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The electron-correlation effects largely determine the structure and dynamics of anions. Theoretical calcu-
lations in the literature indicate the influence of electron correlations on the absolute photodetachment cross
section for Cu−, for photon energies above 3.5 eV, but has not been confirmed experimentally. In the present
work we probe the influence of channel coupling on the photoelectron angular distributions for photon energies
above 3.5 eV. A velocity map imaging spectrometer was tested and employed in this experiment. The experi-
mental results for the asymmetry parameter show no deviation from the single-electron model. The results
indicate no significant influence of the channel-coupling effect on the photoelectron angular distribution in the
photon energy range of 3.46–4.6 eV.
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I. INTRODUCTION

The exotic properties of anions and the vital role they play
in a variety of phenomena relevant to the plasmas, biological
systems, atmosphere of earth and celestial objects, surface
dynamics, and many other fields motivate detailed study of
their electronic structure and dynamics. Anions are ideal sys-
tems to understand the electron-electron correlation effects,
which are rather formidable to model �1�. Electron correla-
tions critically determine most of the unique properties of
anions �2,3�.

Photodetachment is among the most accurate techniques
to probe the structural properties of anions through the study
of kinetic energy and angular distribution of the detached
“extra” electrons �4–7�. A variety of photodetachment tech-
niques �6� have been developed to address different aspects
of anion research. Photodetachment microscopy is presently
the most accurate technique employed for measuring the
electron affinity of anions �8,9�. The photodetachment cross
section and the photoelectron angular distribution �PAD�

would be influenced by the electron-correlation effects
�10,11� and they provide a great deal of information related
to the dynamics of photodetachment process.

The photoelectron angular distribution is characterized by
an asymmetry parameter that is usually energy dependent
�10�. The final-state interactions in the photodetachment pro-
cess �12� can be understood through the energy dependence
of the asymmetry parameter. The asymmetry parameter near
autodetaching resonances could have the signature of spin-
orbit interactions, which are otherwise difficult to probe
�10,13�. Photoelectron angular distributions are usually well
described by the single-electron model �Cooper and Zare�
�11,12,14�. In the Cooper-Zare central potential model for
photodetachment, the ejection of a p-orbital electron should
result in s and d detached electron waves, which would in-
terfere to give a characteristic PAD. An s electron that is
getting detached would have an outgoing p wave with �
equal to 2. The asymmetry parameter in the Cooper-Zare
description is given by �14�

� =
l�l − 1�Rl−1

2 + �l + 2��l + 1�Rl+1
2 − 6l�l + 1�Rl−1Rl+1 cos��l+1 − �l−1�

�2l + 1��lRl−1
2 + �l + 1�Rl+1

2 �
, �1�

where Rl−1 and Rl+1 are the radial matrix elements, �l+1
−�l−1 is their relative phase, and −1���2.

In this model, the orbital angular momentum of the in-
coming photon is coupled only to the detaching electron with
all interactions involving the neutral core neglected and
hence it is also called as the single-electron model. However,
electron correlations could be significant near autoionization
and autodetachment resonances and could induce “kinks” in

the spectral dependency of the asymmetry parameter, which
are beyond the scope of single-electron model. Fano-type
behavior of the vector correlation parameters, such as the �,
has been theoretically studied �15�, and very recently been
observed experimentally near the autoionizing resonances of
two-photon-excited iodine atoms �16�. There has also been
experimental observation of the deviation of the angular dis-
tribution in the photoionization of krypton �13�. In the
single-electron model, the s electron from krypton will de-
tach as p wave and the asymmetry parameter for the PAD is
equal to 2, which does not vary with the photon energy.*ekkumar@tifr.res.in
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Whitfield et al. �13� recently observed finite deviation from
the value �=2 near autoionizing resonances of Kr and attrib-
uted it to the spin-orbit interactions.

While there have been theoretical predictions �17� for the
deviation in the value of � from the single-electron model
for photodetachment processes too, to the best of our knowl-
edge, there is no experimental probe for the same. Significant
electron correlations in either the initial bound state or the
final continuum state would deviate the asymmetry param-
eter from the predictions of the Cooper-Zare model. Electron
correlations in the continuum state are called “channel cou-
pling.” Remarkable deviations in the asymmetry parameter
can be a convenient probe to autodetachment resonance. It is
important to experimentally probe such a deviation from the
single-electron model in anions whose electronic structure
and dynamics are largely determined by the electron corre-
lations. In the present work we attempt to probe the deviation
from the single-electron model in the case of photodetach-
ment of Cu−. Scheibner and Hazi �18� predicted the effects of
channel coupling on the absolute cross section of photode-
tachment from Cu−, for photon energies above 3.4 eV. Figure
1 shows the energy-level diagram for Cu and Cu− �19�.
Scheibner and Hazi �18� took a high degree of electron cor-
relations into account in their theoretical calculation for the
photodetachment cross section. Their results match well with
the experimental data of Balling et al. �20� for three photon
energies in the range of 1.5–3 eV, for which Balling et al. did
absolute cross section measurements. The calculated photo-
detachment cross section �18� shows increase in photon en-
ergy above 3.5 eV and is attributed to the channel coupling
as the �3d94s2� doublet D becomes energetically open. There
is no experimental probe to the predicted channel-coupling
effects on the absolute cross section, which is expected for
h��3.5 eV. The predicted influence of the channel-
coupling effect on the photodetachment cross section would
naturally influence the asymmetry parameter, which is a
function of the photodetachment cross section. It would be
interesting to probe the influence of channel coupling on the
photoelectron angular distribution for Cu− �1S0+h�→ 2S1/2
+e−� process. The single-electron model prediction for the
asymmetry parameter for the Cu− �1S0+h�→ 2S1/2+e−� is
equal to 2 and is independent of the photon energy, since the
outgoing electron is a p wave. Covington et al. �21� mea-
sured no significant deviation in the value of � of this pro-
cess for photon energies between 1.92 and 2.71 eV.

In this paper, we report the photoelectron angular distri-
bution measurements for Cu− �1S0+h�→ 2S1/2+e−� process
for h��3.5 eV. In our earlier experiments we had employed
an essentially field-free linear time-of-flight �TOF� photo-
electron spectrometer for our angular distribution studies. To
probe the deviations from the single-electron model, it is
important to have better angular resolution and detection ef-
ficiency for low-energy electrons, which are easily perturbed
by stray fields. The challenges in detecting low-energy elec-
trons have always restricted the study of energy dependence
of photoelectron angular distribution �22–28�. A velocity
map imaging �VMI� spectrometer was constructed, tested,
and used for the current experiment.

II. EXPERIMENTAL METHOD

The photodetachment experiment on Cu− was performed
using a recently constructed anion photodetachment experi-
mental arrangement �11,12�. The VMI �29�, employed for
measuring the photoelectron angular distributions and kinetic
energies, is based on �30�. Figure 2 shows the complete ex-
perimental arrangement. Anions produced from a cesium
sputter source were accelerated to about 2.5 keV and mass
analyzed using a Wien filter. Three sets of Einzel lenses and
X-Y deflectors were employed for efficiently transporting
about 40 nA of Cu− beam over 1.5 m before reaching the
interaction region. The anion and the laser beams were made
to intersect at right angles. The photoelectrons were ex-
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FIG. 3. �Color online� Pulsing scheme for the VMI
experiments.
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FIG. 1. Energy-level diagram for Cu and Cu− �19�.

FIG. 2. �Color online� Schematic diagram for the anion photo-
detachment experimental setup employing the VMI spectrometer.
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tracted perpendicular to the plane containing these two
beams. The interaction region was differentially pumped us-
ing turbo molecular pumps to about 2�10−8 Torr and was
maintained ultraclean.

The VMI spectrometer consists of three electrodes made
of oxygen-free high-conductivity �OFHC� copper as shown
in Fig. 2. The middle electrode and the flight tube entrance
have 26 mm central aperture, and all the three electrodes are
separated by 26 mm. The flight tube is 17 cm in length. The
middle electrode was grounded and the voltages on the re-
peller �VR� and flight tube �VF� were optimized to achieve
the VMI condition. Typically VR :VF was about 1:3 for our
spectrometer geometry. The entire VMI spectrometer was
shielded from the earth’s and other stray magnetic fields us-
ing two layers of �-metal sheets as shown in Fig. 2. All
materials used in the spectrometer were nonmagnetic. We
found it mandatory to coat all the OFHC copper surfaces
with colloidal graphite to obtain proper imaging condition.
The photoelectrons were detected using a pair of 80-mm-
diameter microchannel plates �MCPs� and a delay line hex-
anode from RoentDeK was employed for recording the po-
sition information. The delay line signals were processed by
the DLATR-8 RoentDek unit. The output of the DLATR-8
was fed to Lecroy time to digital converter �TDC�, which
gives the delay-line-signal arrival time with respect to the
“start” of the TDC. The TDC was triggered by the Nd-doped
yttrium aluminum garnet �YAG� lamp pulse after pulse pro-
cessing, as shown in Fig. 3.

Custom-made Nd:YAG and Nd:YAG-pumped dye lasers
with a repetition rate of 100 Hz were employed in the present
experiment. The anion beam was pulsed at 100 Hz repetition
rate to minimize the background electrons produced through
collision of the anion beam with the residual gas. Figure 3
explains the pulsing scheme that was employed in the experi-
ment. The delay 	T1 in pulsing the anion beam �see Fig. 3�
was adjusted to achieve temporal overlap of the anion and
the laser beam at the interaction region. The linear laser-
polarization vector was kept parallel to the detector, which is
required to reconstruct the angular distribution from the two-
dimensional �2D� projection on the detector.

We used LAMPS �31� acquisition software to compute and
display the position of the events obtained from the outputs
of the delay line hexanode. The 2D image of the photoelec-
trons recorded on the detector was Abel inverted �32� to ob-

tain the three-dimensional PAD about the laser-polarization
vector. We used the software developed by Dribinski et al.
�33� for performing the Abel inversion of the raw photoelec-
tron images.

III. RESULTS AND DISCUSSION

The VMI spectrometer was tested for its reliability for
PAD measurements by performing photodetachment from
Cu− at 532 nm. Figure 4 shows the raw 2D photoelectron
image along with its Abel inversion. A MATLAB code was
written to obtain the angular distribution from the Abel-
inverted image. The measured PAD was then fitted to the
expression Y�
�=a�1+�P2�cos�
��� as shown in Fig. 5,
where P2 �cos�
�� is the second-order Legendre polynomial
and 
 is the angle with respect to the linear polarization
vector of the laser. Figure 5 shows the PAD and the � was
determined to be 1.94�0.05, which is close to the expected
value of 2 at this photon energy value, confirming the reli-
ability of our angular distribution measurement.

The VMI spectrometer was then used to measure the pho-
toelectron angular distribution for Cu− �1S0+h�→ 2S1/2+e−�
process at 465, 355, 320, and 293.5 nm. We had previously
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FIG. 4. �Color online� Raw 2D image �left� and the Abel-
inverted image �right� for the angular distribution for Cu− �1S0

+h�→ 2S1/2+e−� process at 532 nm obtained with VMI spectrom-
eter. The central vertical line in the Abel-inverted image is due to
artifact from the inversion procedure.
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FIG. 5. �Color online� Angular distribution of the photoelectrons
for the photodetachment from Cu− at 532 nm. The solid pink line is
a fit to the measured angular distribution. The vertical scale is the
photoelectron count rate normalized to the anion current and laser
intensity. The statistical error bars for the yield are also shown.
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measured the angular distribution for the same process at 266
and 355 nm using linear TOF spectrometer �11,12�. The 320
nm was the frequency doubled output of the Nd:YAG-
pumped �532 nm� sulfurhodomine B, 293.5 nm was the fre-
quency doubled output of Nd:YAG-pumped �532 nm�
rhodamine 6G, and 465 nm was Nd:YAG-pumped �355 nm�
coumarin 47. The polarization of the doubled dye laser out-
puts for 532 and 355 nm Nd:YAG pump wavelengths were
horizontal and vertical, respectively. We used a half-wave
retarder to rotate the vertical polarization to horizontal polar-
ization. The laser-pulse energy was typically 100 �J per
pulse. The VMI voltage conditions for these
experiments were �VR=−70 V; VF=210 V� for 465 nm,
�VR=−100 V; VF=300 V� for 355 and 320 nm, and
�VR=−140 V; VF=420 V� for 293.5 nm.

Figure 6 shows the raw image that was recorded at 355
nm along with the laser-polarization direction. We can
clearly see three rings corresponding to the transitions
Cu−�1S0�→Cu�2S1/2�, Cu−�1S0�→Cu�2D5/2�, and Cu−�1S0�
→Cu�2D3/2�. The radii of these rings calibrate well with the
photoelectron energy �r��E�. As mentioned in Sec. II, the
central slice for these images was retrieved using Abel inver-
sion algorithm and the PADs from the inverted images were
determined using a MATLAB code. Figure 7 shows the photo-
electron angular distributions for this process measured at
five wavelengths, including the PAD measurement at 266 nm
using the linear TOF. Table I gives the values of � at four
wavelengths measured using the VMI spectrometer along

with that at 266 nm measured using the linear TOF spec-
trometer.

Our measurements, with photon energies beyond 3.4 eV,
do not show any influence of the channel coupling on the
angular distribution, within the experimental uncertainties.
There is no theoretical calculation done for the angular dis-
tribution for this process and only calculations for photode-
tachment cross sections are available �18�. Further, there is
no experimental confirmation on the increase in the photode-
tachment cross section due to the influence of channel cou-
pling, which the theory predicts for photon energies beyond
3.4 eV �18�. Balling et al. �20� worked with photon energies
less than 3.1 eV, where there is no channel coupling pre-
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FIG. 7. �Color online� Angular distribution for Cu− �1S0+h�→ 2S1/2+e−� process at 465, 355, 320, and 293.5 nm, which were obtained
with VMI spectrometer along with PAD at 266 nm which was obtained with the TOF spectrometer. The solid pink line is the fit of the PAD
to the expression Y�
�=a�1+�P2�cos�−����. The vertical scale is the photoelectron count rate normalized to the anion current and laser
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TABLE I. Measured asymmetry parameters for Cu− �1S0+h�
→ 2S1/2+e−� photodetachment process at 532, 465, 355, 320, 293.5,
and 266 nm.

�
�nm�

Photoelectron energy
�eV� �

532 1.08 1.94 ��0.05�
465 1.42 1.97 �+0.03,−0.05�
355 2.24 2 �−0.06�
320 2.62 2 �−0.09�
293.5 2.96 2 �−0.06�
266 3.38 1.95 �+0.05,−0.06�
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dicted �18�, since the �3d94s2� doublet D is energetically not
open. Thus either there is an insignificant influence of the
channel coupling on the angular distribution or there is a
need to confirm the presence of the predicted channel cou-
pling �18� by measuring the absolute photodetachment cross
sections for h��3.5 eV. It is important to experimentally
probe the electron-correlation effects on the photodetach-
ment process and we believe that the present work would
motivate absolute cross section measurements in the relevant
photon energy range.

IV. SUMMARY

A velocity map imaging photoelectron spectrometer was
tested and employed to study the photoelectron angular dis-
tributions. We probed the influence of channel coupling on
the photoelectron angular distribution for Cu− �1S0+h�
→ 2S1/2+e−� process using the VMI spectrometer. Photoelec-

tron angular distributions for this process were measured at
465, 355, 320, and 293.5 nm. These measurements along
with our previous measurement at 266 nm, within the experi-
mental uncertainties, do not show any significant deviation
from a pure p wave for the outgoing electron. The present
results indicate the need to experimentally confirm the pre-
dicted behavior of photodetachment cross section for photon
energies above 3.4 eV �18�. We believe that the present work
would motivate experimental and theoretical investigations
on the influence of electron-correlation effect on the photo-
electron angular distributions.
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