e−iEk� t/h̄. (3)

We take the scattering wave functions to be momentum nor-
malized, and the primed sum goes over energetically open
photoejection channels. For single-photon absorption, the co-
efficients C� (�k�, t ) are given by first-order time-dependent
perturbation theory for the perturbation due to the pulse,
e

∑N
i ε · ri E (t ), in the length gauge as

C� (�k�, t ) = − i

h̄

〈
ψ−

�,�k�

∣∣e
N∑
i

ε̂ · ri|�0〉

×
∫ t

−∞
e(Ek� −E0 )t ′/h̄E (t ′)dt ′. (4)

In Eq. (4) �0 and E0 are the initial electronic wave function
and energy of the target molecule, Ek�

is the total energy of
the scattering state, E (t ) is the electric field of the attosecond
pulse, ε̂ is its polarization, and e is the charge of the electron.

If the pulse is over by time t = T , then for times t > T the
packet in Eqs. (3) and (4) can be written as

�(r1 · · · rN , t )

=
∑

�

′ ∫
d3k D� (�k� ) F (Ek�

)ψ−
�,�k�

(r1 · · · rN ) e−iEkt/h̄,

(5)

where the dipole matrix element is denoted by D� (�k� ) =
〈ψ−

�,�k�

|e ∑N
i ε̂ · ri|�0〉, and the envelope of the pulse in en-

ergy is

F
(
Ek�

) = −e
i

h̄

∫ T

−∞
e(Ek� −E0 )t/h̄E (t ) dt, (6)

which we assume to be strongly peaked at Ek�
= E� +

h̄2k2
�/2m = h̄ω + E0, where m is the mass of the electron and

ω is the central frequency of the laser pulse.
The product D� (�k� ) F (Ek�

) in Eq. (5) is the key quantity
that appears in the single-channel treatments of photoioniza-
tion time delays in derivations [2,7] of Eq. (1). For appropriate
choices of the parameters of an attosecond ionizing pulse, it is
the energy dependence of the phase of the amplitude D� (�k� )
that determines the time delay [36] for electrons ejected in a
given channel, and that amplitude can depend strongly on the
direction of the outgoing momentum of the ejected electron in
the body frame of the molecule.

The phase of the amplitude and its energy dependence is
determined by both the final continuum state and the ini-
tial bound state and not by the scattering interaction alone.
We will explore the consequences of that basic difference
between photoejection and electron scattering delays further
in Sec. V. The physics determining that directional depen-
dence is potentially a sensitive probe of all aspects of the
photoejection process, and if it can be measured it is the
strongest currently available test of the theoretical description
of photodetachment, because such experiments would yield
direct information about both the magnitude and phase of the
photoejection amplitude and their energy dependence.

Measuring the dependence on direction in the body frame
for photoionization would seem to require orientation of the
molecule by a method such as laser alignment [37–39], al-
though at least one alternative to that approach that does not
require prior alignment of the molecule has been demon-
strated [12]. The case of photodetachment of molecular anions
that we consider here, and for which we find particularly
interesting molecular-frame angular dependence, poses ad-
ditional challenges for prior alignment. For that reason we
have focused on the detachment of core electrons. That pro-
cess can be expected to be followed in many molecules by
Auger decay of the neutral molecule within femtoseconds
and subsequent dissociation into one positively charged and
(at least) one neutral fragment. Recent progress suggests that
experimental capabilities at x-ray free-electron laser facilities
have reached the stage at which the observation of delays in
the photodetachment of core electrons is becoming practical.
For example, measurements of attosecond delays for photoe-
mission from the oxygen K edge in x-ray core ionization of
nitric oxide have been recently reported [40].

If the dissociation following Auger decay is prompt (more
specifically, if it satisfies the “axial recoil” approximation
[41,42]) then following the arguments in Ref. [2], for example,
it should be possible in principle to perform a streaking obser-
vation of the ejected electron in coincidence with the detection
of the positively charged fragment. Challenging as such an
experiment or an equivalent one might be, we argue here that it
would be strongly motivated by the potential to observe body-
frame time delays that probe the electron-neutral molecule
scattering continuum in unprecedented detail. However, as we
find in the calculations described below, even measurements
of photodetachment averaged over molecular anion orienta-
tions have the potential of observing delays of 1 fs or longer
and thus probe the electron-molecule continuum in a striking
time-dependent fashion.

Although the details of such measurements are beyond
the scope of this paper, it is relevant to note here that the
measurement of photodetachment delays from anions using
the RABBITT technique [25] has been modeled and analyzed
in depth already [24]. The measurement of photoemission
delays using RABBITT depends on the absorption of two
photons, generally one XUV photon from a high harmonic of
the frequency of an IR photon, which in turn can be emitted
or absorbed in the measurement. It has been shown that the
measured atomic or molecular delay in photoemission, τ , can
be separated into two contributions [43,44]:

τ = τW + τCC (7)
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where τW is the “Wigner-like” delay due to the absorption
of the XUV photon, and τCC is the continuum-continuum
or Coulomb-laser coupling delay associated with the IR
transition.

Lindroth and Dahlström [24] point out that the usual ex-
pression [44] for the continuum-continuum delay is zero in
the absence of a Coulomb potential. Thus it is the short-range
interactions of the emitted electron with the residual molecule
or atom that determine τCC, and those are negligible at higher
energies allowing direct measurement of τW which is the
subject of our paper. On the other hand, below about 5 eV
the short-range interactions with the residual neutral molecule
may not be at all negligible, although given the estimates in
Ref. [24] they would probably not obscure the large resonant
delays we predict in Secs. III and IV. Thus, based on the
existing analyses of the measurement of photodetachment de-
lays, the molecular photodetachment delays we explore here
are coming within the scope of practical measurements. At
low energies, however, they will benefit from the support of
theoretical predictions of the continuum-continuum delays if
they are made using RABBITT.

We note that additional contributions to a measured time
delay also occur in angular streaking experiments which have
both continuum-continuum delays and contributions due to
postcollision interactions which occur when the wave function
of the emitted photoelectron is modified by the Auger decay
event [40].

B. Complex Kohn variational calculations
of photodetachment amplitudes

We calculate the required continuum wave functions in
Eq. (1) using the well-established complex Kohn variational
method for electron-molecule scattering [45] which can in-
clude coupling between the electronic states of the neutral
molecule that define the photodetachment channels. These
calculations are similar to photoionization calculations with
the Kohn variational method which has been described previ-
ously [46–49], so we only describe the essential aspects of the
method here.

In the case of C −
2 there are two nearly degenerate core

orbitals and spin coupling to the unpaired valence electron
creates four channels. Because CN− is closed shell and
the two core levels have very different energies, those two
channels of core photodetachment can be treated in separate
single-channel calculations. In general the electron-molecule
scattering wave function is approximated by a close-coupling
expansion:

�−
�olomo

=
∑

�

Â
(
χ�F−

��olomo

) +
∑

i

d�0
i �i, (8)

where Â is the antisymmetrization operator, the first sum over
� runs over the N-electron electronic states of the neutral
molecule being included, denoted by χ� , and F−

��olomo
is the

corresponding photoelectron continuum function, with angu-
lar momentum quantum numbers lo and mo, for producing ion
component �o. The second sum runs over (N + 1)-electron
“penetration terms” built solely from target molecular orbitals
and included in order to relax strong orthogonality con-
straints between target and continuum functions [45]. In the

calculations described below, penetration terms were not re-
quired, so only the first sum in Eq. (8) was needed.

The one-electron continuum functions in the complex
Kohn method are further expanded as

F−
��olomo

=
∑

i

c��o
i φi(r) +

∑
lm

[
fl (k�r)δlloδmmoδ��o

+ T ��o
llommo

h−
l (k�r)

]
Ylm(r̂)/r , (9)

where fl and h−
l are partial-wave continuum radial functions

behaving asymptotically as regular and incoming spherical
Bessel functions and φi is a set of square-integrable (Cartesian
Gaussian) functions. An amplitude that represents a pho-
todetachment process for a specific value of ejected electron
momentum measured in the molecular body frame is con-
structed by combining the functions �−

�olomo
in a partial-wave

expansion:

�−
�0,�k�0

=
∑
l0m0

il0Y ∗
l0m0

(k̂)�−
k,�0l0m0

(r1, . . . , rN ) . (10)

The initial-state wave function of the anion target, �0, is
constructed as a one determinant or correlated wave function
constructed from the same orbitals as those used to represent
the states of the neutral molecule.

The time delay, as defined in Eq. (1), is calculated by
numerically differentiating the resulting amplitude 〈�−

�0,�k�0

|ε̂ ·
μ̂|�0〉 with respect to the photoelectron kinetic energy for
a fixed direction of the polarization vector ε̂. The molecular
frame photoelectron angular distribution (MFPAD) is related
to the same dipole matrix element via the relation (in atomic
units)

d2σ�0

d�k̂d�ε̂

= 8πω

3c

∣∣〈�−
�0,�k�0

∣∣ε̂ · μ̂|�0〉
∣∣2

, (11)

which defines the body-frame cross section for polarization ε̂

and ejected electron momentum �k�0 , leaving the ion in state
�0. Then the orientation-averaged time delay is given by [15]

τ =
∫

d�k̂

∫
d�ε̂τ (k̂, ε̂) d2σ�0

d�k̂ d�ε̂∫
d�k̂

∫
d�ε̂

d2σ�0

d�k̂ d�ε̂

. (12)

III. PHOTODETACHMENT OF CORE ELECTRONS IN C −
2

Narrow shape resonances at energies close to threshold
are rare in photoionization, but are often found when the
ejected electron leaves a neutral target behind. C −

2 offers
an interesting test case in the present context, since both
previous experiment and theory [50] have confirmed the
presence of overlapping shape resonances in the total pho-
todetachment cross section with ≈ 1-eV widths within 2 eV
of threshold. Since the complex Kohn calculations on which
the present results are based were described in some detail in
Ref. [50], we will limit ourselves here to a brief summary.
The ground-state anion is nominally described by the con-
figuration 1σ 2

g 1σ 2
u 2σ 2

g 2σ 2
u 1π4

u 3σg, 2�+
g . The neutral core-hole

states arising from the 1σg and 1σu orbitals, being nearly de-
generate, were both included in the close-coupling expansion.
The singly occupied 1σg and 1σu orbitals can be either singlet
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FIG. 2. Total cross sections for photodetachment of C −
2 . The

calculations were performed in total 2�u symmetry and the channels
are labeled by neutral core-hole state. The top panel shows the
results of coupled four-channel calculations, while the lower panel
shows the result when channels 3 and 4 are dropped from the calcu-
lations (see text).

or triplet coupled to the outer valence 3σg orbital, giving
neutral core-hole states of 1,3�+

g and 1,3�+
u symmetry.

The molecular orbitals used in the calculations were ob-
tained in several steps as follows. We started with a complete
active space (CAS) multiconfiguration self-consistent field
(MCSCF) calculation on the 2�+

g state of C −
2 , freezing the

1σg and 1σu orbitals and using eight orbitals in the active
space. This calculation was followed by a single multirefer-

FIG. 3. C −
2 orientation-averaged time delays from four-channel

calculations described in text. Photon energy is relative to 285 eV.
The curve labeled “Ave” is the average of the four individual channel
delays, weighted by the cross sections, as would be observed in an
experiment not resolving the channels.

ence configuration-interaction (MRCI) calculation to obtain
the four lowest-energy hole states. The MRCI calculation
used the four neutral hole-state configurations mentioned
above as the reference configurations and included single ex-
citations from these references with the restriction that there
be no more than three electrons distributed over the 1σg and
1σu orbitals. State-averaged natural orbitals were extracted
from the MRCI calculation and were used to construct single-
configuration approximations to the neutral hole states for the
scattering calculation.

Total photodetachment cross sections, labeled by residual
neutral core-hole state, are shown in Fig. 2. The cross sec-
tions are seen to be dominated by a narrow shape resonance in
the 1�+

g channel and broader resonances in the 3�+
g and 3�+

u
channels. The curious behavior in the latter two channel cross
sections near 286.2-eV photon energy is caused by strong
coupling to the 1�+

g channel, which results in a dip in the
3�+

g cross section and a shoulder in the 3�+
u cross section.

To verify the cause of this effect, we carried out two-coupled-
channel calculations in which the upper two core-ion states
were eliminated. The lower panel of Fig. 2 verifies that so
doing removes the structure near 286.2 eV.

The time delays, derived from the four-channel calcula-
tions and averaged over all molecular orientations, are shown
in Fig. 3, labeled again by residual neutral core-hole state. The
low-energy shape resonances in the partial cross sections in
Fig. 2 are clearly visible in the large low-energy time delays,
as are the consequences in the time delays of the strong
channel coupling, described above. The large negative time
delay in the 3�+

g channel, for example, is associated with that
coupling and the accompanying interference with background
scattering in that channel.
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FIG. 4. MFPADs (top row) and time delays (bottom row) for photodetachment of C −
2 in each of the four channels included in the

calculations in Figs. 2 and 3. From left to right results are given for leaving the molecule in the 3�+
g , 3�+

u , 1�+
g , and 1�+

u states. The molecule
is vertical, the polarization is horizontal, and photon energies labeled in eV by integers in the radial direction are relative to 285 eV, as are the
energies given in Fig. 3.

Finally, in Fig. 4, we show cross sections and time delays,
differential in energy and photoelectron direction, for photon
polarization perpendicular to the C-C axis. One expects that
the time delays associated with resonances will show little
dependence on the direction of the ejected electron if the
resonance dominates and there is little interference between
resonant and background scattering. That is largely what is
seen for the three higher-energy channels, but notably not

FIG. 5. Total cross sections for C(1s−1) and N(1s−1) photode-
tachment of CN−.

for the 3�+
g channel, for which the signature of interfer-

ence between resonant and nonresonant scattering is again
apparent.

IV. PHOTODETACHMENT OF CORE ELECTRONS IN CN−

Core-level photodetachment of CN− offers an interesting
test case for study as it differs from C −

2 in several key re-

FIG. 6. Orientation-averaged time delays for C(1s−1) and
N(1s−1) photodetachment of CN−.
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FIG. 7. MFPADs (top row) and time delays (bottom row) for CN− for C K-edge photodetachment with two frozen MCSCF orbitals. The
photoelectron energy in eV is labeled in the radial direction. The molecule is aligned vertically with nitrogen at the top, and polarization is at
(left to right) 90◦, 85◦, 45◦, and 0◦.

spects. CN− is a closed-shell anion with 1�+ symmetry, so
unlike the case with C −

2 only one intermediate spin coupling
(i.e., 2�+) is involved in C(1s) or N(1s) detachment. Another
key difference is the fact that the residual CN neutral produced
in photodetachment has a dipole moment whose sign depends
on whether an electron is removed from either carbon or
nitrogen. One might expect a signature at low energies of
the interaction of the outgoing electron with those dipoles,
although that is only one contribution to the asymmetry of the
interaction potential. The present theoretical paper is meant to
stimulate further study of the question of the roles of long-
and short-range forces in determining photodetachment time
delays.

The molecular orbitals used in these calculations were gen-
erated as follows. We started with a CAS-MCSCF calculation
on neutral CN with seven strongly occupied orbitals plus three
orbitals in the active space. The Gaussian basis used consisted
of triple-zeta correlation-consistent plus polarization func-
tions on C and N ( f functions deleted), augmented with three
additional s-type and three additional p-type diffuse functions
at the bond center. The MCSCF orbitals were used to compute
a single-configuration CN− target state and in the complex
Kohn scattering calculations by placing a single electron in
either the C or N core.

The total cross sections for C(1s−1) and N(1s−1) are shown
in Fig. 5 as a function of photoelectron energy and the
orientation-averaged time delays are shown in Fig. 6. The

carbon K-edge cross sections show a prominent π* resonance
approximately 1 eV above the K edge, which is reflected in
a correspondingly large, positive time delay. There is little
structure in the nitrogen K-edge results. The 1s → π* state
which appears as a narrow shape resonance in the case of
carbon falls ≈3 eV below the K edge in the case of nitrogen,
resulting in no more than a small rise in the cross section and
a negative time delay as the K edge is approached.

A deeper understanding of these results is gained from
an examination of the cross sections and time delays in the
body frame as a function of photoelectron energy and ejection
angle for various angles of photon polarization. Turning first
to the C K-edge results, shown in Fig. 7, we see a cross
section dominated by a π* resonance with predominantly
d-wave character whose magnitude decreases as the photon
polarization decreases from 90◦ and vanishes at 0◦. The time
delays show a similar decrease in magnitude as a function of
photon polarization, with additional detail not apparent in the
cross section. There is a curious reversal in the sign of the time
delay along the molecular axis, most prominent at 90◦ photon
polarization, as the electron energy sweeps through the reso-
nance region. The behavior of the N K-edge cross sections and
time delays, shown in Fig. 8, differs markedly from the C
K-edge results. The lack of a resonance in the N K-edge case
leads to asymmetric cross sections with small magnitudes on
the carbon side of the molecule. This pattern differs from the
C K-edge case which shows cross sections equally distributed
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FIG. 8. MFPADs (top row) and time delays (bottom row) for CN− for N K-edge photodetachment with two frozen MCSCF orbitals. The
photoelectron energy in eV is labeled in the radial direction. The molecule is aligned vertically with nitrogen at the top, and polarization is at
(left to right) 90◦, 85◦, 45◦, and 0◦.

over both sides of the molecule even though symmetry con-
siderations do not dictate such behavior.

The “equivalent core” model for core ionization suggests
a qualitative explanation that is consistent with this observa-
tion. Removal of a carbon 1s electron would be modeled in
that approximation by changing the nuclear charge to that of
nitrogen, while retaining the number of electrons in CN− prior
to photodetachment. Applying that approximate picture here
suggests that the potential seen by the outgoing electron is
similar to that of an electron scattering from N2, for which the
two ends of the molecule are equivalent. On that basis, one
then would expect the nearly symmetric MFPADs in Fig. 7.
Removal of a nitrogen 1s electron in the same approxima-
tion would produce an asymmetric model interaction potential
similar to that of CO.

Comparing the time delays along the C-N axis in Figs. 7
and 8 we see, for perpendicular photon polarization, a sign
change in the delay in the nitrogen K-edge case, while away
from resonance the carbon K-edge delays show a similar
behavior. However, in the case of the nitrogen K edge, the time
delay changes from negative to positive in passing from car-
bon to nitrogen, while in the carbon K-edge case away from
resonance the sign change passes from positive to negative.
These calculations suggest initially that this behavior could be
a reflection of the different dipole moments of the CN radical
with core vacancies, because we compute a dipole moment
of −0.92 (a.u.) for CN with a carbon core hole and a dipole
moment of 1.28 (a.u.) for CN when the core hole is on the
nitrogen.

V. INTERPRETATION OF PHOTODETACHMENT
TIME DELAYS

It is tempting to interpret the low-energy time delays in
photodetachment in terms of the long-range interaction of the
electron with the molecule, in particular the reversal of the
delays for CN− detachment seen in the lower left-hand panels
of Figs. 7 and 8. However, it is not difficult to demonstrate that
such a simple interpretation of photodetachment time delays
for photoelectron energies of a few eV is almost certainly
not correct. An analysis of photodetachment delays requires
an understanding of how the initial state in the dipole matrix
element in Eq. (1) also determines the delay. Merely changing
the initial state can also reverse the delays, and we can verify
that fact with a simple model of photodetachment into a pure
dipole potential.

The quantum scattering of an electron from a point-dipole
potential Vd = −d cos θ/r2 is well understood [51–55]. A
natural model to test whether photodetachment time delays
like those in Figs. 7 and 8 have simple interpretations in
terms of the delay due to the long-range dipole interaction
is to evaluate the delays from the dipole matrix element in
Eq. (1) for various initial states but with the same continuum
wave function for dipole scattering. Examining delays for
different initial states then exhibits the effect of different ways
of launching the photoelectron into the same continuum.

The dipole moments for our two core-detached neutral
states of CN− both have computed dipole moments that are
greater than the critical value of ≈0.639e a0 = 1.62 D. For
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FIG. 9. Time delays and MFPADs for photodetachment in the model problem described by Eqs. (13) and (14) with only a dipole potential
determining the final continuum and polarization perpendicular to the axis of the dipole. Left column: pz initial state. Right column: s initial
state with the same dipole potential.

dipole moments greater than that critical value the scattering
solutions for a point dipole become irregular [51,52,54] as
r → 0, and the S matrix for scattering by a point dipole
becomes nonunitary (see the Appendix). For that reason, and
so that we can demonstrate delays for dipole moments ap-
proximating those of our computational examples, in a simple
model we use a dipole potential regularized at small values of
r according to

V =
⎧⎨
⎩

− d cos θ
r2 r � r0

− d cos θ

r2
0

r < r0
(13)

so that the dipole points along the z axis with the parameters
r0 = 0.25 and d = 1.5 in atomic units. We choose two initial-
state wave functions:

�0(r) =
√

8

45
r2e−r Y�,m(θ, φ), (14)

with an s function (� = m = 0) and a pz function pointing
along to the dipole (� = 1, m = 0). The photodetachment am-
plitude can be extracted from a numerical solution of the

driven equation for the first-order wave function, �sc(r):

(Ek − H )�sc(r) = ε̂ · μ �0(r),

�sc(r) −→
r→∞ −

√
2π

eikr

r
〈�−

k |ε̂ · μ |�0〉, k = kr̂,

(15)

which we solve using the well-established finite-element dis-
crete variable representation with exterior complex scaling
and a single center expansion of the scattered wave function,
as explained in detail in earlier literature [56,57].

So as to coincide with the geometry of polarization and
dipole moment in the leftmost panels of Figs. 7 and 8 we
choose the polarization along the y axes, perpendicular to the
“molecule.” Figure 9 compares the time delays and MFPADs
for the s and pz initial states in Eq. (14). It is evident that
changing only the initial state produces a reversal in the time
delays similar to that seen in Figs. 7 and 8.

It is apparent from computational experiments using model
potentials such as this one that photodetachment time delays
cannot be interpreted in terms of the final-state interactions
alone. Moreover, for the wavelengths of electrons correspond-
ing to kinetic energies of a few eV the interpretation of either
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photodetachment delays or Wigner scattering delays in terms
of locally attractive or repulsive potentials corresponds to a
semiclassical approximation of the scattering dynamics that is
simply not generally applicable at these energies. The dipole
potential in particular resists this sort of analysis of its time
delays, because, as we show briefly in the Appendix, the
Wigner time delay is zero for scattering from a (subcritical)
point dipole, but not for a combination of a point dipole and
a short-range potential, and not for photodetachment into the
point-dipole continuum.

To our knowledge, no successful simple prescription has
been proposed for describing attosecond time delays in either
photodetachment or photoionization that would allow the in-
terpretation of such experiments without the help of ab initio
theoretical calculations. Nonetheless, experiments measuring
photoionization time delays have been performed compar-
ing cases in which primarily the initial states are different
while the final states may be similar, for example in water
clusters [23], and those delays appear to be approximately
interpretable in terms of the differences in the initial states
alone. Even without simple semiclassical or other models,
the potential of low-energy photodetachment experiments to
probe with exquisite sensitivity electron-molecule interactions
as well as the effects of correlation in the initial and continuum
electronic states is evident in the examples we provide in
Secs. IV and III.

VI. CONCLUSIONS

The electron scattering and photodetachment calculations
presented here demonstrate that, in the absence of the dom-
inating effects of the Coulomb potential in photoionization,
a range of distinctly molecular features should be visible
in photodetachment time delays. By focusing on photode-
tachment of electrons from core levels, we have provided
examples where a subfemtosecond detaching pulse can pro-
duce photoelectrons with low energies where long-lived shape
resonances abound in electron-molecule collisions. We pre-
dict in these calculations that low-energy photodetachment
measurements can observe delays considerably longer than
1 fs and also measure dramatic asymmetries that reflect the
combination of electron-molecule scattering and the initial
orbital from which the electron is ejected. Such core-electron
photodetachment experiments have the potential to initi-
ate Auger decay and subsequent dissociation of a diatomic
molecule into a neutral atom and an ion that can be observed
in coincidence with the photoelectron, and, in principle, thus
allow access to time delays in the molecular frame.

The measurement of delays in photodetachment of core
electrons is arguably on the threshold of becoming practical,
and the measurement using RABBITT of photodetachment
delays has been analyzed in detail in the case of atomic anions
[24] as briefly described in Sec. II A. At low photoelectron
energies (below roughly 5 eV), measurements using that tech-
nique may require the prediction of the contribution to the
observed delays from the associated continuum-continuum IR
transition, but at higher energies those delays are expected to
be negligible and photodetachment delays should be directly
accessible.

The time delays in the molecular frame we report here are
intended to raise the possibility of such experiments and sug-
gest the effects they might reveal. We are currently exploring
time delays in valence photodetachment from small poly-
atomic anions, where similarly dramatic molecular effects
can be seen. Observations of photodetachment time delays
for small polyatomic molecules will test ab initio theoretical
treatments electron-molecule scattering at a level of detail not
previously attained, because they will probe both the ampli-
tude and the energy dependence of the phases of scattering
amplitudes that are sensitive measures of correlation effects
in electronic collisions.

ACKNOWLEDGMENTS

T.N.R, R.R.L., and C.W.M. were supported by the Atomic,
Molecular, and Optical Sciences Program of the U.S. De-
partment of Energy (DOE), Office of Science, Office of
Basic Energy Sciences, Chemical Sciences, Geosciences,
and Biosciences Division, through Contract No. DE-AC02-
05CH11231. Calculations presented here made use of the
resources of the National Energy Research Scientific Com-
puting Center, a DOE Office of Science User Facility, and
the Lawrencium computational cluster resource provided by
the IT Division at LBNL. C.S.T. was supported by the U.S.
DOE, Office of Science, Office of Workforce Development
for Teachers and Scientists (WDTS) under the Berkeley Lab
Undergraduate Faculty Fellowship (BLUFF) program.

APPENDIX: DIPOLE SCATTERING AND TIME DELAYS

To calculate the S matrix for scattering from a point dipole,
we begin with the Hamiltonian

H = −1

2

1

r2

∂

∂r
r2 ∂

∂r
+ L̂2

2r2
− d cos θ

r2
(A1)

and expand the scattering wave function in partial waves,

� (+)(k, r) =
(

2

π

)1/2 ∑
l,l0,m0

il0
ϕ

m0
l,l0

(k, r)

kr
Ylm0 (r̂)Y ∗

l0m0
(k̂),

(A2)

noting that the dipole potential does not couple different
values of m0. Substitution of Eq. (A2) into the Schrödinger
equation with the Hamiltonian in Eq. (A1) yields sets of
coupled equations for the radial functions ϕ

m0
l,l0

(k, r) for each
value of m0:

∑
l

[
−1

2

∂2

∂r2
δl ′,l + 1

r2
V |m0|

l ′,l

]
ϕ

|m0|
l,l0

(k, r) = Eϕ
|m0|
l ′,l0 (k, r),

V |m0|
l ′,l = δl ′,l

l (l + 1)

2
+ d |m0|

l ′l , (A3)

d |m0|
l ′l ≡ −d

〈
Yl ′m0

∣∣ cos θ
∣∣Ylm0

〉
.

From this point, the solution of the scattering problem
proceeds as follows. First, we find the eigenvectors and eigen-
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values of the tridiagonal coupling matrix V |m0|
l ′,l :

∑
l

Vl ′,lUl,L = Ul ′,L�L,

L(L + 1)

2
= �L, L = −1

2
+

(
1

4
+ 2�L

)1/2

,

VU = U�,

UT U = UUT = 1.

(A4)

So when we transform the radial equations in Eq. (A3) using
the matrix U, each eigenvalue, �L, of V corresponds to a
noninteger effective angular momentum, L, for one of the
uncoupled transformed radial equations. The regular solutions
for each equation in the diagonal representation are

ϕ̄L(k, r) = ĥ−
L (kr) − ĥ+

L (kr) = −2i ĵL(kr) (A5)

where ĥ±
L and ĵL denote Ricatti Bessel functions (see, e.g.,

Ref. [58]). We need to transform these back to the original rep-
resentation, and find the linear combinations of the resulting
back-transformed solutions that satisfy scattering boundary
conditions [58]:

ϕ
|m0|
l,l0

(k, r) = ĥ−
l (kr) δl,l0 − S|m0|

l,l0
ĥ+

l (kr). (A6)

The final result for the S matrix for each value of m0, S =
S|m0|

l,l0
, when we include N partial waves is

S = PUL−2UT P, (A7)

and the physical scattering solutions, arranged as columns of
the matrix ϕphys, are

ϕphys = (
ϕ

l0,1

l , ϕ
l0,2

l , · · · ϕl0,N

l

)
= U(H− − H+)L−1UT P, (A8)

ϕ
l0
l (k, r) → ĥ−

l (kr) δl,l0 − S|m0|
l,l0

ĥ+
l (kr).

We have written these solutions in terms of the diagonal
matrices:

L =

⎛
⎜⎜⎜⎜⎜⎝

eiL1π/2 0 0 · · ·
0 eiL2π/2 0 · · ·
0 0 . . . · · ·
...

... eiLN π/2

⎞
⎟⎟⎟⎟⎟⎠

, (A9)

P =

⎛
⎜⎜⎜⎜⎜⎝

eil1π/2 0 0 · · ·
0 eil2π/2 0 · · ·
0 0 . . . · · ·
...

... eilN π/2

⎞
⎟⎟⎟⎟⎟⎠

, (A10)

H± =

⎛
⎜⎜⎜⎜⎜⎝

h±
L1

(kr) 0 0 · · ·
0 h±

L2
(kr) 0 · · ·

0 0 . . . · · ·
...

... h±
LN

(kr)

⎞
⎟⎟⎟⎟⎟⎠

. (A11)

A key point is that since the transformation to the uncou-
pled radial equations does not depend on energy, none of
the matrix factors of the S matrix in Eq. (A7) has any en-
ergy dependence, and thus S has no energy-dependent phase.
Therefore there is no Wigner time delay, as conventionally
defined, for electron scattering from a subcritical, fixed-point
dipole. It should be remembered that the dipole potential is
a long-range potential in the same sense as the Coulomb
potential, and is accompanied by similar formal difficulties.
Nonetheless, the demonstration in Ref. [2] that even for a
Coulomb potential the time delay defined by Eq. (1) is ob-
servable suggests that this result has physical significance.

However, a dipole matrix element between any physically
realizable initial state and the point-dipole continuum func-
tion, Eq. (A2), does have an energy-dependent phase. So while
there is no conventionally defined Wigner time delay, there is
a photodetachment time delay into the point-dipole continuum
[59]. That time delay is essentially what is visible in the model
calculations in Fig. 9, determined by the dipole interaction,
but revealed by the projection onto the initial bound state.

The expression for the S matrix in Eq. (A7) can be used to
exactly reproduce the momentum transfer cross sections cal-
culated by Mittleman and von Holdt [51] below the critical
dipole. As the dipole moment increases towards the critical
value of d ≈ 0.639e a0, one or more of the eigenvalues of
the coupling matrix becomes negative and, as is well known,
beyond the critical dipole at least one of the values of L
becomes complex. Defined by the scattering asymptotic form
in Eq. (A8), the S matrix ceases to be unitary [51–55] and the
scattering solution is no longer a regular solution since ĵL(z) is
irregular (infinitely oscillatory as z → 0) for complex values
of L. Those are the mathematical pathologies associated with
a “collapse to the center” [51,54].

When we apply the same prescription for solving the prob-
lem for scattering of a point dipole plus a spherical hard sphere
potential, we first find a hard-sphere S matrix given by

S0 =

⎛
⎜⎜⎝

h−
L1

(k r0)/h+
L1

(k r0) 0 0

0 h−
L1

(k r0)/h+
L1

(k r0)
...

... · · · . . .

⎞
⎟⎟⎠,

(A12)

and finally a complete scattering S matrix analogous to that in
Eq. (A7):

S = PUL−1S0L−1UT P. (A13)

For this problem, as for any problem in which a short-range
potential is added to the point dipole, there is a nonzero
Wigner scattering time delay. Here S0 given in Eq. (A12) is
obviously energy dependent, and its energy-dependent phases
are modified by the dipole interaction.
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