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Angular momentum effects in the ionization-with-excitation process
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Low-energy, polarized-electron scattering from ground state zinc atoms has explored the influence of open
and closed 3d-shell effects in the ionization-with-excitation scattering process. Observations of nonzero values
of the Stokes P, parameter of the 589.4 nm photons from the open-shell 3d°4s? 2D3,2 ionic state reveals
spin-orbit interaction effects. In contrast, negligible spin-orbit interaction was deduced from the vanishing
Stokes P, parameter of the 602.2 nm photons from the closed-shell 34'95d 2D3/2 ionic state, for which the
core-valence correlation is less important. A strong resonance in the closed-shell transition was observed in the
P parameter, about 0.8 eV above the excitation threshold with positive orientation. There are indications of a

resonance in the open-shell transition.
DOI: 10.1103/PhysRevA.75.012721

I. INTRODUCTION

Fundamental details of atomic structure and dynamics,
such as energy levels, state lifetimes, negative ion reso-
nances, excitation functions, differential and total cross sec-
tions, and polarizations, have been obtained from collision
processes using incident photons, electrons, and ions [1-3].
Recent advances [4,5] have concerned angular momentum
and electron correlation effects, particularly following col-
laboration between experiment and theory. Here we look at
disentangling angular-momentum-dependent aspects of
electron-atom scattering by using spin-polarized electrons.

The fundamental aspects of spin-dependent electron scat-
tering have been developed by Kessler [6] and Hanne [7,3]
and more recently by Al-Khateeb er al. [9] and by Yu er al.
[10]. In general, the interaction probability depends on elec-
tron exchange (and thus on the relative orientation of the
incident and target electron spins), and also on the spin-orbit
interaction, be it involving the continuum electron or within
the target atom itself. The spin-dependent interactions are
then naturally dependent on the initial atomic configuration.
This dependence has been studied for elastic scattering [11]
(and references therein) by observing spin-asymmetry func-
tions using atomic targets with closed and open shells,
namely, zinc, cadmium, and indium. A similar approach has
been adapted to inelastic scattering from indium. It was ob-
served that for elastic scattering of electrons from atoms with
closed shells the spin asymmetry of the scattered electrons
was caused by their spin-orbit interaction in the screened
nuclear field, while for open-shell atoms it was caused by a
combination of the fine-structure effect and electron ex-
change. In contrast, for inelastic scattering the exchange in-
teraction was the main cause of the spin asymmetry for both
open- and closed-shell atoms. Here we use incident polarized
electrons to ionize and excite ground state zinc atoms into
open and closed 3d-shell states. Integral polarizations of the
photons emitted from these states are measured and this al-
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lows spin effects attributable to spin-orbit, exchange, and
electron correlations to be discerned [12].

The highly correlated process of ionization with simulta-
neous excitation is of particular interest and it presents con-
siderable challenges for both theoretical and experimental
studies. The measurement of integrated Stokes parameters
using spin-polarized electrons offers a simplified way to ob-
tain more detailed information on the orientation and align-
ment of the excited ion without coincidence measurements.
The transitions investigated here are chosen to highlight the
spin-dependent interactions and their dependence on the lo-
cation of the hole or electron state created by ionization. The
investigation of the two different d orbitals (one excitation
from the inner 3d orbital and other into the 5d orbital) illus-
trates properties of the 3d core orbital via spin-dependent
scattering. Studies involving the d orbitals in zinc offer a
unique way to probe the configuration interaction and its
inter-relationship with spin-dependent forces.

The dynamical interactions between the valence and core
electrons result in the polarized core less effectively screen-
ing the nuclear charge, and thus to an increase in the binding
energy for the valence electrons. This core polarization po-
tential is largely determined by the static dipole polarizability
of the core. The core polarization changes the electron-
electron interaction between the two valence electrons in the
near-threshold region, and also the interaction between the
two escaping electrons and the pair with the residual ion.
Also, for configurations having electrons occupying the 3d
single-particle state the detailed specification of the wave
functions for the core electrons is dependent on the configu-
ration of the valence electrons. As a first approximation the
electron distribution of the other inner-shell electrons is in-
sensitive to the quantum state of the valence electrons. This
occurs because the 3d orbital intrudes more deeply into the
core than any of the other valence orbitals, as seen by com-
paring the radial wave functions of the nd and 4s electrons.

More details of the atomic structure and scattering pro-
cesses emerge from considerations of the polarization of the
incident electrons and radiated photons, in particular, the
spin-polarized incident electron studies [10] of ionization
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FIG. 1. (Color online) An energy level diagram for zinc ion
indicating the studied transitions.

with excitation from the ground 3d'%4s? 'S, atomic state to
the excited 3d°4s? °D5,, open 3d-shell state of the zinc ion
which decays to the 3d'%4p *P,,, state by emission of a
589.4 nm photon. This study illustrates the physical impor-
tance and interpretation of the observed integrated Stokes
parameters (i.e., integrated over all the scattering angles of
the undetected scattered electrons) and how they relate to
electron exchange and the spin-orbit interaction [12]. The
only other measurements of polarization of emitted light
from the decay of the 3d%4s> 2D3 /» ion states that we know of
used unpolarized electrons [13] or photon impact [14].

Extending the idea of a comparative study of an open and
closed shell [11] we chose two transitions with an open and
closed 3d shell in zinc to also highlight the specifics of the
3d core orbital and show how, and to what extent, the polar-
ization of emitted light can be used to test the fine effects
associated with the spin-orbit interaction and configuration
mixing. In addition to the studies of 3d°4s> 2D3/2 we studied
a second ’D;, to ’P,, transition; the closed 3d-shell
3d'%5d *D,,, ionic state which decays by emitting 602.2 nm
radiation. Both transitions are indicated in Fig. 1. Although
the two studied transitions connect the states with different
electronic configurations the overall symmetries are the
same.

In a previous study of the 3d°4s? *D), state, Yu et al. [10]
showed, within about 4 eV of threshold, that the spin-orbit
interaction was negligibly small compared to the experimen-
tal uncertainties, so LS coupling seemed to apply. The re-
sidual ion was found to be both aligned and oriented. Also,
negative angular momentum transfer occurred, as evidenced
by the appropriate Am; change and the combination of elec-
tron exchange and fine-structure coupling. However, the ex-
tent of the coupling between the 3d shell and the 4s and 4p
electrons, the electron configuration interaction effects, and
the resonance effects were not accessible from this single
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FIG. 2. (Color online) A schematic diagram of the
experiment.

study. Also Yu et al. [10] used previously misprinted values
[14] for the nuclear abundances in their calculations of the
integrated state multipoles. The correct nuclear abundances
for zinc (95.9% and 4.1% for the nuclear spins /=0 and 5/2,
respectively) have to be used to correct their values. For
those reasons we reconsider this investigation and present
the corrected, and statistically significantly improved, inte-
grated state multipoles for 3d°4s? 2D3/2 excitation. The
present study illustrates how small effects can be observed
and different conclusions made when accuracy in polariza-
tion measurements is improved.

In Sec. II we describe our approach for integral polariza-
tion measurements using incident spin-polarized electrons. In
Sec. III we report our observations of the three integrated
Stokes parameters for the open 3d-shell (589.4 nm) and
closed 3d-shell (602.2 nm) transitions and discuss the inte-
grated state multipoles.

II. THE EXPERIMENTAL APPROACH

The apparatus and experimental geometry are shown in
Fig. 2. In the rectangular coordinate system (x,y,z) the inci-
dent electron momentum vector defines the z axis, and the
electron polarization defines the y axis. Photons are detected
along the y axis and from the observed intensities 1(3) we
determine the Stokes parameters (as defined in [16]) as P,
=[1(0°)-1(90°)]/[1(0°)+1(90°)], P,=[I(45°)-1(135°)]/
[1(45°)+1(135°)], and P;3=[I(07)-I(a)]/[I(o7)+I(c")].
Here I(B) is the intensity of photons with a polarization
angle B with respect to the z axis, and I(o*) and I(o") are,
respectively, the intensities of photons with positive and
negative helicity. We do not observe the scattered electrons,
so the Stokes parameters are integrated over all scattering
angles. The advantage of using spin-polarized electrons for
integral polarization measurements is that a larger number of
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parameters can be measured, giving greater insight into the
scattering process. The method yields much higher counting
rates than photon-electron coincidence measurements, and
hence allows the study of weaker transitions.

For unpolarized electron impact only the integrated P,
parameter will be nonzero since only the z-axial symmetry is
defined for the collision process [17]. However, transversely
polarized electrons (spin along the y axis) result in an exci-
tation process with planar symmetry with respect to reflec-
tion in the xz plane, and hence P, and P; may also be non-
zero. P, will be nonzero if there is a significant spin-orbit
interaction, while P5 can be caused by the electron exchange
and/or the spin-orbit interaction [12]. Hence observation of
the integrated Stokes parameters P, and P; allows disen-
tanglement of the spin-dependent interactions from the usu-
ally much stronger Coulomb interaction.

The Stokes parameters can be related to the alignment and
orientation of the excited state by state multipoles which are
linear combinations of the excited-state density matrix ele-
ments. The definition of the state multipoles and their rela-
tion to the Stokes parameters is given, for example, by Blum
[26]. After integration over all scattering angles and normal-
ization to the cross section (7 ,(/)) only three parameters
are necessary to parametrize the integrated Stokes param-
eters [12] (75,(J)) obtainable by unpolarized electrons, and
(T7,(J)) and (773,(J)) which can be obtained only from ex-
periments with transversely polarized electrons. They are re-
lated to the two alignment parameters and the orientation of
the excited state, respectively.

By normalizing the state multipoles to the corresponding
zero-rank multipoles, the normalized electric quadrupole mo-
ments T5,(J),T3,(J) and the normalized magnetic dipole mo-
ment T7,(J) for the total angular momenta can be determined
using

_(T3W)  4.167P,
Tool) = (Too)) ~ 1.009P, —3.027° )
T = (Tu())  -2552pP, @

(Too(J)) ~ 1.009P, —3.027°

(TH())  1.962P;
(Too(J)) ~ 1.009P, —3.027°

Ty(J) = (3)
Furthermore, if LS coupling holds, the normalized electric
quadrupole moment T5,(L) of the orbital angular momentum
and the normalized magnetic dipole moment 77,(S) for the
spin angular momentum can be determined as

_(T3(L)  4.980P,
Tooll) = (Too(L)) ~ 1.009P, —3.027° “
T,(S) = (T7,(8) B 9.813P; 5)

T (Too(S))  7.061P,+6.768"

The apparatus shown in Fig. 2 is similar in principle to
that used previously in our laboratory [15]; however, this
apparatus incorporates some important new features. The
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two main parts of the apparatus, the sources of the spin-
polarized electrons and zinc atoms, are located in separate
vacuum chambers with pressures of 107'° and 1078 Torr, re-
spectively, connected via a I mm circular aperture which can
be closed by a thin valve [18]. Polarized electrons were emit-
ted from a GaAs crystal surface [15] after photoexcitation by
circularly polarized laser light with a wavelength of 830 nm.
A strained GaAs crystal can provide an electron spin polar-
ization up to 75%. The angular momentum of the circularly

olarized laser photons was transferred to the spin-orbit-split

P, and 2P, states of the crystal which were selectively
populated. The preparation of the crystal surface by cesium
and oxygen deposition gave it negative electron affinity and
enabled the extraction of the electrons with polarization per-
pendicular to the surface. Electric fields were used to extract,
accelerate, and deflect the electron beam by 90° so that elec-
trons entered the scattering region with the spin vector trans-
verse to the linear momentum vector and along the positive y
axis.

All of the electron optics used to transport and focus the
electron beam is situated in ultrahigh vacuum and protected
from zinc vapor. The electrons were focused into the colli-
sion chamber where they collided with zinc atoms in their
ground state. Zinc atoms were produced by a resistively
heated metal vapor oven. The oven was designed specifically
to overcome the main problems associated with this type of
experiment, for example, heat and light radiation from hot
elements and stray electric and magnetic fields. The focusing
of the electron beam was achieved by measuring and opti-
mizing the ratio of electron currents through two circular
apertures which created central and annular beam collectors
of a Faraday cup.

The polarization of the photons was analyzed by a linear
polarizer and a liquid crystal variable retarder [19]. A par-
ticular atomic state was selected by filtering the wavelength
of photons by an interference filter. The interference filters
were 589.4 and 602.2 nm with 0.6 and 1 nm full width at
half maximum, respectively. The observations of the 589.4
and 602.2 nm photons were limited to several eV above each
threshold (17.51 and 24.02 eV, respectively) to limit the ef-
fects of cascades. Energy separation between neighboring
states was sufficient to isolate observed state-specific pho-
tons. Photons were detected by a photomultiplier tube fol-
lowed by a preamplifier, discriminator, and NIM-to-TTL
converter (NIM denotes nuclear instrumentation modules,
TTL denotes transistor-transistor logic). The experiment was
controlled and data recorded via a data acquisition card on a
computer.

Additionally to the above mentioned correction of polar-
ization for isotope effects, the present data were corrected for
depolarization due to the residual magnetic field. This was
especially prominent for the long-lived 3d%4s> 2D3,2 open-
shell state (1870 ns) for which the depolarization due to a
residual magnetic field of 5 mG amounts to approximately
1.7%.

The polarization of the electron beam was measured via
the integrated Stokes parameter P for the 5s S | to 4p 3P2
transition [20] of the neutral atom. Any optical effect related
to the spin appears only through the spin-orbit interaction.
This interaction must be strong enough to allow the fine
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FIG. 3. Integrated Stokes parameter P, for the (a) 3d°4s> *D5,

open- and (b) 3d'%5d°D,,, closed-shell states with 589.4 and
602.2 nm wavelengths, respectively.

splitting of the atomic 3p ; levels to be resolved in optical
measurements, but not so large as to lead to a breakdown of
LS coupling. For the measured final J=2 state the theory
predicts [20] that the circular polarization should be half of
the incident electron polarization at the cascade-free region
near threshold, which was also observed. The presented
Stokes parameters have been normalized using the measured
values of the incident electron beam polarization of 66%.

III. RESULTS AND DISCUSSION

The measurements of Py, P, and P for the 3d°4s> *D5),
and 3d'%5d *D,), states are shown in Figs. 3—5. The normal-
ized state multipoles, shown in Figs. 6 and 7, are also pre-
sented here to aid the discussion.

The most difficult aspect of the Stokes parameter mea-
surements was obtaining adequate statistics for P,. 1(45°)
and [(135°) were both small quantities and their difference
was small. Thus a high level of accuracy was required before
P, could be determined confidently as zero or nonzero. The
P, data in Fig. 3(a) were obtained using a 66% polarized
electron beam for increased sensitivity. This figure shows
small nonzero values of P, for the 3d4s? *D5, state in the
first 0.6 eV above threshold. Previous results [ 10] using elec-
trons with 30% polarization showed smaller values with
larger uncertainties of 0.01+0.06 so that they were inter-
preted as zero. Considerable effort has been made with these
additional measurements to reduce the size of the error bars.

To verify this nonzero P, measurement the experiment
was repeated using unpolarized electrons, for which a zero
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value of P, is expected. The average value over the five data
points is 0.003+0.012 which we accept as the zero value for
the apparatus at that time, in that mode of operation.

The measured values of P, for the closed-shell 602.2 nm
transition are shown in Fig. 3(b). For this transition the av-
erage value of P, was —0.007+0.019 which we interpret as
indicating no observable spin-orbit interaction. We conclude
then that the nonzero value of P, for the 589.4 nm transition
indicates the violation of LS coupling as a consequence of
the opening, and hence polarization, of the 3d shell.

Andersen and Bartschat [17] point out that a combination
of spin-orbit interaction and configuration mixing makes it
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FIG. 5. Integrated Stokes parameter P, for the 3d°4s’ 2D3,2
open- and 3d'5d *D;, closed-shell states with 589.4 and 602.2 nm
wavelengths, respectively.
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dipole moment of the spin angular momentum T7,(S).

impossible to describe the excitation using LS coupling. A
naive analysis might conclude that, since both transitions are
from 2D3/2 states, the photon polarization properties will be
similar. However, their total angular momenta are derived
from different configurations, a hole in the 3d orbital (an
unpaired 3d electron) for the open-shell transition and an
electron in the higher-energy 5d orbital outside a fully occu-
pied 3d shell for the closed-shell transition. We interpret then
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589.4 nm wavelength.

the nonzero values of P, for the open-shell transition as be-
ing a consequence of configuration mixing in the 3d orbital
of Zn combined with spin-orbit interaction. Theoretical inter-
pretations of zinc ejected electron spectra [21] and the de-
scription of corresponding autoionizing states associated
with 3d electron ejection by Mansfield [22] have demon-
strated this configuration mixing. Also, the modeling of
photoionization [23,24] reveals the role of spin-orbit effects
and inner-core shielding for the 3d electrons [24]. For ex-
ample, the study of photoionization of neutral zinc using the
multiconfiguration relativistic random-phase approximation
theory by Wang et al. [24] indicated that angular distribution
and spin-polarization parameters all show strong dependence
on core shielding effects which are primarily due to excita-
tion of the 3d electrons. These parameters, and also the
Stokes parameters reported here, are sensitive to the inter-
play between correlation and relativistic effects, and so pro-
vide both an important set of data for comparison and also a
stringent test of theory.

The experimental data for the circular polarization Ps, are
shown in Figs. 4(a) and 4(b). The energy behavior for the
closed-shell transition is dominated in the near-threshold re-
gion by what seems like a resonance, and there is also an
indication of possible resonance contributions in the open-
shell transition. Considering the present energy resolution of
0.25 eV the observed structures may be a mixture of more
than one unresolved resonance state. Nevertheless the struc-
ture in the closed-shell transition was fitted to a Fano profile
in the usual way [25] to indicate its width of 0.71£0.22 eV
and an energy of 24.76+0.34 eV. The data indicate also that
the resonance in the 602.2 nm transition has a positive value
of P;. These will be studied further when spin-polarized
electrons are produced with better resolution.

The measurements of P; for the open- and closed-shell
transitions at the threshold gave similar values, but with large
experimental uncertainties. The data show nonzero values
indicating that the residual ion is oriented by the angular
momentum transfer between the incident electron and the
target atom. Generally this can occur through electron ex-
change and/or spin-orbit interaction [12]. For the closed-
shell transition, zero values of P, indicate that the spin-orbit
interaction is negligible. Hence the transfer of angular mo-
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mentum from the incoming electron occurs only through
electron exchange followed by a transfer of spin into orbital
angular momentum via fine-structure interaction. For the
open-shell transition small but nonzero values of P, are sign
of violation of the LS coupling. However, the dominant pro-
cess is still exchange followed by fine-structure interaction
as indicated by the similar values and signs of P; for the two
transitions.

The Stokes parameter P; for the decay photons from the
open- and closed-shell transitions is shown in Fig. 5. The
nonzero values of P; imply that the residual ion is aligned
along the direction of the propagation of the initial electron
beam. The energy dependence of P, for the two transitions is
somewhat different. P for the open-shell transition is higher
at threshold, but decreases more sharply, and falls below the
closed-shell P, value approximately 0.8 eV above threshold.
Above this energy the open-shell P; remains steady, while
the closed-shell P, increases. The present values of P; for
the open-shell transition are in good agreement with earlier
measurements by Hipp et al. [13] within similar uncertain-
ties. Their data are not shown here for clarity.

The analysis of the data using state multipoles can, in
some cases, reveal information additional to the Stokes pa-
rameters. For example, the state multipoles for the well
LS-coupled closed-shell 3d'°5d 2D3/2 state allow the total
and spin angular momentum transfers to be separated and
hence the electric quadrupole moment of the orbital angular
momentum Fig. 6(a) and the magnetic dipole moment of the
spin angular momentum Fig. 6(d) to be obtained. This infor-
mation complements the electric quadrupole Fig. 6(b) and
magnetic dipole Fig. 6(c) moments of the total angular mo-
menta which can be obtained even for non-LS-coupled states
such as the closed-shell 3d°4s? state. The significance of the
separation of the spin and orbital momentum transfers is de-
scribed below.

For the closed-shell transition, the electric quadrupole
moments for the orbital and total angular momenta shown in
Figs. 6(a) and 6(b) indicate similar energy dependencies.
However, the magnitude of the quadrupole moment for the
total angular momentum is reduced relative to the moment
for the orbital angular momentum, due to the fine-structure
coupling.

Figures 6(c) and 6(d) show that for the closed-shell tran-
sition the magnetic dipole moment for the total angular mo-
mentum is reduced relative to the spin angular momentum,
and that it also changes sign. The positive value of the spin
magnetic dipole indicates positive angular momentum trans-
fer from the incident electron via electron exchange. How-
ever, the negative value of the total magnetic dipole indicates
that negative angular momentum is transferred to the re-
sidual ion when the spin couples to the orbital angular mo-
mentum, i.e., the m=—1 states are populated rather then the
m=+1 states.

The angular momentum transfer along the y direction is
directly proportional to the normalized state multipole 77,(J)

[26] since
wm= o, ©

PHYSICAL REVIEW A 75, 012721 (2007)

Figures 6(c) and 6(d) show that fine-structure coupling
causes negative angular momentum transfer for this particu-
lar case of a well LS-coupled system in which spin-orbit
interactions for both the continuum electrons and the internal
electrons can be neglected.

For the open-shell process the spin-orbit interaction is not
negligible as indicated by nonzero values of 75,(J) in Fig. 7.
This is clearly an effect of the open 3d shell in the ion and
evidence that the outer 45> electrons do not shield the polar-
ized core completely. The effect is very small as values of
T5,(J) are about 0.02 within 0.6 eV from the threshold.

For the open-shell transition the spin and the orbital parts
cannot be separated because of the spin-orbit interaction.
However, comparing the open- and closed-shell state multi-
poles is still instructive. Figures 6(b) and 6(c) show both
transitions exhibiting very similar behavior. Close to the
threshold, the open-shell process shows slightly higher
T;O(J) while the uncertainties of the measurements do not
allow such comparison for 77,(J).

IV. CONCLUSION

The ionization-with-excitation process from the ground
3d'%4s? state is a well-correlated many-body process and we
investigated two different examples. For the 3d'°5d state,
one 4s electron has been ejected and the other excited to the
5d state outside a closed 3d orbital. In contrast, for the
3d°4s? state, one 3d electron has been ejected and the two 4s
electrons are screening the 3d hole while two electrons, scat-
tered and ejected, are escaping. This obviously complex re-
arrangement accompanied with near-threshold excitation re-
gime where electron correlations (including the scattered and
ejected electrons) are important, has provided an insight into
the role of spin-orbit interaction within the 3d atomic core
orbital, as compared to the 5d orbital located outside the
valence electron region and outside a closed 3d core.

The measurements show how an open shell in the
ionization-with-excitation process caused a breakdown of LS
coupling while a closed-shell process remains well LS
coupled. Furthermore, in both processes the residual ions
were not only aligned but also oriented. Possible resonances
in the closed shell were identified with positive values of the
orientation parameter. The analysis using normalized state
multipoles for the closed shell transition revealed that fine-
structure coupling not only depolarized the electric quadru-
pole moment and the magnetic dipole moment but also
changed the sign of the angular momentum transfer. Similar
effects can be expected in the open-shell ion; however, the
observed values may be affected by a small violation of the
LS coupling. Further studies using photon-electron coinci-
dence techniques are well justified to continue the explora-
tion of the extent of these apparently ubiquitous effects of the
spin-orbit interaction.
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