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We study the time delay in the primary photoemission channel near the opening of an additional channel

and compare it with the Wigner time delay in elastic scattering of the photoelectron near the corresponding

inelastic threshold. The photoemission time delay near threshold is significantly enhanced, to a measurable

40 as, in comparison to the corresponding elastic scattering delay. The enhancement is due to the different

lowest order of interelectron interaction coupling the primary and additional photoemission channels. We

illustrate these findings by considering photodetachment from the H™ negative ion, and compare it with
electron scattering on the hydrogen atom near the first excitation threshold. Other threshold processes of
atomic photoionization and molecular photofragmentation, where photoemission time delay is enhanced,
are identified. This opens the possibility of studying threshold behavior utilizing attosecond chronoscopy.
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Collisions near threshold play a special role in quantum
physics by providing an essential link between weakly bound
states and unbound continuous waves. Aggregation or
fragmentation of quantum particles always proceed via
thresholds. Sufficiently close to the threshold, the de
Broglie wavelength of these particles is large compared to
their interaction length. This allows for a very general
analytical description leading to universal threshold laws
[1,2]. Avariety of atomic species such as electrons, positrons,
ions, and cold atoms are available for high-precision tests of
these laws [3]. In solids, these threshold laws are modified in
low-dimensional systems such as quantum dots [4].

Attosecond time delay in atomic photoemission can
provide an alternative route for observing threshold effects.
Analytic properties of the scattering amplitude near thresh-
old are defined by the scattering phases. Because time delay
is intimately linked to the phase, it can be a very useful tool
for studying these analytic properties. The opening of a new
channel corresponds to a branching point of the scattering
amplitude in the complex energy plane because the number
of physically possible quantum states of the system
changes. Phase determination near such a branching point
brings significantly richer information in comparison to any
other regular energy point [5].

The first experimental observations of time delay in
photoemission [6,7] gave rise to the rapidly developing
field of attosecond chronoscopy, which opened a new
perspective on ultrafast electron dynamics [8]. The time
delay in photoemission is interpreted in terms of the Wigner
time delay introduced for particle scattering in external
potential [9-11]. It is a delay, or advance, of a particle
traveling through a potential landscape in comparison with
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the same particle traveling in a free space. The Wigner time
delay is calculated as an energy derivative of the scattering
phase in a given partial wave. A similar definition is
adopted in photoemission, where the time delay is related
to the photoelectron group delay, and evaluated as an
energy derivative of the phase of the complex ionization
amplitude (see, e.g., [6,12]).

In this Letter, we study time delay in the primary
photoemission channel near the opening of an additional
channel and compare it with the Wigner time delay in the
elastic scattering of the photoelectron near the correspond-
ing inelastic threshold. We show that the photoemission
time delay near threshold is significantly larger than the
corresponding elastic scattering delay because of the
different lowest order of interelectron interaction coupling
the primary and additional photoemission channels. We
illustrate these findings by considering photodetachment
from the H™ negative ion and comparing it with electron
scattering on the hydrogen atom near the first excitation
threshold. Both processes are strongly affected by inter-
electron interaction. However, the lowest order of this
interaction is considerably different. Elastic electron scat-
tering on the ground state of the hydrogen atom contains
excitation to the n =2 state in the second order of
interelectron interaction. Alternatively, photodetachment
from H™ to the ground state of H needs just one such
interaction because of the significant fraction of the 2s?
configuration in the ground state of H™. Above the n = 2
excitation threshold, it appears that both the photodetach-
ment and elastic scattering amplitude experience rapid
growth of their phases. However, this growth is an order
of magnitude faster in photodetachment in comparison with
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photoelectron scattering. This results in an order of
magnitude enhancement of the photoemission time delay
near threshold.

We define the photoemission time delay as

T = (d/dE)arg f(E) = Im[f"(E)/f(E)]. (1)

The complex photoionization (or photodetachment) ampli-
tude is given by the partial wave expansion

f(E) = 2u) /212 " e Bi-ly,, (k)

I=1;%1
m=m;

><< : (1) lf><kz||D||n,»l,»>. (2)

m m;

Here, (kl||D||n;l;) is the reduced dipole matrix element
stripped of all the angular momentum projections. The light
is polarized linearly along the quantization axis z. The
partial photoionization cross section for the transition from
an occupied state n;/; to the photoelectron continuum state
kl is calculated as

Gn;h—»kl(w) = (4/3)”2aw‘<kl||D||”ili>

0

with @ being the photon energy and a the fine structure
constant. Atomic units e =m = i =1 are used in this
expression and throughout the Letter. The atomic unit of
time is 24.2 as, where 1 as = 10718 s.

Our numerical results, both for electron scattering and
photodetachment, are obtained within the convergent close-
coupling (CCC) formalism. This formalism is well tested
both for the e-H scattering [13] and photodetachment
of H™ [14]. The CCC formalism [15] has been adapted
for photoionization calculations of two-electron targets (He
and its isoelectronic sequence [14] and alkaline-earth metal
atoms [16]) as well as three-electron targets (Li [17]). In the
two-electron CCC formalism, the reduced dipole matrix
element entering Eq. (2) is written as [18]

Kin DI Wo) = (klnd lldTg) + 33 i
ljn./- 14

k/

<kllini”TJS”njljk/l/>
X

E—k’2/2—€j +i0

(4)

Here, / = 1 and S = O are the total orbital momentum and
spin of the electron pair, respectively, and E = k?/2 + ¢; is
the final state energy. The uncorrelated dipole matrix
element ||d|| is calculated with a 20-term Hylleraas expan-
sion W, as in the previous study [14].

The two terms on the right-hand side of Eq. (4) are
represented graphically in Fig. 1. Here, the solid line with
an arrow to the right (the time direction) indicates an
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FIG. 1. Graphical representation of the two-electron photoioni-
zation amplitude in the CCC formalism.

electron, the dotted line exhibits a photon and a shaded oval
represents the half-off-shell 7';3 matrix which describes the
electron-hydrogen scattering away from the energy shell.

This is found through solution of the Lippmann-
Schwinder integral equations as part of the CCC calcu-
lations (see [13] for more detail). The on-shell component
of the T matrix [Eq. (38) of [19]] determines the scattering
S matrix and the phase shift ¢,(k) relative to the Coulomb
phase o;(k) in the given partial wave

¢i(k) = o,(k) + arg (k) /2,
S)(K) = 1 = 2ik (kI | T ysllmsl;kl). (5)

Results of the CCC calculation for H™ are shown near
threshold in Fig. 2 and compared with an analogous
calculation for He on an extended energy range in Fig. 3.
Both targets are left in the ground 1 s state of the residual core,
i.e., n; = 1 and /; = 0. In the H™ calculation, we use a CCC
(20,2) model, which indicates summation over 0 < /; <2
and 1 <n; <20—1; in Eq. (4). The discrete states with
n; > 5 have positive energy and represent the ionization
continuum. It is in this way that double photoionization is
included in the CCC model. The He calculation was
performed with a CCC(15,3) model. Both calculations were
performed with a 20-term Hylleraas expansion and were
essentially gauge insensitive. The V-gauge results are shown
in Figs. 2 and 3.

In the top panel of Fig. 2, we show the photodetachment
cross section in comparison with several sets of exper-
imental data collated in [21] and the latest measured set
reported in [22]. The CCC calculation demonstrates a good
agreement with the experiment except for the photoelectron
energy range below 0.1 eV for which the older exper-
imental data sets [21] are lower. A more recent calculation
[20] lends support to the CCC result. In the middle panel,
we plot the phase shift (5) obtained from the scattering S
matrix. The analogous phase shift extracted from the dipole
D matrix (2) is indistinguishable on the scale of the figure
except in the vicinity of the n = 2 threshold at E, = 3/4 Ry
(10.2 eV). In the same panel, we show results of a
variational calculation [23] and a hyperspherical close-
coupling calculation [24] for the e-H scattering phase in the
dipole singlet channel. All the phase calculations are in
good agreement. The bottom panel shows the time delay
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FIG. 2. Top: photodetachment cross section. The CCC calcu-
lation (black solid line) is compared with a B-spline calculation
[20] (blue dashed line) and the experimental data collated in [21]
(the original plotting symbols are used). The black points with
error bars represent the experimental data of [22]. Middle: phase
shift extracted from the scattering S matrix (6) (red solid line) and
the photoemission amplitude (1) (D matrix, blue dashed line).
The literature values [23] and [24] for e-H scattering in the singlet
dipole channel are plotted with asterisks and open squares,
respectively. Bottom: the energy derivative of the S- and
D-matrix phases from the CCC calculations are converted to
the time delay. The arrow indicates the asymptotic limit of zero
photoelectron energy.

calculated from the energy derivative of the phase shift of
the § matrix (5) and the D matrix using Eq. (1).

The scattering phase shift in a short range potential
should follow the Wigner threshold law &; « E/*1/2 [27].
This would entail §, o E*? in the partial p wave which
defines the photoemission time delay from a spherically
symmetric target like H™. Therefore, the time delay should
be vanishing at the threshold as 7 « E'/2. This is, indeed,
the case for the phase returned by a Hartree-Fock (HF)
calculation in the frozen core approximation [28]. The
polarization correction changes this result dramatically.
For a polarization potential V(r) = /r*, the scattering
phase is §,(E) = (273/15)E, and the time delay becomes
a constant 7,(E) = (22$/15) [see Eq. (26) of [3]].
Comparing this expression with the numerical CCC result
7,(E=107° eV) =455 as, suggests f = 4.48 which is
very close to the analytical result of 9/2 [29].

Comparison between different definitions of phase and
time delay is exhibited on an extended energy scale in
Fig. 3, where we show the cross section (top), phase shift
(middle), and time delay (bottom) in photodetachment of
H~ ( left column) in comparison with analogous calcu-
lations for photoionization of He (right column). We
display the phases extracted from the D matrix and the
S matrix. In the same panels, we show the HF phase as
returned by the frozen core calculation [28].

In the case of He, ground state photoionization to n; = 1
is indistinguishable from the total experimental cross
section [26] indicating that this channel is overwhelmingly
dominant. All the three definitions of the phase agree
between themselves. This means that the independent
electron HF basis represents both the scattering and
ionization processes very accurately and correlations are
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FIG. 3. Left: photodetachment cross sections of H™ (top). The
partial cross section leaving the H core in the ground state n; = 1
and the total single photodetachment cross section summed over
n; <5 are plotted with filled and open red circles, respectively.
The data for the total cross section from Ref. [25] are plotted with
open circles. The photoelectron scattering phase (middle) ex-
tracted from the S matrix (red filled circles), and the D matrix
(open blue circles) are shown in comparison with the frozen-core
Hartree-Fock phase (purple dotted line). The red solid and blue
dashed lines are cubic spline interpolation of the CCC raw
phases. The inset shows the S-matrix phase behavior in the
vicinity of threshold. Bottom: the Wigner time delay evaluated
from the cubic spline interpolation to the S-matrix phase (red
solid line), the dipole D-matrix phase (blue dashed line) and the
energy derivative of the HF phase (purple dotted line). Right:
Ground state photoionization cross section of He (top) in
comparison with total experimental cross section [26]. The
middle and bottom panels are the same as for H™ in the left
column.
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negligible. Near threshold, the phase exhibits a logarithmic
divergence

al(E)zn[ln (l+1)2+112—1]—>;11n|n, (6)

where 7 = —1/+/2E. The corresponding time delay, shown
in the bottom right panel, is always positive and diverges
near threshold as E~3/?InE.

The case of H™, visualized in the left column, is manifestly
different. The photodetachment to the ground state is still the
dominant channel but it only accounts for approximately half
of the total cross section above the first excitation threshold.
Near the photodetachment threshold, the D-matrix phase and
S-matrix phase are very close but start to deviate visibly
above the first excitation threshold. Both phases are very
different from the frozen core HF phase indicating a strong
core polarization effect. Right on the threshold, the S-matrix
phase displays a very narrow resonance magnified in the inset
of the middle left panel of Fig. 3. This resonance in the dipole
singlet channel of the e-H scattering is related to a quasi-
bound state of the H™ ion and is known in the literature (see
Sec. 4.3 of [30]). With the exception of this resonance, the
phase is continuous across the threshold 6,(E) = a;,(E — E,)
(see Sec. 9.3 of [5]).

The raw CCC phases are cubic spline interpolated and
differentiated to obtain the time delay shown in the bottom
panel. The HF time delay is obtained by direct numerical
differentiation of the HF phase. The CCC time delay below
the n =2 threshold is very similar in both definitions.
Above the threshold, both phases start to grow linearly with
the excess energy E — E;; however, this growth is mani-
festly more rapid in the D-matrix phase. Accordingly,
above the threshold, the photoemission time delay shows a
sharp peak reaching the value as large as =40 as, something
that can be readily measured. The corresponding peak of
the elastic scattering delay is about 10 times smaller. These
peak values of the time delay, defined by the coefficients a;,
can be associated with the switching times of the newly
opened photoemission and inelastic scattering channels.
Higher above the excitation threshold, the photodetachment
delay falls off more rapidly than the elastic scattering delay
and becomes slightly negative.

We also applied a more general definition of the time
delay in multichannel scattering theory [11], as the diago-
nal element of the life time matrix

T = Re {lzsln(dSTn/dE)} = Z|S1n|271n’ (7)

n

where 7;,, = Im[S,/S,]. Equation (7) is equivalent to the
original definition (1) when S, ,,»; = 0. We included three
additional inelastic channels 2sep, 2pes and 2ped to
Eq. (7), and the resulting change of the time delay in
the elastic 1sep channel proved to be insignificant.
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FIG. 4. Graphical representation of the lowest order interelec-
tron interaction in elastic electron scattering (right) and photo-
emission (left) containing the virtual excitation to the n = 2 state
of the core. The interelectron interaction is shown by a wavy line.

The strong deviation between the time delay in photo-
emission and electron scattering can be explained by
different lowest orders of interelectron interaction mixing
the ground state and excitation channels. In elastic electron
scattering, the virtual excitation of the hydrogen core to the
n =2 state requires two successive interactions between
the projectile and the target (right diagram of Fig. 4). In
photodetachment from H™, it is the interaction in the first
order that couples the excitation to the n = 2 state with the
ground state photodetachment (left diagram). This is due to
the multiconfiguration expansion of the correlated initial
state Uy = >,,C,;|nl?), which contains about 20% of the
25 configuration. Because of the ground state correlation,
the hydrogen core is left with a sufficiently high probability
in the n = 2 excited state. Then, the process requires only
one interelectron interaction to relax the core to its ground
state. The ground state correlation of this magnitude is
absent in He, and hence, there is no threshold enhancement
of the time delay in this atom.

In conclusion, we have demonstrated a strong sensitivity
of the photoemission time delay to the threshold behavior
of the phase which is greatly enhanced in comparison with
the photoelectron scattering time delay. As a case study, we
considered the two related processes of photodetachment
from the H™ negative ion and the elastic electron scattering
on the hydrogen atom, both leaving this atom in the ground
state. We attributed this strong enhancement to the ground
state correlation in the initial state of the H™ ion. Similar
effects will be prominent in photodetachment of the Li~ ion
near the 22P threshold [31] and photoionization of meta-
stable helium atom near the n = 3 threshold [18]. In
addition, the photoemission time delay will be greatly
enhanced near the opening of a deeper photoionization
channel. Such a behavior is clearly seen in the photoemis-
sion time delay of a valence atomic shell near the threshold
of an inner shell in noble gases [32]. In molecules, opening
of a new dissociative channel will result in the enhance-
ment of the photoemission time delay in the primary
photoionization channel. Such a situation can be observed
in many molecules, i.e., N, (see Figure 3.2.5 of [33]). More
generally, phase determination will be particularly useful
near special points in the complex energy plane of the
system. These are branching points near fragmentation
and aggregation thresholds and the conical intersections of
two dissociative states of the same symmetry. The latter
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intersections determine the pathways and outcomes of
many important photochemical reactions [34,35].

Experimental observation of photoemission time delay
near threshold, which reaches values as high as 40 as, can
be made by attosecond streaking [6] and interferometric [7]
techniques. In negative ions, the measured time delay will
not be affected by the laser coupling with the Coulomb field
of the remaining ion [36,37]. In neutral species, this
coupling will be significantly reduced because the photo-
electron energy in the primary channel near a secondary
threshold will be large. This permits unhampered mea-
surements of switching times of newly opened photoemis-
sion channels and ushers a new field of study of threshold
phenomena using attosecond chronoscopy.

Support from the Australian Research Council Grant
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National Computational Infrastructure and the Pawsey
Supercomputer Centre were employed.
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