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Electron impact excitation of the 4p 3,1P1, 4d ,5d ,6d 3D1,2,3, and 4d ,5d 1D1 states of the neutral zinc atom
was studied by measuring photon decay intensities in the energy region of the 3d94s24p autoioionizing states.
Two phenomena, both involving strong electron correlations and an active role of one of the 3d electrons in an
intermediate scattering step, have been observed. The first is 3d core-excited negative-ion resonances, which
dominate the energy region between 10.5 and 11.5 eV. The second is postcollision interaction �PCI� in the
decay of autoionizing states which populates higher excited states at incident electron energies above 11.5 eV.
The low energies of both the scattered and ejected electrons after near-threshold excitation of 3d94s24p
autoionizing states enable a large transfer of orbital angular momentum, up to two units, by the PCI.
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I. INTRODUCTION

This paper reports our continuing experimental studies of
electron correlations in atoms, in particular how they affect
the structure and scattering dynamics of zinc atoms.

The role of electron correlations in atomic structure is
particularly prominent in zinc, which has an outermost
ground-state electron configuration of 3d104s2. Zinc is situ-
ated in the periodic table at the point where electron-electron
interactions between 3d and 4s electrons cause a departure
from the general electron configuration energy ordering ex-
pected from a central field approximation. If the electronic
structure of an atom is considered as an admixture of con-
figurations, with independent particle configurations of given
n and l as a starting point, but also with continuum and
multiply excited configurations, then it is this admixture
which describes the correlations. This basic approach has
underpinned previous studies �1� in neon in which incident
spin-polarized electrons enabled observation and interpreta-
tion of the angular momentum parameters.

The present observations indicate that electron correla-
tions in Zn become pronounced upon the excitation of a 3d
electron and have a significant influence on electron scatter-
ing. Experimental evidence, from both photon �2,3� and elec-
tron impact studies �4–6�, indicates that the excitation prob-
ability for some 3d94s24p autoionizing states is comparable
over a range of energies and scattering angles to those of
3d104snl states which lie below the ionization threshold.
These states have also been shown by the structure calcula-
tions of Mansfield �7� to have a strong mixing of states with
different orbital angular momentum, spin, and electron con-
figuration. For example, the observed energy ordering of the
optically allowed 3d94s24p 3P1, 3D1, and 1P1 states �2� could
be obtained only if perturbation mixing with the 3d104s4p
configuration was included in the theory. Thus, it is reason-
able to expect that the 3d94s24p states of zinc provide fertile
ground for the exploration of electron correlations.

In the present measurements, the target zinc atom is per-
turbed with an incident electron which participates in the
subsequent correlations. As a result, two different types of
effects, both dependent on the electron correlations which
influence structure and the scattering dynamics, are observed
here. The first is the formation and decay of negative-ion
resonances, which result when the scattered electron is tem-
porarily bound to the atom to form a complex which then
decays to a neutral bound state plus an unbound electron.
The second is the postcollision interaction �PCI�, where scat-
tered and ejected electrons resulting from the excitation and
decay of an autoionizing state exchange energy via the Cou-
lomb interaction, which modifies their trajectories and final
energies. Of the many possibilities of PCI �8�, the one ob-
served here involves the recapture of the lower-energy scat-
tered electron to form a neutral state lying below the ioniza-
tion threshold. Both effects are observed here as interference
in the direct excitation of neutral states in the vicinity of the
3d94s24p state thresholds.

The experimental and theoretical work on negative-ion
resonances in zinc has been reviewed �9,10�. The majority of
information is limited to negative-ion resonances below the
ionization threshold and, with exception of two studies
�6,10�, were observed in optical excitation functions �11–13�
or transmission experiments �10,14�. Optical excitation func-
tions �11–13� for the 4p 3P1, 5s 3S1, 4d ,5d ,6d 1D2, and
4d ,5d 3D1,2,3 states above the ionization threshold show
structures with moderate detail. Stokes polarization param-
eter measurements observing 4d 1D1 state decay photons
emitted after excitation by spin-polarized electrons �15� have
shown the role of spin-orbit and exchange interactions in the
resonances above the ionization threshold. Existing theoreti-
cal negative-ion resonance calculations using the B-spline
R-matrix �BSRM� method �16� are limited to below 8.5 eV.
The standard approach based on the frozen core model is
inadequate for the modeling of negative-ion resonances with
a hole in the 3d orbital. So far, zinc negative-ion resonances
associated with the excitation of a 3d electron have not been
modeled.

PCI can be identified because it characteristically affects
the excitation of higher-lying states, and PCI structures*jfw@cyllene.uwa.edu.au
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present in nLJ
2S+1 state excitation functions shift upwards in

energy with increasing n. The effect has been observed and
analyzed in detail for the excitation of autoionizing states
just above their threshold �8,17� and for electron scattering
from helium. Models of these PCI effects have been pre-
sented by King et al. �8�, Barker and Berry �18�, Morgen-
stern et al. �19�, van der Burgt et al. �20�, and van de Water
and Heideman �21�. In the case of the 3d94s24p autoionizing
states of zinc excited within 2.5 eV of the threshold, both the
scattered and ejected electrons are slow, spend a relatively
long time in the field of the Zn+ ion, and so resemble two
Wannier electrons. A similar situation, for an excited ion
with a vacancy in an inner shell, was described by Kuchiev
�22�. As a consequence, the probability for both the exchange
of energy and the exchange of angular momentum is en-
hanced.

We present here an investigation of the negative ion reso-
nance and PCI effects on the photon excitation functions of
the 4p 3,1P1, 4d ,5d ,6d 3D1,2,3, and 4d ,5d 1D1 states. Inves-
tigating the excitation of a diverse range of states exploited
the n, L-, and S-dependent behavior of the correlation effects
and permitted different contributions to the complex interfer-
ence structures to be observed. The negative-ion resonances
and PCI have been classified in terms of the energy at which
they appear and the excitation channels in which they have
been observed.

II. EXPERIMENT

Photon excitation functions were measured using a
crossed-beams, electron impact spectrometer discussed in
our previous publication �23�. Briefly, electrons emitted from
a V-shaped cathode were energy selected using a 127° cylin-
drical energy selector and then crossed with an atomic zinc
beam emanating from a thermally heated oven. Photons
emitted in a direction perpendicular to the electron beam
were collected by a lens, wavelength selected using an inter-
ference filter, and detected by a cooled photomultiplier tube.
The energy spread in the incident beam was typically
80 meV except for the study of the 5d 1D1,2,3 and 6d 3D1,2,3
states where it was increased to 120 meV, and hence the
incident current was increased, to compensate for the low
signal detected for these states. The incident beam energy
was subject to drifts due to changes in surface potentials on
the order of 40 meV over the time needed to obtain indi-
vidual excitation functions.

The energy scale was calibrated by detecting 636 nm pho-
tons from decay of the 4d 1D2 state as the incident energy
was scanned across the steplike threshold of this state. The
experimental intensities were fitted to BSRM calculations of
the 4d 1D2 integral cross section convoluted with a Gaussian
apparatus function �16�. This procedure determined the en-
ergy spread in the incident beam and the energy offset to an
accuracy of 10 meV. Calibrations were performed before
and after each scan, and then averaged to account for energy
drifts. The total energy uncertainty in the present experiment
due to the calibration and energy drifts is 30 meV.

III. RESULTS

Photon excitation functions for the 4p 3P1, 4p 1P1,
4d ,5d ,6d 3D1,2,3, and 4d ,5d 1D1,2,3 states of zinc are shown

in Figs. 1–4. These measurements, taken with an incident
energy ranging between the ionization threshold at 9.394 eV
and 17 eV, show significant effects due to negative ion reso-
nances and PCI. All the excitation functions presented are
affected by cascades throughout the energy region studied.
The data presentation is organized to facilitate a comparison
between how different structures affect the excitation of
states with different n, L, and S quantum numbers, and thus
illustrate the angular momentum and binding energy depen-
dence of the observed electron correlation effects.

Negative-ion resonances and PCI structures were isolated
by subtracting a least-squares polynomial fit to the slowly
varying background contribution to the observed excitation
functions. This estimated background is shown as a solid line
in Figs. 1–4 along with the isolated structure contributions as
a percentage of the interpolated background. By subtracting
a background, the relative sizes of the various resonance and
PCI structures as well as details of their shape become more
apparent. It is particularly important to see clearly the finer
details in the case of unresolved resonances, as this helps to
identify the presence of multiple-resonance and possible cas-
cade and interference effects. A subtracted background also
allows the onset of PCI structures to be seen more clearly,
which is important for analysis.

The energies of observed features are shown in Tables
I–III. Unless otherwise indicated, the quoted energies corre-
spond to peaks in the excitation functions, the energy posi-
tions of which were estimated by a peak fit to the top parts of
each feature. The total uncertainty, which included the cali-
bration uncertainty and uncertainty due to energy drifts and
the peak fit, are indicated for each feature in the table.

Negative-ion resonances are labeled here with letters to
associate structures which appear, within the experimental
uncertainties, at the same energy irrespective of the neutral
state observed. However, there was some difficulty in estab-
lishing precise resonance energies and associating structures
because the present resolution was insufficient to resolve
completely the closely spaced observed features, which also
seem to have a large natural width. Consequently, we see
composite peaks appearing as unresolved doublets or triplets
and causing modifications to the expected single-resonance
profile. The present experiment indicates the existence of at
least six resonances, which can be resolved partly because of
their different decay channel branching ratios. Three reso-
nance groups with closely spaced components were ob-
served, so the letters a, b, and c were used to identify mem-
bers of the same group and dashes, for example c, c�, and c�,
used to distinguish the closely spaced components.

The structures observed in nd 3,1D state excitation func-
tions, and identified as PCI effects because of their n depen-
dence, are labeled with numbers in order of increasing en-
ergy positions. The number is preceded by the letter T for
features observed in nd 3D excitation functions and the letter
S for features observed in nd 1D excitation functions.

A. 4p 3,1P1 states

Photon excitation functions and inset percentage reso-
nance contributions for the 4p 3,1P1 states in the energy re-
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gion from 10.3 to 12.8 eV are shown in Figs. 1�a� and 1�b�,
and a resonance observed in the 4p 1P1 state excitation func-
tion above 16 eV is shown in Fig. 2. These two states are the
lowest excited states of zinc, with the 4p 3P0,1,2 state having
excitation thresholds at 4.006 �J=0�, 4.030 �J=1�, and
4.078 eV �J=2� and the 4p 1P1 state having an excitation
threshold of 5.796 eV. The singlet state decays by emission
of 214 nm photons via the transition 4p 1P1→4s21S0. The
4p 3P0,1,2 state is metastable, and only the J=1 component
decays radiatively by emission of 308 nm photons via the
4p 3P1→4s21S0 transition. As discussed in detail by Napier
et al. �23�, the interference filter used to investigate 4p 3P1
also transmitted 304 nm photons from the 6s 3S1
→4p 3P0,1,2 transition. However, since the cross sections of
higher states, including 6s 3S1, should be considerably
smaller than those of 4p 3,1P, 304 nm photon and cascade
contributions from individual states should be negligible. On
the other hand, a cumulative contribution from cascading
states with similar resonance paterns—for example, cascades
from the nd 3D states discussed in Sec. III B—may be sig-
nificant.

The 4p 3P1 excitation function shown in Fig. 1�a� con-
tains three strong resonance structures, resonance a at
10.76 eV, b� at 11.09 eV, and c� at 11.42 eV, each with a
height close to 30% of the interpolated background. Shoul-
ders on the 11.42 eV peak at 11.34 eV and 11.66 eV indicate
possible contributions from other resonance states, and for
example a resonance peak is clearly seen at 11.31 eV in the
4d 1D1 excitation function shown in Figs. 4�a� and 4�b�.
Compared to differential electron excitation functions for the
4p 3P0,1,2 state �6�, the lower two peaks observed here have a
much larger intensity relative to the 11.42 eV peak. This may
be explained by the fact that the fine structure levels �J
=0,1 ,2� are all detected in the electron measurements, while
only photons from the J=1 level are detected in the present
photon measurements. Also, the electron measurements will
be unaffected by cascades.

The 4p 1P1 state excitation function from 10.5 to 12.5 eV
is shown in Fig. 1�b� and from 15 to 17 eV in Fig. 2. There
are fewer resonances observed in the 10.5 to 12.5 eV energy
region than for 4p 3P1, and the height of the largest peak is
only 8% of the interpolated background. The feature a is
present only as a shoulder at 10.74 eV, the feature b is
present at 11.00 eV, and the feature c is present at 11.22 eV.
The significant dip in intensity near 11.5 eV may possibly be
related to the 11.42 eV resonance c� or perhaps may simply
be the trailing edge of a resonance profile. A comparison
with the 4p 3P1 excitation function suggests that, of the
closely spaced components of the b and c groups, the lower-
energy resonances decay predominantly into the singlet state
and the higher-energy resonances decay predominantly into
the triplet state.

Figure 2 shows a small isolated resonance with a size
equal to 1.3% of the interpolated background. Since the reso-
nance was isolated, a Fano profile was fitted using the
method described in �23�, which yielded a resonance energy
of 16.16 eV and an apparent width of �=460 meV. This
feature has previously been observed in 5d ,6d 1D2 excitation
functions �13� and is presented here for completeness. As

only a very limited study of this resonance is presented here,
no attempt at classification will be made. However, we note
that all states within 0.5 eV of the resonance have a
3d94s2np or 3d94s2nf configuration �24�. Also, this reso-
nance will not be included in Table I and the discussion since
it is unrelated to all other resonances investigated here.

FIG. 1. �Color online� The photon excitation functions for the
�a� 4p 3P1 and �b� 4p 1P1 states of zinc: ��� present data, �solid
line� estimated smoothly varying background. Inset: �dot-dashed
line� resonance contributions as a percentage of the total signal.
Vertical bars labeled by letters indicate the average energy of struc-
tures presented in Table I.

FIG. 2. �Color online� The photon excitation function for the
4p 1P1 near 16 eV: ��� present data, �solid line� a combined poly-
nomial background and Fano profile fit to the resonance structure
which obtained the resonance energy and width displayed.

EFFECT OF ELECTRON CORRELATIONS ON THE … PHYSICAL REVIEW A 78, 032706 �2008�

032706-3



FIG. 3. �Color online� The photon excitation functions and resonance and PCI structure contributions as a percentage of the total signal
for �a� and �b� 4d 3D1,2,3, �c� and �d� 5d 3D1,2,3, �e� and �f� 6d 3D1,2,3: ��� present data, �solid line� estimated smoothly varying background,
and �dot-dashed line� the percentage resonance and PCI structure contribution to the data. Vertical bars labeled by letters indicate the average
energy of structures presented in Tables I and II.

TABLE I. Energies of resonance structures observed in photon excitation functions for the 4p 3,1P1, 4d ,4d ,6d 3D1,2,3, and 4d ,5d 1D2
states. The total energy uncertainty due to energy calibration, energy drifts, and the peak fitting is indicated for each structure. The letters in
the leftmost column refer to the resonance labels used to identify negative ion resonances throughout this paper. Data from previous photon
excitation functions �13� are presented for comparison. All energies are in units of eV.

Res.
Label

Present experiment

Ref. �13�4p 3P1 4p 3P1 4d 3D1,2,3 5d 3D1,2,3 6d 3D1,2,3 4d 1D2 5d 1D2

a 10.76�0.04 10.74�0.05a 10.79�0.04 10.75�0.05b 10.73�0.05b

b 11.00�0.04 11.05�0.04 11.02�0.04 11.01�0.05a

b� 11.09�0.04 11.14�0.04 11.08�0.04 11.10�0.04 11.06�0.05 11.11

c 11.22�0.04

c� 11.34�0.05a 11.31�0.04 11.29�0.05 11.30

c� 11.42�0.04 11.48�0.04 11.50�0.04 11.44�0.04

aAppears as a shoulder.
bAppears as a small dip.
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There are no structures in the 4p 3,1P1 excitation functions
which can be associated clearly with PCI effects. This is
expected since the PCI affects predominantly the excitation
of higher-energy, higher-n neutral states �25�.

B. 4d ,5d ,6d 3D1,2,3 states

The photon excitation functions for the 4d ,5d ,6d 3D1,2,3
states in the energy region between 10 and 16 eV are shown
in Figs. 3�a�, 3�c�, and 3�e�, alongside percentage contri-
butions from negative ion resonances and PCI structures
in Figs. 3�b�, 3�d�, and 3�f�. The threshold energies of
these states are 7.783, 8.503, and 8.829 eV for n=4, 5,
and 6, respectively. The three observed transitions

4d ,5d ,6d 3D1,2,3→4p 3P0,1,2 each give rise to six closeley
spaced spectral lines which were transmitted with different
efficiencies as discussed in �23�. The interference filters had
maximum transmission at 334 nm for 4d 3D1,2,3, 283 nm for
53D1,2,3, and 262 nm for 63D1,2,3.

As can be seen in Fig. 3 at least four negative-ion reso-
nances affect the excitation functions below 12 eV. Reso-
nance a is clearly visible as a peak at 10.79 eV for n=4, but
is a small dip for the other two states. For the b structure
group, favorable relative resonance contributions to the
5d 3D1,2,3 excitation function and a lack of drifts during the
scan led to a doublet structure, with peaks b at 11.03 eV and
b� at 11.11 eV, being resolved. The b group doublet is not
resolved in the 4d 3D1,2,3 excitation function; however, the
4d 3D1,2,3 spectrum peak at 11.05 eV, in Figs. 3�a� and 3�b�,
lies between the 5d 3D1,2,3 resonance peaks b and b� in Figs.
3�c� and 3�d�. This suggests that two unresolved resonances
contribute to the 4d 3D1,2,3 b structure. This could also be
true of the 6d 3D1,2,3 spectrum structure at 11.08 eV, marked
b� in Figs. 3�e� and 3�f�. The third structure, marked c� in
Figs. 3�a�–3�c� is observed around 11.47 eV in all three
states. This peak appears in all 3D spectra as a relatively
broad and complex peak, suggesting the presence of the c
and c� resonance observed in the other excitation channels.

At energies above 11.5 eV a series of broad enhance-
ments are observed in all 3D spectra which, because of their
upward energy shift with increasing n of the state observed,
have been attributed to PCI. As shown in Figs. 3�b�, 3�d�,
and 3�f�, two peaks T1 and T2 are resolved clearly in all

FIG. 4. �Color online� The photon excitation function and resonance and PCI structure contributions as a percentage of the total signal
for �a� and �b� 4d 1D2, �c� and �d� 5d 1D2: ��� present data, �solid line� estimated smoothly varying background, and �dot-dashed line� the
percentage resonance and PCI structure contribution to the data. Vertical bars labeled by letters indicate the average energy of structures
presented in Tables I and III.

TABLE II. Energies of peaks observed in photon excitation
functions for the 4d ,5d ,6d 3D1,2,3 states attributed to PCI. The total
energy uncertainty due to energy calibration, energy drifts, and the
peak fitting is indicated for each structure. The labels T1, T2, and
T3 are used to identify the individual peaks throughout this paper.
All energies are in units of eV.

Excited state

PCI structures

T3T1 T2

4d 3D1,2,3 12.10�0.04 13.12�0.05 13.69�0.04

5d 3D1,2,3 12.53�0.04 13.44�0.05

6d 3D1,2,3 12.68�0.04 13.65�0.05 14.38�0.07
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spectra and have heights up to around 30% of the interpo-
lated background. A third peak T3 is less well resolved for
the 4d 3D1,2,3 and 6d 3D1,2,3 states, and not resolved at all for
the 5d 3D1,2,3 state. The estimated position of the peak for
each structure is shown in Table II. As n of the observed state
increases, the peaks not only shift upward in energy, but also
appear to get narrower. As a result, the PCI structures change
from broad enhancements overlapping each other and the
�11-eV resonances in the 4d 3D1,2,3 spectrum to peaks well
separated from the resonances and each other in the
6d 3D1,2,3 spectrum.

C. 4d ,5d 1D2 states

The photon excitation functions for the 4d ,5d 1D2 states
in the energy region between 10 and 16 eV are shown in
Figs. 4�a� and 4�c� alongside percentage contributions from
negative ion resonances and PCI structures in Figs. 4�b� and
4�d�. The threshold energies of these two states are 7.744 and
8.473 eV, and they decay by the transitions 4d 1D2
→4p 1P1 and 5d 1D2→4p 1P1 via the emission of 636-nm
and 463-nm photons, respectively.

Both these states exhibit the b� and c� resonances, which
are observed at 11.10 and 11.31 eV for the 4d 1D2 state and
11.06 eV and 11.29 eV for the 5d 1D2 state. The resonance a
is not observed clearly for either state. Figs. 4�c� and 4�d�
show that these resonances are much better resolved and
more prominent in the 4d 1D2 excitation function, where the
resonances are 15% of the interpolated background com-
pared to 8% for the 5d 1D2 excitation function. This was also
the case for the study of Shpenik et al. �13�, whose 4d 1D2
state resonance energy data are included in Table I. Another
experiment conducted in our laboratory �15� suggests that
the b resonance, observed here for the 4p 1P1 and
4d ,5d 3D1,2,3 states, may also affect the 4d 1D2 excitation
function. These spin-polarized incident electron Stokes pa-
rameter measurements observed a resonance at 10.98 eV,
which coincides with the average b resonance position of
11.02 eV within the error of both experiments. It is possible
that a contribution from the b resonance is masked in Figs.
4�a� and 4�b� by the steep rise in photon counts due to the b�
resonance. The second resonance observed at 11.33 eV in
the Stokes parameters is in excellent agreement with the
resonance peak labeled c�. However, the spin-dependent be-
havior and different resonance shapes apparent in the photon
polarization measurement with the lower-energy resolution

indicates that it is not straightforward to compare them with
the present photon intensity measurements.

In the PCI affected energy region above 11.5 eV, the
4d 1D2 and 5d 1D2 state excitation functions differ signifi-
cantly from each other and from the excitation functions of
3D states with the same n. As can be seen in Figs. 4�a� and
4�b�, the 4d 1D2 photon excitation function shows a broad
peak centered around 12.6 eV approximately 1.5 eV wide.
We do not consider the weak undulations between 13.2 and
14.2 eV to be statistically significant. On the other hand,
there are clearly resolved PCI structures in the 4d 3D1,2,3
excitation function throughout this energy region, as shown
in Figs. 3�a� and 3�b�. The binding energies of 4d 1D2 and
4d 3D1,2,3 differ by less than 40 meV, and so one may expect
4d 1D2 also to be affected by PCI. The observed lack of
structure may perhaps be due to different interference effects.
Shpenik et al. �13� report three structures in their 4d 1D2
state excitation function at 12.45, 14.48, and 14.89 eV, but
these are not visible clearly in their published data. In con-
trast to the 4d 1D2 state, the present 5d 1D2 excitation func-
tion shows three well-pronounced peaks, S1 at 11.94 eV, S2
at 12.90 eV, and S3 at 13.60 eV, followed by indication of
another structure S4 at 14.16 eV. The positions of these
structures are in good agreement with structures observed by
Shpenik et al. �13�. However, since they were observed
clearly for only one state in the present study, these struc-
tures cannot be attributed conclusively to PCI and will be
excluded from the more detailed analysis to follow.

IV. DISCUSSION

The negative-ion resonances and PCI effects observed
here have the comon property that they are both associated
with the excitation of one 3d electron. They appear at elec-
tron impact energies a few eV above the ionization threshold
where a number of autoionizing states with a 3d104p2 or
3d94s24p electron configuration have been identified �4,7�,
some of which are forbidden by dipole selection rules. The
effects of negative ion resonances and PCI structures on de-
cay photon intensities from different excited states are pre-
sented in Tables I–III. The tables are structured to aid under-
standing of angular momentum effects in negative-ion decay
and the exit channel binding energy dependence of the PCI,
in this correlation dominated low-energy scattering regime
where both discrete and continuum states are open scattering

TABLE III. Energies of peaks observed in photon excitation functions for the 5d 1D2 state possibly due
to PCI. The total energy uncertainty due to energy calibration, energy drifts, and the peak fitting is indicated
for each structure. The labels S1, S2, S3, and S4 are used to identify the individual peaks throughout this
paper. Previously published peak energies for the 5d 1D state photon excitation function �13� are presented
for comparison. All energies are in units of eV.

Excited state

PCI structures

S1 S2 S3 S4

5d 1D2 �present� 11.94�0.04 12.98�0.04 13.69�0.05 14.24�0.04

5d 1D2 �Shpenik et al.� 12.03 13.07 13.72
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and decay channels. Negative-ion resonances and PCI will
be discussed separately in Secs. IV A and IV B.

A. Negative-ion resonances

In classifying observed negative-ion resonances one first
has to consider the assignment of an electron configuration
and then an appropriate momentum coupling scheme. For the
present resonances, a 3d94s24p2 electron configuration has
been assigned, as discussed in our previous publications
�6,15�. We consider here momentum coupling schemes and
the manifold of expected state energies for the 3d94s24p2

electron configuration. In the absence of theoretical predic-
tions, a comparison of the resonance energies listed in Table
I with spectroscopic data on 3d94s24p2 autoionizing states of
neutral gallium, which is isoelectronic to Zn−, will be used as
a basis for further interpretation. A more detailed discussion
will not be presented without modeling which takes configu-
ration mixing into account, which as noted above is indicated
by Mansfield �7� to be essential for reproducing the correct
energy ordering of the 3d94s24p states.

To determine the most appropriate angular momentum
coupling scheme for negative ions with a 3d9�2D�4s24p2

electron configuration, we consider the following. In the case
of a well-defined shell structure, the hole created in the 3d
orbital would be screened efficiently by the symmetrical
charge distribution of two outer 4s electrons. So it is likely
that the electrostatic interaction between the two excited 4p
electrons dominates over the interaction of the individual
electrons with the ion core. Thus, the momentum state of this
electron pair has first to be described using LS coupling
where the orbital and spin momenta of the two electrons

couple to give the total orbital L� =��1+��2 and total spin S�

=s�1+s�2 momenta. The interaction between the pair of 4p
electrons and the ion core then determines which scheme
describes their momentum coupling most accurately. In full
LS coupling, as applied to gallium autoionizing states, the
orbital and spin angular momenta of the 2D core couple,

respectively, to the L� and S� of the 4p electron pair. This is a
valid approximation as long as the spin-orbit interaction is
weaker than the remaining noncentral part of the electrostatic
interaction between the ion core and the electron pair.

The energy spectrum and assignments of the 3d94s24p2

autoionizing states of gallium �26,27� are shown in Fig. 5.
Connerade �26� performed unrestricted Hartree-Fock con-
figuration average calculations using the MCHF72 code of
Froese-Fischer �28� and approximate LS coupling which are
in reasonable agreement with observed transition energies
but not always with intensities. The zinc negative ion ener-
gies from Table I and the zinc autoionizing states arising
from the 3d94s24p electron configuration �7,24� are also in-
dicated in Fig. 5. These autoionizing states can be considered
as parents of the observed resonances; i.e., the scattered elec-
tron can be considered as being bound in the field of one of
these states.

When LS coupling is applied to the 4p electron pair and
restrictions imposed by the Pauli principle taken into ac-
count, the three states 1D, 3P, and 1S �29,30� can be formed.
LS coupling of the electron pair to the 2D ion core leads to

the proposed symmetries �27� of observed states of gallium
displayed in Fig. 5. Arrows indicate from which electron pair
symmetry the observed states are derived, and the doublets
resulting from fine structure components are connected with
horizontal bars. States are indicated by their configuration
and L and S quantum numbers for the core and the electron
pair, for example, 3d9�2D�4s24p2�3P�, and the term designa-
tion 2S+1LJ indicates as usual the L, S, and J quantum num-
bers describing the state overall �27�. While a detailed com-
parison between the gallium autoionizing and zinc negative-
ion energy spectra is not possible due to the limited
experimental energy resolution and the possibly large reso-
nance width, both display a similar general pattern. Like the
gallium autoionizing states, the zinc resonances are separated
into three groups which also display clear evidence of dou-
blet or closely spaced multiplet structure.

Although one would expect that 3d94s24p2 zinc negative
ions and gallium autoionizing states with the same electron
configuration would have a similar energy level structure,
complications due to the larger nuclear charge of gallium and
the role of spin-orbit interaction in the second momentum
coupling step need to be considered. For example, significant
spin-orbit effects follow from the prediction �7� of a strongly
mixed character for the 3d94s24p autoionizing states in zinc.
Also, spin-polarized electron measurements by Pravica et al.
�15� observed a small but nonzero value of the Stokes pa-
rameter P2 for the negative-ion resonance at 11.01 eV,
which is a clear signature of spin-orbit interaction. This in-
dicates that an intermediate scheme such as jLS may be ap-
propriate to describe the zinc negative-ion resonances.

A variant of jLS coupling was applied with success to
resonances in noble gases �31�. As for LS coupling, the two

outer electrons are described in terms of their total orbital L�

and spin S� angular momentum. Next, either the L� or S� of the
electron pair couples with the j� of the core. For noble gas
resonances, in line with the situation for excited neutral

states, it was assumed that the coupling of j� and L� is stronger
so that these two couple to form a total angular momentum

K� , which in turn couples with S� . Resonance assignment for
the noble gases was assisted by high-sensitivity metastable
atom excitation function studies, which observed several
members of the resonance series. The present zinc experi-
ments only observe one resonance electron configuration, so
do not reveal any series regularities.

Finally, we note that the energy separation between the b
group and c group resonance structures is very similar to the
0.337 eV spin-orbit splitting between the 3d94s 2D5/2 �at
17.171 eV� and 2D3/2 �17.508 eV� ion states. The energy
separation of resonances within these structures is similar to
the 0.105 eV spin-orbit splitting of a 4p electron outside a
full 3d shell—that is, the splitting between the 3d104p 2P1/2
�at 15.405 eV� and 2P3/2 �at 15.51 eV� ion states. Also, al-
though we have presented a discussion based on distinct
electron configurations, it is possible that this concept may
not be applicable when describing the energies of zinc au-
toionizing states. A small admixture of the lowest excited-
state configuration 3d104s4p is observed to be essential for
correct ordering of the 3P, 3D, and 1P autoionizing states �7�.
The strong coupling of the observed resonances to the
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4s4p 3P state may indicate that a similar situation occurs in
zinc negative ions.

B. PCI effects on the excitation of the 4d ,5d ,6d 3D1,2,3 states

Due to the high density of autoionizing states, it is not a
trivial task to identify which are associated with the observed
PCI structures and to extract information from the observed
energy shifts. To gain some insight into which autoionizing
states are strongly excited near threshold, we examined
ejected electron spectra data �4�, taken at an electron impact
energy of 16 eV and an ejected electron angle of 60°, com-
bined with autoionizing state energies �7,24�. Of all the spec-
tra taken by Back et al. �4�, the one used here was obtained
under conditions closest to our experiment. Mansfield �7�
used the ab initio calculations to obtain both the energies and
angular momentum composition of the autoionizing states
observed by Back et al., and the assignments given here are
from this work. The theoretical energies compare well with
the autoionizing state energies derived from the ejected elec-
tron spectra. Information regarding near-threshold autoioniz-
ing state excitation can also be extracted from energy loss
spectra obtained using incident electron energies slightly
above the autoionizing state energies. However, in this case
the energy loss spectra will be complicated by two factors.
First, scattered and ejected electrons will have similar ener-
gies, and second the shift of scattered and ejected electron
energies will smear out energy loss structures, making their
identification difficult.

The experiment �4� indicates that the highest ejected elec-
tron yield in the energy region of interest here is associated
with the decay of autoionizing states arising from the
3d94s24p electron configuration. This is true at both low and
higher incident electron energies, indicating that the excita-
tion of one inner 3d electron into the first unoccupied p
orbital has a much larger probability than the excitation of
two 4s electrons into any combination of higher orbitals.
Furthermore, energy loss spectra �5,6,32� indicate that the
excitation of one inner 3d electron has a similar probability
to the excitation of some 3d104snl states. Indeed, these spec-
tra indicate that of the autoionizing states, only the 3d94s24p
have a significant cross section at an incident energy of
20 eV. Consequently, it would be reasonable to expect states
with a 3d94s24p electron configuration to be associated with
the PCI effects observed here.

The discussion will be restricted to observations of the 3D
states, shown in Fig. 3, for reasons discussed in Sec. III C.
One would expect the energy of an autoionizing state asso-
ciated with a PCI structure to be close to, but not higher than,
the onset of the structure in the lowest neutral state in which
it is observed. Considering this, autoionizing states which
could be associated with the PCI structures were identified
from the ejected electron spectra of Back et al. �4� �see Table
1 and Fig. 3 of this reference�. The relevant autoionizing
states and state energies are indicated in Fig. 5. Once pos-
sible states have been identified, the relative ejected electron
intensities can then be used to assess which of these autoion-
izing states were the most likely to be associated with the
PCI structures. It should be noted, however, that this whole

approach assumes that the relative ejected electron intensities
and therefore autoionizing state cross sections are not signifi-
cantly different closer to threshold and at different ejected
electron angles, which may not be the case.

From Fig. 3, the onset of the T1 and T2 structures is
11.64 eV and 12.68 eV, respectively. The T3 structure was
not clearly resolved in all spectra, so will not be discussed.
Below 11.64 eV, the 3d94s24p 3P0,1,2 states at 10.974,
11.187, and 11.379 eV, respectively, the 3d104p21S0 state at
11.504 eV, the 3d94s24p 3D3 state at 11.539 eV, and the
3d94s24p 1D2 state at 11.619 eV have been observed in the
ejected electron spectra. By far the strongest contribution is
from the 3d94s24p 3P1 state, the 3d94s24p 1D2 state is barely
resolved, and the others are approximately one-third to one-
sixth of the intensity of the strongest peak.

Considering now the T2 structure, in addition to those
above the states observed below 12.68 eV in the ejected
electron spectra are the 3d94s24p 1F3 state at 11.669, the
3d94s24p 3D1 state at 11.799, the 3d94s24p 1P1 state at
11.884, and the 3d104p5s 3P1 at 12.654 eV. This last state
produces a very weak peak in the ejected electron spectra,
with an intensity approximately 20 times smaller than that
associated with the 3d94s24p 3P1 state. The other three states
in this group appear to have appreciable cross sections, with
their associated ejected electron peaks having intensities be-
tween approximately one-quarter and one-half of that for the
3d94s24p 3P1 state.

The analysis of Mansfield also shows that most states
likely to be associated with the observed PCI structures are
strongly mixed. For example, the 3d94s24p state at
11.186 eV which produces the largest ejected electron peak
has been assigned as 92% 3P+4% 1P+3% 3D. Even stron-
ger mixing is present in the high-angular-momentum

FIG. 5. �Color online� Observed energy levels of Ga, Zn, and
Zn−. Upper energy scale: the 3d9�2D�4s24p2 autioionizing states of
gallium �27�. Assignments are based on the LS coupling scheme
�26�. Lower-energy scale: zinc negative-ion resonances from Table I
and 3d94s24p autoionizing state energies �7�.
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3d94s24p �36% 1F+33% 3D+31% 3F� state which produces
the second largest ejected electron peak. Furthermore,
the autoionizing states with the largest cross section at
higher energies and in photoionization are the 3d94s24p
�73% 3D+20% 1P+6% 3P�+3d104s4p�0.5% 1P� state at
11.799, and the 3d94s24p �73 % 1P+24% 3D+1% 3P�
+3d104s4p�2% 1P� state at 11.884 are an admixture of dif-
ferent configurations with large 3D and 1P characters for
both states. Given this strong mixing, it is uncertain which
autoionizing states, or even which components of these
states, decay most strongly via the PCI to the neutral states
which we observe.

There is another consideration important to this discus-
sion of PCI in zinc: namely, that for near-threshold excitation
of the lowest autoionizing states the scattered and ejected
electrons will have similar energies. This situation is similar
to that where Wannier-type correlations can be expected. In
contrast, in most PCI observations to date the ejected elec-
tron has a much larger energy and is the electron which gains
energy. On the other hand, for example, in a zinc energy loss
spectrum taken with an incident energy of 15 eV there would
be an overlapping contribution of scattered and ejected elec-
tron peaks in the vicinity of the autoionizing state energies.
The observed scattered and ejected electron peaks would also
be broadened and deformed due to PCI during autoioniza-
tion.

The present PCI structures are also unusual because the
decay of 3d94s24p autoionizing states to the 3d104snl states
observed will require a 3d core hole to be filled and conse-
quently a previously unexcited 4s electron to become active.
Several different mechanisms by which this may occur may
be envisaged, but we simply note here that the energy and
momentum exchange process will involve three electrons,
two of which are bound at the start and at the end of the
scattering interaction, and large rearrangements of orbital an-
gular momentum. The fundamental principles of large angu-
lar momentum transfer in electron scattering from atoms
have been discussed by Fano �33�, specifically for the case of
high-�-state excitation. Subsequently, Fano’s arguments were
applied to PCI in the excitation of Rydberg states �17� in
helium, and angular momentum exchange between outgoing
scattered and ejected electrons was also reported in �34�.
According to Fano, high values of angular momentum are
transfered via a torque which one electron exerts on the other
in an interaction lasting for a time comparable to the orbital
period of the excited state. Although Fano’s analysis applies
to ionization in the Wannier regime, the motion of two elec-
trons and the escape or capture of one of them into a bound
orbit is the same as reported here and is governed by the
same type of correlations. The result essential to the current

discussion is that the torque which determines the maximum
momentum which one of the electrons can attain depends
inversely on the velocity v of the faster electron. This implies
a significant difference between the amount of orbital mo-
mentum which can be transfered by PCI in zinc compared to
helium. The zinc autoionizing states of interest here occur
within 2.5 eV of the first ionization threshold. So for near-
threshold autoionizing state excitation the ejected electron
will have an energy below 2.5 eV, but will be faster than the
scattered electron. An order-of-magnitude estimate of the
maximum possible exchange of orbital momentum �17,33�
gives

�J � e2/4��0v . �1�

For an ejected electron energy of 2 eV, the estimate above
gives a value of �J�2.61�, so up to two units of orbital
momentum ��=2� can be transfered by PCI for any of the
autoionizing states considered.

V. CONCLUSIONS

Zinc negative-ion resonances have been observed above
the first ionization threshold, and the selective decay of these
ions into seven states below the ionization threshold with a
range of n, L, and S quantum numbers has been investigated.
Relative to nonresonance scattering, the resonance contribu-
tion to the observed signal is largest for the 4p 3P1 and
4d ,5d ,6d 3D1,2,3 states. PCI has been observed to affect the
excitation of the higher-energy states studied, and in particu-
lar its influence on 4d ,5d ,6d 3D1,2,3 state excitation is
marked. Because of the structure of zinc, in the incident en-
ergy range here Wannier-type correlations and a large PCI
orbital angular momentum transfer are possible. The
negative-ion resonances and PCI observed here are associ-
ated with the excitation of a 3d electron, which causes sig-
nificant electron correlations both within the zinc target atom
and between the active electrons.

Further experiments with spin-polarized electrons can test
the role of spin-orbit and exchange scattering in the reso-
nance region, and angle differential electron excitation func-
tion measurements can provide information regarding the
resonance symmetry and predominant partial waves to aid
the resonance assignments. Both these types of experiments
are in progress in our laboratory.
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