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Dynamic molecular interferometer: Probe of inversion symmetry
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− photodissociation
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Time-resolved photoelectron imaging of negative ions is employed to examine 780-nm dissociation
dynamics of I2

−, emphasizing the effects of interference in time-resolved photoelectron angular
distributions obtained with 390-nm probe. No energetic changes are observed after about 700 fs, but
the evolution of the photoelectron anisotropy persists for up to 2.5 ps, indicating that the electronic
wave function of the dissociating anion continues to evolve long after the asymptotic energetic limit
of the reaction has been effectively reached. The time scale of the anisotropy variation corresponds
to a fragment separation of the same order of magnitude as the de Broglie wavelength of the emitted
electrons ��=35 Å�. These findings are interpreted by considering the effect of I2

− inversion
symmetry and viewing the dissociating anion as a dynamic molecular-scale “interferometer,” with
the electron waves emitted from two separating centers. The predictions of the model are in
agreement with the present experiment and shed new light on previously published results �A. V.
Davis, R. Wester, A. E. Bragg, and D. M. Neumark, J. Chem. Phys. 118, 999 �2003��. © 2005
American Institute of Physics. �DOI: 10.1063/1.1997131�
I. INTRODUCTION

Representative of the spectroscopic approach in general,
photoelectron spectroscopy1,2 has traditionally focused on
transition frequencies, which are related to the energy levels
occupied by electrons in atoms and molecules. The recent
advances in photoelectron imaging3–6 have been driven, to a
large degree, by the promise of more direct insights not only
into the energetics but also the intimately related properties
of the electronic wavefunctions,7 i.e., the atomic and molecu-
lar orbitals. The properties of the wave functions, such as
symmetry, spatial extent, and localization, along with the en-
ergy eigenvalues, are the core descriptors of molecular struc-
ture and, therefore, chemistry.

The dynamics of chemical reactions are effectively un-
raveled via direct time-resolved measurements and therefore
the greatest potential of photoelectron imaging lies in its
combination with femtosecond pump-probe techniques.8

This strategy focuses on real-time evolution of the electronic
structure, bringing the research to the true forefront of chem-
istry, as it is the electrons that control chemical bonding and
ultimately determine the reaction outcomes.

In the field of negative-ion spectroscopy, the first time-
resolved observation of dynamics from the electronic per-
spective was accomplished in the femtosecond photoelectron
spectroscopy experiment of Greenblatt et al. investigating I2

−

photodissociation.9 This system was revisited several
times,5,10–12 yet the main experimental focus has remained on
the evolution of the energetics, including the effects of inter-
action between the separating fragments. This emphasis has
been largely unaffected even by the introduction of the pho-
toelectron imaging approach,5,12 partially due to the com-
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plexity of the theory involved in the analysis and interpreta-
tion of time-resolved photoelectron angular distributions.7

Nonetheless, Davis et al. did report time-dependent changes
to the photodetachment anisotropy in I2

− photodissociation.5

Of particular note is the intriguing increase in the �2 aniso-
tropy parameter occurring around 650 fs, which was hypoth-
esized to reflect the passage through a shallow polarization-
induced minimum on the long-range potential, followed
by a decrease in �2, which was attributed to the electron
localization.

In this work, we emphasize the effects of quantum inter-
ference on time-resolved photoelectron angular distributions
in the photodissociation of I2

−. The results indicate that the
evolution of the electronic wave function of the dissociating
molecular anion continues long after the asymptotic ener-
getic limit has been effectively reached. Our excitation re-
gime is very similar to that employed by Neumark and
co-workers,5,9 setting the stage for comparable dissociation
dynamics. However, in contrast with the previous work, we
probe the emergence of the asymptotic I− fragments much
closer energetically to the detachment threshold. The photo-
electrons are produced with an asymptotic electron kinetic
energy �eKE� of 0.12 eV, compared to 1.6 eV in the Neu-
mark experiments. This corresponds to a significantly larger
de Broglie wavelength, which we show to be a critical pa-
rameter connecting the photodissociation and electron emis-
sion dynamics.

At the heart of our findings is the effect of inversion
symmetry on the electronic structure evolution in the exit
channel of I2

− dissociation. Excitation at 780 nm accesses
the A� 1/2g�2�� state and yields asymptotic I�2P3/2�+I− frag-
ments. As long as the electronic wave function of the disso-
ciating system retains its inversion symmetry, the electron

detachment is subject to interference of two equivalent emis-
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sion centers, the core iodine atoms IA and IB, which separate
at a speed determined by the reaction energetics. Hence, the
dissociating I2

− is a molecular-scale interferometer, with an
arm-length R controlled by the time-dependent progress of
the reaction. The emitted electron waves are sensitive probes
of not only the dissociation dynamics, but also of the
electron-neutral interactions, such as scattering on the neutral
fragments.

In the pump-probe scheme utilized here, the I2
− “inter-

ferometer” samples, over the span of 2–3 ps, an R range
from ca. 3 Å to that similar to the 35 Å de Broglie wave-
length of the photoelectrons. This sets the stage for the in-
triguing interplay between the fragment separation and elec-
tron emission dynamics, characterized by an easily
resolvable picosecond time scale.

II. EXPERIMENTAL APPARATUS

The apparatus used in this study has been described
previously.6,12,13 In brief, it employs pulsed negative-ion gen-
eration and mass-analysis techniques,14,15 combined with a
velocity-mapped,16 imaging17,18 scheme for the detection of
photoelectrons.

For the generation of I2
−, the ambient vapor pressure of

I2 seeded in Ar is expanded through a pulsed nozzle �General
Valve Series 9 with a Kel-F poppet� operated at a repetition
rate of 70 Hz into a high-vacuum chamber with a base pres-
sure of 10−6 Torr. The supersonic expansion is crossed with
a 1-keV electron beam and the resulting anions are pulse
extracted into a time-of-flight mass spectrometer. After the
ion beam is accelerated to about 2.5 keV and focussed using
an Einzel lens, it enters the detection region with a typical
base pressure of �3–5��10−9 Torr. The ions are detected
mass selectively using a dual-microchannel-plate �MCP� de-
tector �Burle, Inc.� at the end of the flight tube.

The mass-selected I2
− anions are photolyzed by the 780

-nm pump pulses and the evolving electronic structure is
probed via photodetachment with 390-nm probe pulses. The
regeneratively amplified Ti:sapphire laser system �Spectra
Physics, Inc.� produces 1-mJ, 100-fs pulses at 780 nm. Less
than half of the fundamental output is used as the pump
beam, while the rest is frequency doubled in the
100-�m-thick beta barium borate �BBO� crystal of a femto-
second harmonics generator �Super Optronics, Inc.�, produc-
ing �100-�J pulses with a bandwidth of 5 nm at 390 nm.
The 390-nm probe beam passes through a motorized transla-
tion stage �Newport ESP300 Universal Motion Controller� to
enable controlled temporal separation of the pump and probe
pulses. The pump and probe beam paths are combined before
entering the reaction chamber using a dichroic beam splitter.
Both laser beams are mildly focussed using a 1-m focal
length lens positioned approximately 45 cm before the inter-
section with the ion beam. The position of zero delay and the
temporal resolution are determined by overlapping the pump
and probe pulses in a BBO crystal and monitoring the sum-
frequency signal.

The ion and laser beams intersect at the center of the
2.5-cm-wide extraction region of the velocity-mapping19

−
electrostatic lens. In previously reported experiments on I2
and IBr−,12 the potential difference across the extraction elec-
trodes was 200 V, defining the 80-V/cm dc field used. For
improved angular resolution, in the experiments reported
here, the potential difference across the extraction electrodes
is reduced to 100 V, corresponding to a lower, 40-V/cm dc
field in the region where all photochemical events take place.
The imaging lens projects the photodetached electron cloud
in the direction perpendicular to the ion and laser beams. A
40-mm-diam MCP detector with a P47 phosphor screen
�Burle, Inc.� is mounted at the end of an internally
�-metal-shielded electron flight tube. Images are obtained
from the phosphor screen using a charge-coupled device
�CCD� camera �Roper Scientific Inc.�. To suppress back-
ground signals, the potential difference across the two MCPs
is only pulsed up to 1.8 kV for a 200-ns-wide collection
window, timed to coincide with the arrival of the photoelec-
trons. For the rest of each experimental cycle, the dual-MCP
potential difference is maintained at 1.0–1.2 kV, which is
not enough to produce a detectable signal.

Extraneous pump or probe photon detachment signals
are removed using computer-controlled shutters in the pump
and probe beam paths and the data acquisition and correction
algorithm described previously.13 Every data points pre-
sented in this work represent the result of 106–107 experi-
mental cycles.

All photoelectron images collected in this work were
recorded using linearly polarized pump- and probe-laser
beams, with the polarization direction parallel to the imaging
detector surface. The cylindrical symmetry imposed by this
polarization geometry enables the reconstruction of the pho-
toelectron velocity and angular distributions by means of the
inverse Abel transformation.18 The Abel inversion is per-
formed with the basis set expansion �BASEX� program devel-
oped by Dribinski et al.20

III. RESULTS

The 780-nm pump, 390-nm probe photoelectron images
were collected in the dissociation of I2

− at selected delays
ranging from 0 to ca. 5 ps. Representative images corre-
sponding to 100, 550, 1650, and 2650 fs are shown in Fig. 1,
right. On the left is a time-energy plot showing the evolution
of the photodetachment spectrum throughout the dissocia-
tion. The plot is generated from the photoelectron spectra
extracted from the individual time-resolved photoelectron
images.

At t�300 fs, the time-energy plot in Fig. 1 reveals a
narrowing of the photodetachment band, coinciding with the
shift of its maximum towards smaller eKE. This is followed
by a slight reverse shift to larger eKE at t=300–600 fs. The
transient eKE dip is attributed to a shallow, 0.017±0.010 eV,
well on the A� I2

− potential with a minimum at R=6.2 Å, as
characterized by Zanni et al.11 The well arises from a long-
range polarization-induced attraction between the I�2P3/2�
+I− fragments.

The evolution of the photoelectron spectrum effectively
stops after 700 fs. The plot in Fig. 1 extends to 2.85 ps, but
the complete data set includes pump-probe delays of up to

5 ps, with no spectral variations observed in the extended
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range. At t�700 fs, the peak position at eKE=0.12 eV cor-
responds to the difference between the probe photon energy,
3.18 eV, and the electron affinity of atomic iodine,
3.06 eV.21 The asymptotic width of the band, 0.05 eV �full
width at half maximum�, reflects the probe bandwidth con-
voluted with other broadening factors. Overall, the time-
resolved spectrum in Fig. 1 supports the conclusion by Davis
et al. that the dissociation is effectively complete after
700 fs.5

Although it indeed appears that the electronic identity of
the I− fragment is established early in the dissociation, this
conclusion is based on the time-resolved photoelectron spec-
tra only. Photoelectron images contain an additional dimen-
sion of information in the angular domain and the analysis
reveals that the evolution of the angular distributions contin-
ues well beyond 700 fs. For example, it can be discerned by
careful inspection of Fig. 1 that the 1650-fs photoelectron
image is slightly more anisotropic than both the 550- and
2650-fs images. The persisting changes in the angular distri-
butions suggest that the evolution of the electronic wave
function continues after the asymptotic energetic limit has
been reached �within the experimental energy resolution�.

The key to unraveling these dynamics lies in the time-
resolved photoelectron angular distributions—not the energy
spectra.

The quantitative analysis of the angular distributions is
summarized in Fig. 2, which displays the delay dependence
of the anisotropy parameter �2. The values of �2 were deter-
mined by fitting the experimental time-resolved angular dis-
tributions with the equation generally describing two-photon
�pump-probe� angular distributions:

I��� = b�1 + �2P2�cos �� + �4P4�cos ��� , �1�

where P2�cos �� and P4�cos �� are the second- and forth-
order Legendre polynomials, �2 and �4 are the correspond-
ing anisotropy parameters, and b is a normalization constant.
The experimental angular distributions were obtained by in-
tegrating the Abel-transformed images over the radial range
corresponding to the full width �at half maximum� of the
photodetachment band in the energy domain. The �2 values
plotted in Fig. 2 represent the averages over N �N=3–10�
separate measurements under the same experimental condi-
tions, after testing each set using Dixon’s method for data
sets with �25 members and rejecting any outliers.22 The
error bars represent the 95% confidence limits of the experi-

FIG. 1. �Color� Left: the time-resolved
photoelectron spectrum obtained in the
dissociation of I2

− using a 780-nm
pump and a 390-nm probe. The plot is
generated from the photoelectron
spectra extracted from the time-
resolved photoelectron images. Right:
representative raw photoelectron im-
ages corresponding to 100, 550, 1650,
and 2650 fs �the delays are indicated
by dashed lines on the time-energy
plot on the left�. The pump and probe
polarization directions are vertical in
the plane of the figure.
mentally determined mean values. Data points at shorter de-
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lays tend to be associated with narrower error bars, compared
to longer delays, because the corresponding measurements
typically include larger datasets �larger N�. The overall trend
in the �2 values shown in Fig. 2 is fully repeatable.

The higher-order moment �4 is more susceptible to ex-
perimental noise, resulting in greater, compared to �2, errors.
Hence, only the �2 values are plotted in Fig. 2. It is stressed
that the time scales apparent in the time-dependent angular
distributions are adequately reflected in �2�t�, and therefore
reporting only these values is sufficient. We have also carried
out the anisotropy analysis by artificially setting �4 to zero,
independent of pump-probe delay. This additional constraint
changes �to a small extent� the corresponding �2 values, yet
the overall temporal trends in the data remain unaffected.

After the completion of the dissociation, the photoelec-
trons originate from the closed-shell I− fragment. Therefore,
the alignment with respect to the pump-laser polarization is
no longer important in the asymptotic data, i.e., �4=0, while
�2 at long pump-probe delays can be compared to that in
“static” photodetachment of I− at the same �390 nm� wave-
length. The latter, �2=−0.17±0.05,23 is indicated in Fig. 2 by
an open circle at t=	. The corresponding error bars reflect
the 95% confidence interval determined previously23

by modeling I− photodetachment data at different photon
energies. This interval includes not only the uncertainty of
the 390-nm measurement, but also the cumulative errors
attributable to other measurements, as well as theoretical
modeling.

IV. DISCUSSION

A. Relevant time scales

Given the 1.01 eV bond dissociation energy,9,10 the ex-
−

FIG. 2. Evolution of the �2 photoelectron anisotropy parameter. Time-
resolved I2

− data are shown as solid symbols with the error bars determined
as described in the text. The open symbol corresponding to “t=	” reflects
the anisotropy value for the isolated I− photodetachment. The indicated time
interval t2 corresponds to the 2.5 ps electron-localization time scale dis-
cussed in Sec. IV. The thick solid curves represents a least-squares fit to the
experimental data in the t=0–3 ps range using Eq. �2� with a zero phase
shift. The fit yields �=42.7±1.1 Å for the effective de Broglie wavelength
of the photoelectrons. The thin dash-dotted curve represents a fit using the
same equation with the de Broglie wavelength set to its far-field value of
=35.4 Å, while the phase-shift factor is treated as an adjustable parameter
accounting for the near-field electron-fragment interactions. See the text for
details.
citation of I2 at 780 nm results in a 0.58 eV kinetic energy
release to the I�2P3/2�+I− products, which corresponds to an
asymptotic fragment separation speed of 13.3 Å/ps. Figure 3
shows the classical dissociation trajectory R�t� calculated for
the present case.12 In the range of t�1 ps, the trajectory was
propagated on the A� I2

− potential characterized by Zanni
et al.11 For t�1 ps, an extrapolation using the above
asymptotic speed was used.

Using the above dissociation trajectory, the following
time scales relevant to our experiment must be considered.

1. Change in the � /� character of the A� state
of I2

−

Due to the extensive spin-orbit interaction, the A� elec-
tronic state of I2

− is described as an admixture of Hund’s
case �a� 
 and � states.24 Although experimental measure-
ments show that the photofragments from the A�←X transi-
tion align parallel to the laser polarization axis,25 the A� state
predicted to be predominantly ��90% � � in character in the
Franck-Condon region.24 The state composition is bond
length �R� dependent, and may therefore affect the evolution
of the photoelectron angular distributions in time-resolved
dissociation. By the time an internuclear separation of 5.3 Å
is reached, the 
-character component of the A� state is pre-
dicted to reach �63%, approaching the asymptotic �R=	�
limit of 67%.24 In view of these estimates and based on the
dissociation trajectory in Fig. 3, the change in the 
 /� elec-
tronic character in the dissociation process occurs on a
�200-fs time scale, which is extremely rapid compared to
the observed anisotropy variation �see Fig. 2�. Hence, an
alternative explanation for the observed effect must be
sought.

2. de Broglie time scale

Rather than reflecting the change in the R-dependent
� /� composition of the excited state, it is apparent by in-
spection of Fig. 2 that the anisotropy parameter completes a
cycle of evolution within the first 2.5–3 ps. A 2.5-ps delay
corresponds to a 36-Å separation between the fragments �see

FIG. 3. The dissociation trajectory of I2
− on the A� 2�g,1/2 excited-state

potential accessed using the 780-nm pump. In the 0–1-ps range, the trajec-
tory is calculated by solving the classical equation of motion as described in
the text. For t�1 ps, linear extrapolation was used. The inset shows the
expanded 0–300-fs range.
Fig. 3�. This length scale is a critical clue for understanding
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the dynamics, as it is remarkably similar to the de Broglie
wavelength of the asymptotic �eKE=0.12 eV� photoelec-
trons, �=35.4 Å. Therefore, the 2.5-ps time scale, hereafter
referred to as the de Broglie time scale, denoted by t1, ap-
pears to couple the dynamics of the nuclear separation and
electron emission.

3. Electron-localization time scale

On the other hand, as pointed out by Davis et al.,5 the
evolution of the anisotropy parameter should also reflect the
change in the electronic wave-function character from that
corresponding to the A� 2�g,1/2 molecular state to that corre-
sponding to the excess electron localized on one of the
atomic fragments. In the present experiment, the time-
dependent changes in the anisotropy persist for more than
2 ps. For comparison, having examined the 793-nm dissocia-
tion of I2

− with a 264-nm probe, Davis et al. suggested that
the localization of the excess electron occurs by 800 fs, when
the evolution of the anisotropy in their experiment stops.5

The likely mechanism of the localization of the excess
electron on one of the fragments relies on the external-field
mixing of I2

− electronic states of gerade and ungerade sym-
metry, such as the A� 2�g,1/2 and X 2
u

+ states.5 In both the
Neumark group’s and our experiments, the photodissociation
and photodetachment occur in the presence of dc fields.
Comparing the 40-V/cm field used in this work to the
500-V/cm field in the experiment of Davis et al.,5 the delo-
calized nature of the �I¯ I�− electronic wave function is ex-
pected to persist longer in our case. This prediction is indeed
seen to be in agreement with the experimental observations.

In examining the effect of the dc field, we have consid-
ered measurements with a stronger, 80-V/cm extraction field
within the electron imaging lens. The corresponding images
were reported previously alongside the similar measurements
on IBr−,12 albeit without discussing the angular distributions.
Although the 80-V/cm data set is less extensive compared to
the present work, crude analysis of the 80-V/cm images for
I2

− and IBr− reveals two qualitative observations relevant
here. First, the anisotropy trends in the 80-V/cm I2

− experi-
ment are similar to the 40-V/cm data reported in the present
work, with similar characteristic time scales. Second, the
photodetachment anisotropy in the IBr− case does not exhibit
a significant variation on the 2.5-ps time scale observed in
I2

−, leveling off at the asymptotic I− level much earlier in the
dissociation process. For example, it can be seen by inspec-
tion of the pump-probe images in Ref. 12 �Fig. 2� that the
1350-fs I2

− photoelectron image is more anisotropic than the
1400-fs IBr− image, with the latter corresponding, essen-
tially, to the asymptotic I− limit.

A quantitative estimate of the localization time scale can
be obtained as follows. For effective state mixing, the two
unperturbed potential-energy curves must come close enough
for the splitting to be comparable to the energy difference
between the �IA+IB

−� and �IA
−+IB� localized-electron states

in the presence of the external field. While the field-induced
perturbation is of the order of H�=eER, where E is field
intensity, a reliable estimate of the R-dependent splitting be-
tween two molecular states is quite challenging at large in-

ternuclear distances. As an estimate, we take the 0.8-meV
splitting between the A� 2�g,1/2 and X 2
u
+ states at R

=13 Å, cited by Davis et al.,5 and further assume that the
long-range �I¯ I�− potentials scale as R−4 �charge-induced-
dipole interaction�. Then, the g-u energy splitting can be
modeled as �E=C /R4, where the coefficient C=23 eV Å4 is
chosen to reproduce the above value at R=13 Å. Requiring
�E�H�, the field-induced transition to a localized-electron
state should occur at R��C /eE�1/5, which under our experi-
mental conditions �E=40 V/cm� corresponds to R�35.6 Å.
By sheer �unintended� coincidence, this value is very close to
the de Broglie wavelength of the asymptotic photoelectrons
��=35.4 Å�.

The internuclear distance of R=35.6 Å needed, accord-
ing to the above estimate, for the electron-localization tran-
sition is reached at 2.5 ps, which we hereafter consider as an
approximate electron-localization time scale t2.

4. The overall picture

Hence, two different in nature but similar in magnitude
time scales, both coincidentally equal to 2.5 ps, are at play in
the experiment: t1, defined by the photodissociation and pho-
todetachment energetics, and t2, which depends on the exter-
nal field.

At early stages of the dissociation, the photodetached
electron is emitted from an I2

− molecular orbital, which can
be viewed as a linear combination of atomic orbitals local-
ized on two equivalent centers, separated by time-dependent
distance R. As in any interference scenario, the emitted
waves are expected to reflect the variation in R /�, where � is
the de Broglie wavelength. The corresponding time scale t1

is the time necessary for the fragments to separate to R��,
where � is the de Broglie wavelength of the photoelectrons.
Indirect support for this picture is found in the lack of sig-
nificant long-range time dependence of �2 in the case of
IBr−→ I−+Br dissociation, in which case the electron detach-
ment does not involve two equivalent centers.

For the dissociation to complete in the I2
− case, the ex-

cess electron must localize on one of the fragments, thus
breaking the inversion symmetry. It is not the act of the
imaging measurement that collapses the excess-electron
wave function to a localized atomic orbital. In any experi-
ment, the wave function is collapsed to one of the eigenfunc-
tions of the operator corresponding to the type of measure-
ment involved. In photoelectron imaging, the measurement is
the determination of position of an electron impact on the
detector and the corresponding eigenfunctions are delta func-
tions of laboratory-frame coordinates—not the 5p orbitals
localized on one of the I atoms. Hence, the photodetachment
step does not localize the excess-electron wave function. Av-
eraging over many electron impacts on the detector yields
the projection of the probability density distribution corre-
sponding to the free-electron wave function � f. The proper-
ties of � f are, in turn, determined by the initial �bound-�
electron state, which can be either localized or delocalized in
nature.

The time scale for the electron localization, t2, is �pre-
sumably� defined by external-field mixing of the delocalized
�molecular� electronic states. For the present experimental

conditions, t2 is estimated to be �2.5 ps. This crude estimate
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agrees with the drop off in �2 magnitude seen in Fig. 2.
Given the similar values of the two timescales, t1 and t2, only
the first cycle of the interference-induced anisotropy varia-
tion is expected �and seen� in the data. Due to the scaling of
t2 with the extraction field, t2E−1/5, the experimental grip of
this parameter is not very good, for example, a factor of 2
increase in the extraction field would shorten the localization
time scale by only 15%. The predicted weak dependence of
t2 on the field may explain why no significant difference is
observed between the anisotropy trends in our 40- and 80
-V/cm data sets, within the combined uncertainty of both.

At t� t2, the I¯ I− internuclear distance hardly affects
the emitted electron waves, as the parent electron orbital is
by now localized on a single center. The corresponding pho-
toelectron images reflect the photodetachment of the isolated
I− fragment and the values of �2 in Fig. 2 level off within the
confidence limits for I−.

In what follows, we consider, in a semiquantitative fash-
ion, the two-center interference that defines the detachment
dynamics within the first 2.5 ps.

B. Two-center interference model

The observation of a cycling variation in �2 on the de
Broglie time scale suggests an interference picture for the
photodetachment of dissociating I2

−. Previously, we devel-
oped a conceptually similar two-center interference view of
the �static� photodetachment of covalent dimer anions
�CO2�2

− and �CS2�2
−.26 In the present case, the I2

− �u�5p�
orbital, from which the electron detachment takes place, is
described as a linear combination of the 5p orbitals of the
two dissociating atoms, IA and IB :�u�5p�=c�5pA+5pB�,
where c is a normalization constant. The final-state electron
wave function is then a linear combination of the waves
emitted from IA and IB.

Considering that the probe wavelength is orders of mag-
nitude greater than the length scales relevant in the experi-
ment, the photodetachment can be discussed in the electric-
dipole approximation. In addition, since at all relevant delays
R is much smaller than the 390-nm probe wavelength, IA and
IB emit waves with equal amplitudes, as long as the parent
orbital preserves its ungerade symmetry. The evolution of
the photoelectron angular distribution �PAD� then reflects the
change in the relative phases accumulated by the waves from
IA and IB, as observed in the far field. If we neglect, for the
time being, the interaction between the photodetached elec-
tron and the neutral fragments, the phase difference is deter-
mined, among other factors, by the de Broglie wavelength �
and the separation between IA and IB, R. In the simplest
model, not considering the details of the detachment process
and orientation averaging, one expects the anisotropy to dis-
play periodicity with respect to R /�, with a period deter-
mined by ��R /��=1.

This model immediately explains, qualitatively, why the
anisotropy parameter completes a full cycle within the de
Broglie time scale. In order to address the �2�t� behavior
semiquantitatively, we model this evolution with a periodic

function:
�2�t� = a + b cos�2�R�t�
�

+ �	 . �2�

Equation �2� is not intended to represent the exact functional
form of �2�t�, but merely to model the underlying time scale
and periodicity. R�t� is the dissociation trajectory �Fig. 3�,
while a and b can be used as adjustable parameters to model
the experimental data. Factor � accounts for any phase shift
due to the interaction of the emitted electrons with the neu-
tral fragments.

We first neglect the electron-neutral interactions, setting
�=0. In this case, the position of the first extreme of �2�t�
defined by Eq. �2� is determined by �. The least-squares fit of
�2�t� with �=0 to the experimental data in the t=0–3 ps
range is shown in Fig. 2 as a solid curve. The procedure
yields a=−0.267±0.006, b=0.082±0.008, and �
=42.7±1.1 Å. The last value is compared to the 35.4 Å
de Broglie wavelength of the 0.12-eV photoelectrons.

With �=0, the sum of a and b in Eq. �2� corresponds to
�2 expected at R=0. While this limit does not occur in the
dissociation, it corresponds to a united-atom description of
the diatomic anion, whereas the 5pA and 5pB orbitals overlap
completely and in phase with each other. Hence, within the
model framework, the R=0 limit corresponds to the photo-
detachment from an atomic p orbital, similar to I−. It is
reassuring that the model value of �2�R=0�=a+b
=−0.185±0.010, as obtained from the above fit, is in excel-
lent agreement with the experimental result for I− at 390 nm,
�2=−0.17±0.05.23

Comparing the model with the experiment, it is neces-
sary to address the discrepancy between the de Broglie
wavelength that best reproduces the experimental results,
42.7 Å, and the actual wavelength of 0.12-eV electrons,
35.4 Å. This discrepancy is not trivial, as �=42.7 Å corre-
sponds to eKE=0.08 eV, falling outside the full width at
half maximum of the observed photodetachment band �see
Fig. 1�.

The discrepancy likely stems from the neglect of the
interactions between the photodetached electron and the neu-
tral fragments. The 35.4 Å wavelength is calculated in the
far field, while the electron-neutral interactions affect the
electron wavelength in the near field, contributing to the rela-
tive phases of the waves emitted from IA and IB. The effect of
these interactions can be accounted for, approximately, by
either treating � in Eq. �2� as an adjustable parameter corre-
sponding to an effective near-field wavelength or, alterna-
tively, using a nonzero value of � to account to the resulting
phase shift.

The first approach corresponds to the fitting procedure
outlined above, yielding �=42.7 Å. The longer effective
wavelength of the emitted electrons, compared to the far-
field limit, corresponds to a lower kinetic energy of the pho-
toelectrons in the near field, possibly reflecting the effect of
the centrifugal barrier in the photodetachment.

The second approach, introducing a nonzero phase factor
in Eq. �2�, is in general more accurate, but its inherent dis-
advantage is that � is expected to depend on R. That is, in
the extrapolated R=0 limit we must have �=0, correspond-

−
ing to the united-atom description of I2 , while at R→	 the
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phase shift is expected to reach a nonzero asymptotic value.
A simplified version of this approach can be considered by
setting � to its far-field value, 35.4 Å, and treating � as a
constant parameter, with the implicit assumption that the
change in ��R� occurs predominantly at internuclear separa-
tions shorter than those relevant to most of the present data
set.

The dashed curve in Fig. 2 represents a corresponding
least-squares fit to the experimental data in the 0–3-ps range,
yielding �=−40.9° ±6.0°, a=−0.283±0.006, and b
=0.086±0.008. The negative value of the phase factor is
consistent with the alternative description above, i.e., the
lengthening of the electron wavelength in the near field. Ex-
trapolating this approach to the united-atom limit, it is nec-
essary to set �=0, in which case we get �2�R=0�=a+b
=−0.197±0.010, similar to the above effective-� approach
and once again in excellent agreement with the experimental
I− limit. Overall, the performance of the model with the
electron-neutral interactions accounted for with a phase-shift
factor is similar to that relying on an effective de Broglie
wavelength.

The most important outcome of the admittedly crude
model described here is that it correctly describes the time
scale of the anisotropy variation in the experiment. The
model parameters a and b as well as the phase factor � in
Eq. �2� do not affect the time scale. The time scale is con-
trolled by the fragment separation speed �via R�t�� and the
de Broglie wavelength of the photoelectrons. Both of these
parameters are predetermined by the energetics.

Finally, it is instructive to examine the present results in
light of the previous findings by Neumark and co-workers,
who used a similar 793 nm excitation wavelength, but
probed the evolving electronic structure with more energetic
265-nm photons. A decrease in �2 was observed at delays up
to 200 fs, followed by a transient increase peaking at 650 fs.5

It was hypothesized that this behavior is related to the pas-
sage though the shallow polarization-induced minimum on
the dissociation potential, followed by electron localization.
In view of the present results, an alternative explanation can
be put forth. From the 793-nm dissociation energetics, the
internuclear distance corresponding to the transient maxi-
mum at t=650 fs is �11 Å, comparing quite favorably with
the 10 Å de Broglie wavelength of the 1.6-eV eKE photo-
electrons generated by the probe. Again, the dissociation and
electron emission dynamics appear to have a common char-
acteristic parameter, that being the de Broglie wavelength.
Hence, the time scale of the anisotropy evolution in the Neu-
mark experiment can also be explained within the model
outlined here.

V. SUMMARY

Time-resolved photoelectron imaging was applied to the
photodissociation of I2

− excited to the A� 1/2g�2�� elec-
tronic state, emphasizing the effects of quantum interference
in time-resolved photoelectron angular distributions. In con-

9,11,27
trast to the previous studies, the emerging fragments are
probed in a low electron kinetic-energy regime �eKE
=0.12 eV�, giving a better handle on the evolving photoelec-
tron anisotropy and the inherent time scales.

While no change in the energetics is discerned after
700 fs, the photoelectron anisotropy exhibits what appears to
be the first cycle of a variation persisting for up to 2.5 ps.
Hence, the anion electronic wave function continues to
evolve long after the energetic limit of the dissociation has
been reached �within the energy resolution of the experi-
ment�. The observed time scale of the anisotropy variation
corresponds to the internuclear separation of the same order
of magnitude as the de Broglie wavelength of the emitted
electrons ��=35.4 Å�. Therefore, this wavelength is a critical
parameter connecting the photodissociation and electron
emission dynamics.

We interpret these findings by considering the effect of
I2

− inversion symmetry on the electronic structure evolution
in the dissociation. The dissociating anion is viewed, effec-
tively, as a two-center dynamic interferometer, which
samples, over the span of the dissociation process, a wide
internuclear separation range. Two different in nature but
similar in magnitude time scales are argued to play a role: �1�
the de Broglie time scale, defined as the de Broglie wave-
length of the emitted electrons divided by the fragment sepa-
ration speed; and �2� the electron-localization time scale, de-
scribing the breaking of the inversion symmetry of the parent
electronic wave function. The predictions of the model con-
cerning these time scales are in good agreement with the
present experiment. The resulting conceptual picture also
sheds new light on the previously published results.5
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