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Absolute cross sections for electron-impact excitation of the dipole-allowed transitions S4+

�3s2 1S→3s3p 1P� and S5+ �3s 2S→3p 2P� were measured near threshold using the merged electron-ion beams
energy-loss technique. Although the magnitudes of the measured cross sections are in reasonable agreement
with available theoretical data, the experimental data indicate that the contributions of dielectronic resonances
in the near-threshold region are underestimated by these calculations.
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I. INTRODUCTION

Since the dynamics of plasmas are usually dominated by
electrons and positive ions and their interactions, detailed
information about these interactions is critical for modeling
and diagnostics. Careful experimental benchmarks are nec-
essary for verifying the predictions of theoretical calcula-
tions, which produce much of the electron-ion collision data
required by plasma science. Of particular interest are inter-
actions of electrons with Na-like ions because their line
emissions are commonly used as spectroscopic diagnostics
of plasma parameters such as electron temperature �1,2�.
Transitions of Mg-like ions are also commonly observed in
emission spectra from plasma environments �3,4�. Electron-
impact excitation cross sections have been previously mea-
sured in our laboratory and at the Jet Propulsion Laboratory
with the merged-beams energy-loss technique for some Na-
like ions �Mg+, Al2+, Si3+, Cl6+, Ar7+� �5–9� and Mg-like ions
�Si2+, Cl5+, Ar6+� �8,10,11� in the third row of the periodic
table. In this paper, absolute excitation cross sections are
reported for the first allowed transitions in Mg-like S4+ and
Na-like S5+. These ions are found in astrophysical plasmas
such as the Io torus �12� and the AG Draconis nebula �13�.
Perhaps more importantly, the experimental data reported
here will serve as benchmarks for refining theoretical tech-
niques such as close-coupling R-matrix �CCR� and conver-
gent close-coupling calculations which are relied upon for

the production of most of the excitation data needed by the
plasma science community.

Electron-impact excitation of multiply charged ions can
occur through both direct excitation and the indirect process
of resonant dielectronic capture into a doubly excited state
followed by autoionization to an excited state. These pro-
cesses are represented for the excitation of the first dipole-
allowed transition in S4+, for example, as

e�Ei� + S4+�3s2 1S� → S4+�3s3p1 P� + e�Ef� �1a�

e�Ei� + S4+�3s2 1S� → S3+�3snln�l�� → S4+�3s3p1 P� + e�Ea� ,

�1b�

where Ei, Ef, and Ea are the electron initial, final, and Auger
energies, respectively.

Interactions between the nln�l� states of the recombined
ion and interference between the direct and indirect pro-
cesses are important, so measurements of these systems can
provide a sensitive benchmark of close-coupling predictions
that include these effects. Here we report measurements of
absolute cross sections for electron-impact excitation of the
first dipole-allowed transitions in S4+ and S5+ performed us-
ing the merged electron-ion beams energy-loss �MEIBEL�
technique.

II. EXPERIMENT

A. Ion beams

Sulfur ions were extracted at a fixed potential of 18 kV
from the ORNL Caprice electron-cyclotron-resonance �ECR�
ion source �14� and magnetically mass-to-charge analyzed.
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The ion source gas was carbon disulphide �CS2� vapor pro-
duced in a reservoir warmed to a few degrees above room
temperature by a water bath. The gas lines were also heated
to prevent condensation between the reservoir and the ion
source. The CS2 reservoir was frozen with liquid nitrogen
and then evacuated to remove all air from the reservoir be-
fore warming it. This was done to eliminate oxygen from the
gas feed system since 16O2+ could not be separated from
32S4+ ions by the magnetic analysis. By comparing the
32S: 34S isotope ratios for the +3, +4, and +5 charge states,
we determined that the oxygen contamination in the 32S4+

ion beams was less than 2% since the 32S3+ and 32S5+ ions
beams are not contaminated with any oxygen ions of the
same mass-to-charge ratio. The isotope ratio measurements
were repeated periodically during the experiment to ensure
that the contamination level did not change. As a trial of
oxygen contamination effects, some measurements on S4+

were made at the beginning of the experiment with up to
20% oxygen contamination; these data are considered rela-
tive and were normalized against the later measurements
made with contamination less than 2%.

B. MEIBEL apparatus

Details of the merged-beams apparatus and experimental
method have been published previously �15�, so only an
overview will be presented here. A schematic diagram of the
JILA/ORNL MEIBEL apparatus is shown in Fig. 1. Elec-
trons produced by a gun featuring a dispenser-type cathode
are merged with the Sq+ ions using a trochoidal analyzer.
This “merger” employs crossed E and B fields to displace
the electron beam by about 64 mm perpendicular to both
fields. The electrons undergo two gyrations in the B field
while traversing the merger, ensuring that the electron beam
velocity in the interaction region remains parallel to that of
the ion beam. After traversing an electric-field-free merge
path �68.5 mm long� in the uniform solenoidal magnetic field
��4 mT�, the electrons are separated from the ions by a
second trochoidal analyzer. This “demerger” deflects elec-
trons that are inelastically scattered from ions onto a
position-sensitive detector �PSD� consisting of a pair of mi-
crochannel plates �MCPs� and a resistive anode. The primary
�unscattered� electrons are deflected through a smaller angle
where they are collected in a Faraday cup. The ions pass
through the demerger with negligible deflection and are usu-

ally collected in another Faraday cup after being bent
through 90°. For these investigations, however, an internal
fault on this cup prevented its use for current measurements.
Current measurements were performed immediately before
and after each cross-section measurement, using a Faraday
cup located upstream of the interaction region �not shown in
Fig. 1�. Electrons elastically scattered through large angles
can also reach the PSD since their forward velocities are
close to those of inelastically scattered electrons. However,
this is prevented by a series of five apertures �6.5 mm diam-
eter� located at the entrance of the demerger, because these
elastically scattered electrons have much larger cyclotron
radii in the B field than in the inelastically scattered electrons
with the same forward velocity.

In addition to the signal from the inelastic scattering
events, large background count rates from electron and ion
scattering on residual gas and surfaces are present on the
PSD. In order to extract the signal from these backgrounds,
both beams are chopped in a phased four-way pattern �15�
and counts from the detector are accumulated in four histo-
gramming memories, preserving the position information.
The detector counts in the four two-dimensional histograms
are individually corrected for the dead times of the position
computer, the histogram interface, and the microchannel
plates. The inelastic signal as a function of position on the
PSD is then obtained from appropriate addition and subtrac-
tion of the corrected counts in the four histograms.

C. Cross-section determination

The excitation cross section � at an interaction energy in
the center-of-mass system, Ec.m., is determined from

��Ec.m.� =
R

�
� vevi

ve − vi
�qe2

IeIi
F , �2�

where R is the signal count rate of the inelastically scattered
electrons, and ve, vi, Ie, and Ii are the laboratory velocities
and currents of the electrons and ions of charge magnitudes e
and qe, respectively. The absolute PSD detection efficiency �
was measured to be 0.55±0.02 by alternately directing a
small beam of electrons, with a current of tens of femtoam-
peres, onto the PSD and into the electron Faraday cup to be
measured by a calibrated vibrating reed electrometer. The
form factor F is given by

F =
� G�x,y,z�dx dy� H�x,y,z�dx dy

� G�x,y,z�H�x,y,z�dx dy dz

. �3�

The densities of the two beams, G�x ,y ,z� and H�x ,y ,z�, are
measured with a movable video probe �16� at several posi-
tions along the interaction region. The probe consists of a
microchannel plate backed by a phosphor-coated coherent
fiber optic bundle to convert the incident particles into an
optical signal that is then digitized by a charge-injection de-
vice �CID� camera chip �17�. The video signals from the CID
camera are then recorded by a frame grabber card and stored
on the probe control computer to facilitate the numerical

B

ExB

E

ION FARADAY CUP

90� ION

DEFLECTOR

ELECTRON

FARADAY CUP

ION BEAM

MERGER

ELECTRON
GUN

ION
DEFLECTORS

DEMERGER

BEAM
PROBE

POSITION
SENSITIVE
DETECTOR

LENS

DEMERGER
APERTURES

INTERACTION
REGION

X

Z

ˆ

ˆ

FIG. 1. Schematic of the JILA/ORNL MEIBEL apparatus. See
text for details.

WALLBANK et al. PHYSICAL REVIEW A 75, 052703 �2007�

052703-2



integration of Eq. �3�. A grounded grid �50% transmission� in
front of the probe allows the electrons to be accelerated
through an additional 75 V before striking the MCP.

The data-taking protocol consists of first tuning the elec-
tron and ion beams to obtain minimum backgrounds. A si-
multaneous effort is made to obtain a reasonably good over-
lap in the interaction region, but with no overlap within and
after the demerger apertures in order to prevent elastically
scattered electrons from reaching the PSD. This is accom-
plished by producing a well-collimated electron beam and
then sloping the ion beam down through it. A form factor is
then determined from the measured beam densities. The ion
current is measured and integrated for 120 s in a Faraday cup
located upstream of the interaction region. Data are collected
at a given center-of-mass energy Ec.m. until the required sta-
tistical precision is reached. The ion current measurements
are then repeated. Ec.m. is then changed a few percent to a
new value by precisely scaling the magnetic field and the
voltages on the electron gun, merger, and demerger before
more data are taken at this new energy. This procedure is
repeated several times to cover a given energy range. Beam
profiles are measured again after data collection at several
energies to check that the form factor has not deviated sig-
nificantly during the scalings of the electron configuration.

D. Adjustments to data

1. Center-of-mass energy scale

The absolute energy scale of the measurements was
determined by fitting the experimental data for the S4+

�3s2 1S→3s3p 1P� transition within 0.5 eV of the apparent
threshold with a step function at the spectroscopic threshold
of 15.76 eV that was convoluted with a Gaussian represent-
ing the experimental energy distribution. This fitting proce-
dure yielded a cathode contact potential of 1.80 V and an
energy spread full width at half maximum �FWHM� of
0.17 eV. The energy scale of all sets of excitation data were
then corrected using this fitted cathode contact potential.

2. Metastable ions

Based on our previous measurements on Mg-like ions
�8,10,11�, we expected that a significant fraction of the S4+

ions extracted from the ion source would be in 3s3p 3P
metastable states with a lifetime much longer than the 1 �s
flight time to the MEIBEL apparatus. To determine the meta-
stable fraction in the beam, electron-impact ionization cross
sections for the mixed-state S4+ ion beam were measured
using the ORNL crossed-beam apparatus �18,19� from below
the ionization threshold of the metastable state
�62.3 eV� to 150 eV. The experimental ionization cross sec-
tions are shown as the plotted points in Fig. 2. The onset of
ionization clearly occurs below the ionization threshold for
the 3s2 1S ground-state ions �72.7 eV�. Using the procedure
detailed in previous investigations of Mg-like ions �8,10,11�,
we least-squares fitted the experimental data with a scaled
Lotz formula �20�, with the two fitting parameters being the
ion beam metastable fraction and a scaling factor. The fit is
shown as the solid curve in Fig. 2. The metastable fraction

was determined to be 0.31±0.03 with the uncertainty given
at a one-standard-deviation level. The ion currents recorded
in the measurements of the excitation of S4+ were corrected
for this since only ground-state ions contribute to the studied
transition.

No metastable ions are expected in the Na-like S5+ ion
beam extracted from the ECR ion source since none were
observed in previous ionization measurements of Na-like
ions �21–23� produced under similar source conditions.

3. Below-threshold spurious signal

Despite extreme care in preventing elastically scattered
electrons from reaching the PSD and in reducing the indi-
vidual backgrounds of the two beams, a persistent in-phase
signal was measured below the excitation thresholds. This
signal was likely due to the modulation of the background of
one beam by the space charge of the other beam. This appar-
ent background cross section was found to be independent of
the center-of-mass energy, and was constant in time; conse-
quently, it was subtracted from all the measured cross sec-
tions. Additional uncertainty for this subtraction procedure
was included in the total experimental uncertainty, as
discussed below.

4. Signal losses in the demerger

At center-of-mass energies sufficiently above the excita-
tion threshold, the scattered electron velocity can exceed the
ion velocity, so that an electron scattered at a large enough
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FIG. 2. Absolute cross sections for ionization of S4+ by electron
impact as a function of center-of-mass energy. Solid circles are
present results; error bars representing a 90% confidence level of
relative uncertainties are smaller than the circles. The solid curve is
a least-squares fit of a scaled Lotz formula for the mixture of
ground-state and metastable ions. The metastable fraction deter-
mined by this fit is 0.31±0.03; see the text for an explanation. The
arrows represent the thresholds for the 3s3p 3P metastable and the
3s2 1S ground-state ions of 62.3 and 72.7 eV, respectively.
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angle in the c.m. system may be moving backward in the
laboratory frame �9�. These electrons do not reach the PSD.
For the highest energies used in the present experiment,
backscattering could contribute to signal loss. It is also pos-
sible for scattered electrons with large gyroradii in the sole-
noidal magnetic field to be blocked by the demerger aper-
tures designed to block large-angle elastic scattering. If
scattered electrons have a very low forward velocity and en-
ter the demerger below the ground plane, so that the net
potential applied by the demerger is retarding, they may be
reflected by the demerger field and miss the detector. Scat-
tered electrons may also miss the PSD on the Faraday cup
side if, in order to keep the background manageable, the
demerger voltage is not high enough; this is a particular con-
cern for forward-scattered electrons. All of these losses were
calculated using trajectory simulations employing the SIMION

�24� code and used to correct the measured cross sections for
S4+, with corrections varying from ±1.0% at 16.35 eV to
±20% at 16.75 eV. No corrections were necessary for ener-
gies less than 16.35 eV. For the S5+ data, the corrections
varied from ±3.4% at 13.55 eV to ±21% at 14.50 eV, while
no corrections were needed for energies less than 13.55 eV.

E. Uncertainties

The relative uncertainties of the measurements are a con-
sequence of the statistical precision of the cross-section mea-
surements, form-factor variations between individual points,
and corrections predicted by the trajectory modeling. The
relative uncertainties given for the cross sections represent a
90% confidence level for statistical precision. The total ex-
panded uncertainties of both sets of data also include the

following systematic contributions, given at a level equiva-
lent to 90% confidence for statistics: spatially delimiting the
signal on the PSD �±5% �, detector efficiency �±4% �, abso-
lute form factors �±12% �, and electron and ion currents
�±1% and ±4%, respectively�. For the S4+ measurements,
additional systematic uncertainties of metastable fraction
�±6% �, ion beam purity �±2% �, and subtraction of spurious
below-threshold signal �±9% � are also included. For the S5+

measurements, contributions of ion beam purity �±1% � and
subtraction of spurious below-threshold signal �±5% � are
included. Added in quadrature, these contribute about ±18%
to the total expanded uncertainties for the S4+ measurements
and ±15% for the S5+ measurements. Systematic uncertain-
ties associated with measurement of the electron and ion ve-
locities and with the dead time corrections are negligible.

III. RESULTS

A. S4+

The measured electron-impact excitation cross sections
for the 3s2 1S→3s3p 1P transition in S4+ are shown as solid
symbols in Fig. 3. The error bars represent relative uncertain-
ties at a 90% confidence level. Also shown for the data point
at 16.15 eV is the total expanded uncertainty of the measure-
ment, indicated by the outer error bars on that point. The
open symbols in Fig. 3 represent relative cross-section mea-
surements made with an ion beam contamination of 16O2+

that have been normalized to the absolute measurements
made with no oxygen contamination. Three calculations con-
voluted with a 0.17 eV Gaussian energy distribution are also
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FIG. 3. Absolute cross sections for excitation of S4+

3s2 1S→3s3p 1P transition by electron impact as a function of
center-of-mass energy. Solid circles are the present absolute results
with error bars representing the 90% confidence level of relative
uncertainties, with the exception of the point at 16.15 eV where the
outer error bar represents the total expanded uncertainty. The open
squares are the present relative measurements that have been nor-
malized to the absolute measurements. The curves are convolutions
of theories with a 0.17 eV FWHM Gaussian: solid curve, eight-state
CCR results of Ref. �25�; dashed curve, 31-state CCR results of
Ref. �26�; dot-dashed curve, 14-state CCR results of Ref. �27�.
Above 16.3 eV the results of Refs. �26,27� are indistinguishable.
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FIG. 4. Absolute cross sections for excitation of S5+

3s 2S→3p 2P transition by electron impact as a function of center-
of-mass energy. Solid circles are present results with error bars
representing a 90% confidence level of relative uncertainties, with
the exception of the point at 13.89 eV where the outer error bar
represents the total expanded uncertainty. The solid curve is a con-
volution of five-state CCR results of Ref. �28� with a 0.17 eV
FWHM Gaussian representing the experimental energy resolution.
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shown in Fig. 3: the upper solid curve represents the eight-
state close-coupling predictions of Dufton and Kingston
�25�, the dashed curve represents the 31-state close-coupling
predictions of Kai et al. �26�, and the dot-dashed curve rep-
resents the 14-state close-coupling calculations of Hudson
and Bell. �27�. Although the three theories generally agree
with the magnitude of the experimental cross sections within
the total expanded uncertainty, the more rapid decrease of the
experimental data at energies above the peak value at
16.0 eV suggest a resonance contribution just above thresh-
old. This feature, evident in both the absolute and relative
experimental data, is not predicted by the eight-state CCR
calculations. However, the 14-state and 31-state calculations
do predict a resonance in this region, but the calculations
appear to underestimate its contribution to the excitation
cross section.

B. S5+

The measured electron-impact excitation cross sections
for the 3s 2S→3p 2P transition in S5+ are shown as solid
symbols in Fig. 4. The error bars represent relative uncertain-
ties at a 90% confidence level. Also shown for the data point
at 13.89 eV is the total expanded uncertainty of the measure-
ment, indicated by the outer error bars on that point. The
solid curve in Fig. 4 represents the five-state CCR calcula-
tions of Dufton and Kingston �28� convoluted with a 0.17 eV
Gaussian energy distribution. The CCR predictions are in
reasonable agreement with the experimental data concerning
the overall magnitude of the cross section. However, the en-
ergy dependence of the experimental cross section suggests
stronger contributions from dielectronic resonances than are
predicted by theory, particularly near 13.7 eV.

IV. CONCLUSIONS

In summary, absolute cross sections for electron-impact
excitation of the 3s2 1S→3s3p 1P transition in S4+ and the

3s 2S→3p 2P transition in S5+ have been measured using the
MEIBEL technique. As was noted previously for other ions
of the Na-like and Mg-like sequences, close-coupling meth-
ods are fairly accurate in predicting direct contributions to
excitation for dipole-allowed transitions. However, when di-
electronic resonances make significant contributions to these
transitions in the near-threshold region, as they do for the S4+

and S5+ excitations presented here, theoretical predictions of
these resonances are not nearly as accurate. This was also
noted in measurements of dipole-allowed transitions for Mg-
like Si2+ and Cl5+ ions �8,10�. The near-threshold resonance
structure of the first allowed transition in Na-like Cl6+ was
reproduced well by close-coupling predictions �8�. Since the
accuracy of theoretical predictions for near-threshold dielec-
tronic resonance contributions to electron-impact excitation
varies system by system, continued experimental investiga-
tions are essential to provide further guidance to the theoret-
ical efforts.
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