
Photodetachment spectroscopy from the lowest threshold of S−

James E. Wells* and J. N. Yukich†

Physics Department, Davidson College, P.O. Box 7133, Davidson, North Carolina 28035-7133, USA
�Received 15 October 2008; revised manuscript received 31 July 2009; published 20 November 2009�

We have observed the photodetachment spectrum near the lowest detachment threshold from S− in a 1 T
field. The spectroscopy shows a small degree of magnetic field structure of the type observed in similar
experiments at the higher-energy threshold of the electron affinity. Furthermore, our results yield a measure-
ment of the lowest detachment threshold energy.
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I. INTRODUCTION

For over 30 years, photodetachment of electrons from
negative ions in external magnetic fields has generated con-
siderable experimental and theoretical work �1–8�. The prin-
cipal effect of a magnetic field is to force the outgoing free-
electron wave function to undergo cyclotron orbit. A portion
of the outgoing wave function may return to the atomic core,
where it can interfere with any residual electron wave func-
tion. The cyclotron motion is quantized in the plane perpen-
dicular to the field, and the electron’s axial motion along the
field axis is continuous �9�. The spectroscopic result of this
one-dimensional continuum is a pattern of oscillations in the
near-threshold detachment cross section corresponding to the
electron’s infinite set of Landau levels �1�. The effect has
been studied in the frequency domain as well as the time
domain �10–12�. The magnetic field also splits the fine-
structure levels of the ion, the neutral atom, and the electron.
Thus, each Landau threshold is composed of multiple Zee-
man thresholds which depend on the initial state�s� of the
ion, the final state�s� of the atom, the spin of the electron, and
the photon polarization.

Numerous experiments have focused on photodetachment
spectroscopy near the electron affinity, defined as the energy
difference between lowest state of the ion and the lowest
state of the neutral atom. In the case of S−, O−, and Se−, this
corresponds to the 2P3/2→ 3P2 transition, shown as transition
A in Fig. 1. Previous work at this transition has resolved the
above-mentioned Landau magnetic structure in numerous
experiments and in some cases has resolved the individual
Zeeman thresholds �1,3–5,12–14�. In most cases, these ex-
periments have shown strong agreement with the theory of
Blumberg, Itano, and Larson �hereafter referred to as BIL�
�2�. This theory was initially developed to model the photo-
detachment process in a magnetic field at the electron affinity
transition. However, three experiments have uncovered a
clear departure from the BIL theory �4,5,14�, motivating a
more thorough testing of the theory in general.

Detachment spectroscopy at the electron affinity transition
is clearly important. However, spectroscopy of the lowest-

lying transition, corresponding to detachment from the high-
est bound state, also yields valuable information about the
short-range potential binding the extra electron, as well as
values for the spin-orbit splitting. Yet, relatively little work
has been conducted at the lowest transition. For example, the
only previous experiment to investigate detachment at this
transition in a magnetic field failed to detect any structure in
the detachment �15�.

In this paper we report on an experiment to investigate the
validity of the BIL theory to detachment at the lowest thresh-
old of S−, at the 2P1/2→ 3P2 transition, shown as transition B
in Fig. 1. The experiment is conducted in a Penning ion trap
with a field of 1.0 Tesla. We use a single-mode continuous-
wave laser with polarization parallel to the magnetic field
��-polarized light�. The long laser interaction time afforded
by the ion trap and continuous laser permits relatively pre-
cise energy measurements compared to what is achievable
with an ion beam. Another distinguishing feature of this ex-
periment is that our choice of laser polarization allows only
four individual Zeeman transitions for each Landau level.
Thus the overall spectroscopy is expected to be simpler than
found in many previous experiments �2,3,12,14,16�. Our re-
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FIG. 1. Level diagram showing splitting of the two bound states
of the S− ion, as well as the ground state of the neutral S atom.
Transition A corresponds to the electron affinity and transition B is
the focus of the present work.
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sults show a small degree of structure above the lowest
threshold. Furthermore, by fitting the BIL theory to the data
we arrive at a value for the energy of the lowest detachment
transition. Our result is consistent with the recent value pro-
duced by the photodetachment microscope �17�, lending fur-
ther credibility to this method.

II. THEORY

The BIL theory has been described extensively in the lit-
erature �2,3�, so we will only summarize it here. In the
present work, our experiment probes near-threshold s-wave
detachment at the 2P1/2→ 3P2 transition. The 2P1/2 state is
the higher of just two bound states �an inverted doublet� of
the S− ion, and the 3P2 state is the ground state of the neutral
atom, part of an inverted triplet. In the absence of a magnetic
field, the detachment could be described by the Wigner law
�18�. Presence of a magnetic field splits the 2P1/2 and 3P2
states into their magnetic Zeeman sublevels, but the domi-
nant effect of the field is to constrain motion of the electron
to quantized cyclotron levels. Thus, the magnetic field brings
about periodic discontinuities, spaced by the cyclotron fre-
quency, in the density of final states. According to Fermi’s
golden rule, this periodic variation in the density of final
states gives rise to periodic structure in the detachment cross
section. Each cyclotron level has a threshold given in the
ion’s frame by

�� = ��0 + ��c�n + 1/2� , �1�

where � is the light frequency, n is the principal quantum
number of the Landau level, �c is the cyclotron frequency,
and ��0 is the zero-field threshold. The detached electron’s
total energy in the one-dimensional continuum is

E = ��0 + ��c�n + 1/2� +
pz

2

2m
, �2�

where pz is the electron’s momentum along the field axis
�2,3�.

For each Landau level of the detached electron, there are
12 possible Zeeman thresholds within a total range of
�4.33�BB. Relative to the zero-field threshold, the Zeeman
threshold energies are given by

Eif = �BB�gfmf + geme − gimi + 2n + 1� , �3�

where �B is the Bohr magneton. The g-factors gf, ge, and gi
refer to the 3P2 state of the neutral atom, the electron, and the
2P1/2 state of the ion, respectively. The magnetic quantum
numbers mf, me, and mi are similarly defined. As shown in
Table I eight of these Zeeman transitions occur with
�-polarized light �q= �1� and four with �-polarized light
�q=0�, and the four � thresholds span a range of only
�4 /3��BB. The allowed Zeeman transitions are those that
satisfy the selection rule mi+q=mf +me. Assuming LS cou-
pling, the Wigner-Eckart theorem and the Wigner 3-j and 6-j
symbols allow us to calculate the relative strengths of these
transitions �16�. In the case of �-polarized light, as used in
our experiment, these relative strengths vary only by 50%
among the four allowed transitions.

The partial cross section found at each threshold is given
by

��k� �
4k

�2 + 4k2 . �4�

Here, k is the wave number corresponding to pz, and � is a
constant proportional to the depth of a possible short-range
final-state interaction between the electron and the atomic
core �3�. Each partial cross section is weighted by the appro-
priate Zeeman transition strength. In our experiment, we
measure the percentage of ions surviving photodetachment in
the ion trap. The ions are assumed to populate the magnetic
sublevels of the initial 2P1/2 state in a Boltzman distribution.
The fraction of ions surviving illumination is related to the
photodetachment cross section by F�	�=�i f ie

−A�i�	�, where f i
is the relative population of the ith initial state, A is propor-
tional to the total optical flux during the laser interaction
time, and �i�	� is the cross section for detachment from the
ith initial state. The total cross section for a given photon
energy is the sum of all the partial cross sections correspond-
ing to the allowed Zeeman transitions and all Landau levels
allowed by energy conservation �2�. To account for thermal
broadening effects, the fitting procedure includes convolu-
tion with a Gaussian function whose width is one of the fit
parameters. Other fit parameters include the field-free de-
tachment threshold.

III. EXPERIMENTAL TECHNIQUE

The apparatus and experimental technique used in this
work have been described previously �1–3,12,16�, so we give
a brief overview here. Our photodetachment spectroscopy is
conducted by observing the depletion of ions stored in a
Penning ion trap when the ions are illuminated by a tunable
single-mode laser. We create the ions in the Penning trap by
dissociative attachment to a carrier gas controlled by a vari-
able leak �19�. In the case of S−, we use a carrier gas of
carbonyl sulfide �OCS� at a pressure of approximately 3

10−8 Torr. The ultrahigh vacuum system has a background
pressure of approximately 5
10−10 Torr. Each experiment

TABLE I. Details of the allowed Zeeman transitions between
the sublevels of 2P1/2 in S− and 3P2 in neutral S. The fifth column
denotes the relative weight factor. The sixth column gives the fre-
quency shift in units of �BB relative to the zero-field threshold.

q mi mf me Weight �Eif

1 1
2 2 − 1

2 12 +1.667

1 1
2 1 1

2 3 +2.167

−1 1
2 −1 1

2 3 −0.833

−1 1
2 0 − 1

2 2 −1.333

0 1
2 1 − 1

2 6 +0.167

0 1
2 0 1

2 4 +0.667

0 − 1
2 0 − 1

2 6 −0.667

0 − 1
2 −1 1

2 4 −0.167

1 − 1
2 0 1

2 2 +1.333

1 − 1
2 1 − 1

2 3 +0.833

−1 − 1
2 −1 − 1

2 3 −2.167

−1 − 1
2 2 1

2 12 −1.667
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is performed with an ensemble on the order of 104 ions. We
make a relative measurement of the number of trapped ions
by driving the ions’ resonant axial motion with a radio fre-
quency voltage applied to the trap endcaps. The image cur-
rent induced on the trap ring electrode is detected at twice
the driving frequency by a tuned coil. The resulting voltage
is amplified with a highly tuned preamplifier and then de-
tected with a commercial high-frequency lock-in amplifier
�2�.

The ions are illuminated with light from a tunable, single
longitudinal mode ring dye laser operated with Kiton Red
dye, shown in Fig. 2. The laser is tuned with a birefringent
filter and two etalons to produce the 614 nm light needed to
photodetach the S− ions. The laser wavelength is determined
by a wavelength meter and a Fabry-Perot spectrum analyzer.
The laser beam is aligned through the ion trap and the trans-
mitted flux is recorded by a photodiode. A feedback signal
from the photodiode to a mechanical shutter maintains con-
stant integrated light flux from cycle to cycle of the experi-
ment.

One cycle of data acquisition consists of a background
noise measurement by the ion detection electronics, followed
by an ion creation period, an initial ion signal measurement,
an optical interaction period, and a final ion signal measure-
ment. The ratio of the two ion signal measurements gives the
fraction of ions surviving the interaction time. To account for
trap losses by mechanisms other than detachment, alternate
data cycles measure the trap retention ratio in the absence of
laser light �shutter closed�. Thus the ratio of the fraction of
ions surviving the interaction period with and without light
yields a fraction of ions surviving photodetachment, cor-
rected to first order for background losses. The model de-

scribed in Sec. II is then fit to the data with the adjustable
parameters.

Toward the beginning of the experiment we encountered a
difficulty known as the “excess ion” problem. This is the
name given to the phenomenon of an apparent net increase in
the number of ions during the laser illumination period. The
result is a fraction of ions surviving photodetachment that
can exceed 1.0. Indeed, this problem was observed during
the first experiments on negative ion detachment in a mag-
netic field �15�. It is thought to be caused by production of S2

−

during the ion creation period through the reaction
S−+OCS→S2

−+CO. The detachment threshold for S2
− has

been experimentally found to be 1.670 eV �20�, or fully 0.35
eV lower than the S− lowest threshold. Thus, any S2

− popu-
lation produced in the trap will be photodetached, yielding
0.35 eV electrons which in turn produce further S− ions by
dissociative attachment

h	 + S2
− → e− + S2

e− + OCS → S− + CO. �5�

If this process occurs at a rate faster than detachment from
S−, then the number of S− ions in the trap will increase dur-
ing the laser illumination period rather than decrease. We
found that this behavior could be greatly diminished by purg-
ing the trap of S2

− prior to making any S− measurements. The
purging is accomplished by applying to the trap end caps a
radio frequency potential tuned to the resonant axial motion
of S2

−.

IV. RESULTS AND DISCUSSION

In our experiment, multiple sets of data were acquired to
determine the ratio of ions surviving detachment for photon
energies near the 2P1/2→ 3P2 threshold of S−. The magnetic
field was set at 1.0 Tesla. In each data run, �-polarized laser
light was used in order to maximize the possibility of resolv-
ing the individual Zeeman thresholds. The laser bandwidth
varied under 300 MHz, narrow compared to other motional
broadening mechanisms such as the motional Stark effect
and Doppler broadening. Figure 3 shows an example of the
results. Fluctuations in the ion trap conditions, which can
manifest themselves over the long periods required to ac-
quire the data, prohibit collecting data over more than a
couple of wave numbers.

Shown in Fig. 3 is a theoretical fit to the model described
in Sec. II. The initial threshold is evident; however, the mul-
tiple Zeeman thresholds are unresolved. The spacing be-
tween Zeeman thresholds at 1.0 T averages 0.21 cm−1; a
combination of motional broadening and the density of data
points makes it very difficult to resolve these thresholds. We
also note that due to the relatively large spin-orbit splitting in
S−, we have a very small initial population in the 2P1/2 state.
This reduces our signal to noise ratio compared to that found
in previous experiments at the electron affinity threshold.
Thus, while evaporative cooling would reduce thermal
broadening, it would also further diminish the population in
the 2P1/2 initial state. However, efforts are underway to in-
crease the magnetic field, which will increase spacing be-
tween the Zeeman thresholds in future experiments.
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Spectrum
Analyzer

Computer

Shutter

Photodiode
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FIG. 2. Schematic diagram of the major optical apparatus and
the ion trap. The ions undergo photodetachment with light from a
tunable, single-mode, dye ring laser. A computer-controlled me-
chanical shutter maintains a constant optical flux, measured by the
photodiode, from cycle to cycle of the data acquisition.
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The fit to the theoretical model yields a value for the
lowest S− detachment threshold of 16269.380�88� cm−1.
This is compatible with the recently measured value of
16269.4410�45� cm−1 using the photodetachment micro-
scope method �17�. Our total uncertainty of 0.088 cm−1 is
comprised of three uncertainties. The first is an instrumental
uncertainty of 0.012 cm−1 from the wavelength meter; this is
an absolute uncertainty to three standard deviations. The sec-
ond uncertainty is a standard deviation of 0.033 cm−1 from
the theoretical fit of the model to the data. To state a full
confidence interval, we multiply this standard deviation by a
large confidence factor of 2.0, yielding a statistical uncer-
tainty of 0.066 cm−1. Lastly, we account for possible sys-
tematic error due to the magnetic field, which is measured to
within 0.01 T. By allowing the field to vary between 0.99 and
1.01 T and repeating the model fitting, we find an average
possible deviation of 0.010 cm−1. There may be some over-
lap of these uncertainties, but we take the linear sum of these
three uncertainties as the outside limit of the total possible

uncertainty, or 0.088 cm−1. This error bar gives a full confi-
dence interval.

We note several differences in the current data from re-
sults of previous experiments conducted at the 2P3/2→ 3P2
transition �1,12,14,16�. First, the overall degree of detach-
ment �as indicated by 100% minus the fraction of ions sur-
viving detachment� is lower than in the previous work cited
above. This is to be expected, however, given the relatively
large spin-orbit splitting of the S− ion. Second, the data do
not show cyclotron structure as clearly as we have frequently
found near the electron affinity. We believe that this dimin-
ished magnetic-field structure is due to the reduced signal to
noise ratio.

We also note in Fig. 3 some residual excess ion effect
visible below the initial threshold. However, we are confi-
dent that this effect has not influenced the overall spectros-
copy. For photon energies fully 0.35 eV higher than the S2

−

threshold, we expect detachment from S2
− to be energy inde-

pendent. Thus, any artificial increase in the S− detachment
ratio due to the excess ion effect should be a uniform offset
and not impact measurement of the 2P1/2→ 3P2 threshold.

V. CONCLUSIONS

Frequency-domain spectra of photodetachment in a mag-
netic field at the lowest threshold from S− have been ob-
served using �-polarized laser light. Theoretical fits to the
data yield a threshold energy of 16269.380�88� cm−1. This
measurement is compatible with a recent value by the pho-
todetachment microscope method and reinforces that method
and its result. Our larger uncertainty suggests further efforts
to improve the overall signal quality. Future experiments will
examine detachment from the lowest threshold of other ions
whose spin-orbit splitting is smaller. Furthermore, an in-
crease in the ion trap’s magnetic field may allow us to re-
solve the individual Zeeman thresholds and measure their
relative transition strengths.
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FIG. 3. Photodetachment data at the 2P1/2→ 3P2 threshold of S−.
The fraction of ions surviving laser illumination is plotted as a
function of photon energy. The data shown are for a field of 1.0 T
and �-polarized light. The solid curve shows a fit to the data from
which is derived a measure of the field-free detachment threshold.
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