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Abstract. Absolute cross sections for single and double electron-impact detachment of the S™ ion have
been investigated over collision energy ranges of 0-60 eV and 0-30 eV, respectively. The experiment was
performed at the ion storage ring, CRYRING. The threshold energies were measured to be 6.6 eV for
single detachment and 19.8 eV in the case of double detachment. The single detachment cross section has
a maximum of 6.7 x 107'% ecm? at 30 eV. The double detachment cross section was studied only in the
threshold region. No sharp structures were observed in either of the cross sections.

PACS. 34.80.Dp Atomic excitation and ionization by electron impact — 34.80.Kw Electron-ion scattering;

excitation and ionization

1 Introduction

Reliable measurements of cross sections for electron im-
pact detachment from negative ions have been very lim-
ited until rather recently. This is especially true in the case
of multiple detachment processes [1]. The advent of mag-
netic ion storage rings has, however, changed this situation
dramatically. Now it is possible to investigate electron im-
pact detachment from atomic or molecular negative ions
over a wide range of collision energies using a merged beam
technique [2-6]. The use of merged electron and ion beams
allows one to use a large interaction volume and to easily
access the detachment threshold.

In addition to the intrinsic interest in collision physics,
single and multiple detachment from anions plays an im-
portant role in a variety of applications such as plasma
physics, ion source development, laser physics and atmo-
spheric science.

In the present paper we report on measurements of
absolute cross sections for the electron-impact detachment
of one and two electrons from the S~ ion. Specifically, the
following processes

S”T+e” — S+ 2 (1)
S™+e” — ST+ 3e”

have been studied in the energy regimes 0-60 eV and
0-30 eV, respectively. Figure 1 is an energy level diagram
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Fig. 1. Energy level diagram showing electron-impact excita-
tion of S™ into the first and second detachment continua.

showing electron-impact excitation of S~ into the first and
second detachment continua.

2 Experiment and data analysis

This experiment was conducted at the ion storage
ring CRYRING at the Manne Sieghbahn Laboratory in
Stockholm [7]. Intense ion beams can be produced in
the ring by a multi-turn injection method. The energy
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resolution in the collision process is significantly improved
by the use of electron cooling [8].

Negatively charged sulphur ions were produced in a Cs
sputter ion source [9]. They were accelerated to 40 keV and
mass selected using a magnet. A current of several micro-
amperes was measured directly after the magnet. The ions
were injected into the ring and thereafter accelerated with
a non-resonant-driven drift-tube to their maximum energy
of 3.0 MeV. Typical ion currents were 1.5 A at the end
of the acceleration. The electrons in the cooler are merged
with the ions after the acceleration and the phase space
cooling of the ion beam starts. Velocity matched electrons
travel collinearly with the ions for 85 cm. In the present
experiment the temperatures of the electrons were 8 meV
and 0.05 meV in the transverse and longitudinal direction,
respectively. The electron energy at the cooling condition
was 54.7 eV. In addition to cooling the ion beam, the elec-
trons are used as collision partners in the detachment re-
actions. A wide range of collision energies was achieved by
ramping the voltage on the electron gun in the cooler. The
energy of the electrons was tuned from 54.7 eV to 229 eV
in the single detachment measurement and from 54.7 eV
to 165.7 €V in the double detachment measurement. This
corresponds to collision energies ranging from 0 to 60 eV
and 0 to 30 eV, respectively, in the center-of-mass (CM)
frame. In the merged beam geometry the collision energy
in the CM frame, FEcyy, is given by

Ecm = (\/Ee Y Ecool)2 ; (2)

where FE. is the electron energy in the laboratory frame
and Fcoo) is the electron energy in the laboratory frame
when the cooling condition is met. In order to derive this
equation, the reduced mass is approximated by the elec-
tron mass and the CM velocity, vom, is taken to be the
same as the detuning velocity, vq = |Ue — Tion|. The latter
approximation is valid since the reaction threshold energy
in the CM frame is much greater than the electron temper-
ature. After the ramping of the energy, the electron cur-
rent was turned off and the magnets went back to initial
settings. The beam was dumped and a new ring-injection
started.

Neutral sulphur atoms produced in both electron im-
pact detachment events and in collisions with the resid-
ual gas were not deflected by the magnetic field in the
dipole magnet situated after the cooler. Instead they con-
tinued straight forward through the magnet. They were
then detected with a surface barrier detector (SBD) posi-
tioned 4 m downstream of the cooler. For collision energies
larger than 20 eV, double detachment processes can oc-
cur. The ST ions produced in this process were bent away
from the S~ ion trajectory by the dipole magnet. They
were then detected by a movable SBD. The regions where
the electrons and ion beams were merged and where the
detectors are placed are shown schematically in Figure 2.
In another section of the ring a scintillation detector con-
sisting of a combination of a BaF-window and a photo-
multiplier tube was used to detect S atoms neutralized by
collisions with the residual gas. This signal was used for
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Fig. 2. A schematic diagram of the electron cooler and the
detection regions. Electron-impact detachment collisions are
studied by allowing negative ions and electrons to interact in
the cooler region. The neutral atom and positive ion products
of these collisions are detected using SBDs.

normalization purposes. The outputs of all the detectors
were directed to multichannel scalers.

The ion current in the ring was determined separately
using a DC transformer. For this measurement the cur-
rent was maximized to enhance the accuracy. During data
acquisition, however, the ion current was reduced in order
to avoid pulse pile-up in the SBDs. A scintillation detector
was used to relate the ion current measured with the DC
transformer and the smaller current used during the data
acquisition.

The collision energies used to measure cross sections
were considerably larger than the energy spread of the
electrons. We were therefore able to neglect the electron
temperature and assume that the relative velocity between
the electrons and ions, v, are equal to the detuning veloc-
ity, v4. The cross section is then given, in terms of mea-
surable quantities, by [10]

R Ry C

7= nevl 3)
R, is the count rate on the SBD from electron-impact
induced detachment events. This rate is obtained by sub-
tracting the exponentially decaying background from the
total measured count rate on the detector. The back-
ground is determined by an interpolation between a time
window before and a second time window after the elec-
tron energy ramp, when no electron beam is present in
the cooler. Ry is the neutral count rate on the scintilla-
tion detector, C' is the circumference of the ring, n. is the
electron density, v is the relative velocity between ions and
electrons and [ is the length of the interaction region. Rp
is the normalized destruction rate due to collisions and it
is obtained using the relation

RN’ Vion€
4
Iion C ( )

Rp =

where (LionC)/(vione) is the total number of ions in the
ring and Ry is the count rate on the scintillator during
the ion current measurement. [i,, is the ion current, vion
is the ion velocity and e is the elementary charge.

The signal on the SBD receives an additional contri-
bution from the regions were the electron and ion beams
merge and de-merge. The collision energy is higher in these
so-called toroidal regions than in the straight section of the
cooler. The measured cross section was corrected for this
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Fig. 3. The cross section for the detachment of a single electron
from S~ following electron impact. The squares represent the
measured data and the solid line is a fit to the data over the
range 10-30 eV. The solid line is extended beyond the limits
of the fit.

effect by subtracting the calculated contribution from the
toroidal sections. This correction amounted to about 30%
of the measured cross section.

Another correction involved the energy scale. Individ-
ual electrons in the cooler experience a space charge as the
result of being part of the electron beam. This effect will
reduce the actual energy of the electrons compared to the
value expected from the power supply connected to the
electron gun in the cooler. This space charge correction
can be calculated using the Poisson equation [11]. As a
result, the threshold energies for single and double detach-
ment were shifted down by 0.8 eV and 0.9 eV, respectively.

3 Results

In the experiment, single and double electron detach-
ment processes were studied in the collision energy ranges
0-60 eV and 0-30 eV, respectively. The results are shown
in Figures 3 and 4. The error bars represent statistical
uncertainties associated with SBD signals.

Figure 3 shows the cross section for single detachment,
which can be written as

ST4+e” —=S+2e. (5)

The ground state configuration of S~ is 3p® 2P with the
fine structure components J = 1/2,3/2, which were un-
resolved. The ground state configuration of the S atom
is 2p*, which splits into the three terms 3P, 'D and 'S.
These three states will all contribute to the signal shown
in Figure 3. For higher electron energies, it is also possi-
ble that the residual atom is left in electronically excited
states but their contribution to the cross section is ex-
pected to be small.

In the same figure, a curve fit to the data points is
shown as a solid line. This fit is based on a semiclassical
over-the-barrier (OTB) model. In this model a detachment
reaction is assumed to occur if the electron comes within
a distance Ry, from the center of the negative ion and
as long as the kinetic energy of the incoming electron is
greater than the electron affinity (EA), the energy loss for
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Fig. 4. Threshold behavior of the cross section for the de-
tachment of two electrons from S~ following electron impact.
The circles represent measured data. The solid line is a fit to
the data over the range 22-30 eV. The solid line is extended
beyond the limits of the fit.

the electron due to the Coulomb repulsion between the
electron and the anion and the centrifugal barrier [12].
This fit is meaningful only in a region between the thresh-
old and the maximum cross section. Nevertheless we use
this restricted model to determine a value for the thresh-
old, which we call the model threshold. The rise in the
cross section below the model threshold originates in tun-
neling events. The model threshold for single detachment
of ST is determined to be 6.6 eV. This is some 3 times
greater than the EA of S, which is 2.1 eV [13]. The larger
model threshold for the electron impact detachment re-
action is due to the Coulomb repulsion between the elec-
tron and the ion. Thus, a reaction only takes place if the
collision energy is 4.5 eV in excess of the EA. The cross
section rapidly increases from the threshold until the max-
imum cross section of 6.7 x 10716 cm? is reached at 30 eV.
Thereafter the cross section decreases linearly up to the
maximum measured collision energy.

At higher energies, the projectile electron can detach
two electrons from the anion:

S™4+e — St +3e. (6)

The ground state configuration for the S* ion is 3p?, which
splits into the three terms *S, 2D and 2P. These three fi-
nal states will all contribute to the cross section for this
process. The near-threshold cross section for this process,
together with a curve fit from the OTB model, is shown in
Figure 4. The model threshold for the reaction is 19.8 eV.
This value should be compared to the sum of the EA and
the ionization potential of S, which is 12.4 eV. The ex-
cess energy needed in the double detachment reaction is
therefore 7.3 eV.

In addition to the uncertainty in the SBD signal, shown
as error bars in the figures, there are statistical fluctu-
ations in the measurements of other quantities needed
to determine the cross sections. These contribute with
an additional statistical uncertainty of 5% at the maxi-
mum of the cross section for single detachment and 3%
at the maximum collision energy for double detachment.
The systematic uncertainty associated with the determi-
nation of the cross section is dominated by the uncertainty



26 The European Physical Journal D

in the measurement of the ion current (10%) and the
uncertainty in determining the length of the interaction
region (5%). The toroidal correction contributes to the
total uncertainty in the cross section with 3%. There
are also uncertainties associated with the measurement
of the electron current (2%), the radius of the electron
beam (1%) and the length of the beam orbit in the stor-
age ring (0.1%). Quadratically combining all these inde-
pendent uncertainties yields an overall systematic uncer-
tainty of 12%. The collection and detection efficiency are
unity for both the SBDs since the ion beam is consider-
ably smaller than the detectors. The overlap between the
ion and electron beams is 100% in the interaction region
and the smaller ion beam was directed through the uni-
form region of the electron beam. The uncertainty in the
energy scale is 0.2 eV at the threshold for single and dou-
ble detachment. The energy resolution is limited by the
data collection time of the MCSs. In this experiment we
had a resolution of 0.16 eV and 0.23 eV at the single and
double detachment thresholds, respectively.

4 Summary

Absolute cross sections for single and double detachment
from S~ following electron impact have been measured in
a merged beams experiment. In the experiment collision
energies ranged from 0-60 eV for the single detachment
process and 0-30 eV for the double detachment process.
The model threshold for single and double detachment
were found to be at 6.6 and 19.8 eV, respectively. The
maximum value of the single detachment cross section was
measured to be 6.7 x 10716 cm? at 30 eV.
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