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Magnetic-field-dependent structure in the photodetachment cross section of negative
sulfur ions has been observed. This is the first observation of such structure for any

negative ion. The structure is found to be due in part to the excitation of the detached
electrons to discrete cyclotron levels.

We have observed the effect of a strong mag-
netic field on the photodetachment cross section
of the negative sulfur ion near the threshold for
detachment from the 'P3/2 state. Part of the mo-
tivation for this investigation is the possibility
that state-dependent photodetachment might pro-
vide an effective method of producing and detect-
ing population differences in certain stored ionic
species. S was selected for study because at
zero magnetic field the photodetachment cross
section near threshold is known to be a steeply
rising monotonic function of light frequency. ' We

observed that the application of a magnetic field
produces structure in the cross section which has
a periodic dependence on the light frequency. This
structure constitutes a dramatic departure from
the behavior at zero magnetic field. "' We find
that the oscillatory structure is due to the excita-
tion of the detached electron to discrete cyclo-
tron (Landau) levels in the magnetic field. '

The only bound states of the group-VI series of
atomic negative ions are 'P fine-structure doublet

formed from a p' configuration. The energy level
diagram for S as measured by Lineberger and
Woodward' is shown in Fig. 1. The dependence
of the zero-field photodetachment cross section
on photon energy was more clearly demonstrated
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FIG. 1. Zero-field energy levels of S and S. The

P3(2 P2 transition has been used for all of the re-
sults reported in this paper.

in experiments on Se . Hotop, Patterson, and
Lineberger' found that cr cc (v —v, »„„,„)'t', thus
verifying the Wigner prediction' for experimental
resolution on the order of 2 cm ' and for ener-
gies of less than 40 cm ' above threshold. The
measurements reported in this paper involve at
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most a photon energy of 4 cm ' above threshold
with a Doppler-limited resolution of about 0.1
cm '.

The Wigner prediction can be simply under-
stood in terms of the golden rule .The bound p
electron in the negative ion can be promoted to a
continuum s or d state. Sufficiently near thresh-
old, the d state is highly suppressed by the angu-
lar-momentum barrier. The matrix element for
a transition to the s state is independent of the
energy in the final state to first order since the
s wave electron penetrates to the neutral atom
even at zero kinetic energy. The density of final
states is proportional to k (where k is the rela-
tive momentum of e and S). Thus, the total
transition probability near threshold is propor-
tional to k which is nearly equal to the final elec-
tron momentum. In the presence of a magnetic
field, the transverse motion of the detached elec-
tron is constrained, leaving only one degree of
freedom. The density of final states then be-
comes proportional to 1/k, (where z is the coor-
dinate along the direction of the field) rather than
proportional to k.' This dependence upon k, also
holds for the cross section in the low-field limit
since the transition matrix element is not substan-
tially altered and remains independent of k, to
first order. The effect of the magnetic field is
thus to change the cross section from one which
has an infinite slope at threshold and rises mono-
tonically to one which in first approximation is
infinite at threshold and falls rapidly above the
threshold. '

The central piece of experimental apparatus is
an ion trap in which a gas of S ions is created,
depleted by photodetachment, and detected. The
trap is of the Penning design' and consists of
three copper electrodes: two end caps and a ring.
The surfaces of the electrodes are conjugate trun-
cated hyperboloids of revolution which produce an
electrostatic potential approximately of the form,
y= V(r' —2z')/4z, ' when a voltage V is applied be-
tween the ring and the end caps. The distance,
z„ from the center of the trap to each end cap is
0.100 in. An axial magnetic field on the order of
10 kG confines the ions radially. Three indepen-
dent harmonic motions occur in this combination
of electric and magnetic fields. There is an axial
oscillation of frequency v, and two transverse
modes: a cyclotron oscillation of frequency v, '
and a magnetron precession of frequency v

where, v, 'v = v,'/2. For a field of 10kG and an
applied potential of 1.35 V, S ions oscillate at
the frequencies, v, = 125 kHz, v, '= 459 kHz, and
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FIG. 2. Schematic diagrams of the experimental ap-
paratus. The ions undergo photodetachment with light
of a selected polarization and constant integrated in-
tensity as illustrated in (a) and those remaining are
detected (b) by driving at their axial resonant frequency
and measuring the current induced on the ring elec-
trode.

v =17 kHz. We have observed lifetimes of many
miniutes for positive ions under similar condi-
tions with a background gas pressure of about
10 ' Torr.

Ions are created in the trap by the dissociative
attachment process, e +OCS-CO+S, that oc-
curs with a large cross section (o= 3x 10 "cm')
for low-electron energy (1.4 eV). ' On the order
of 10~ ions are created during each data cycle by
a 10 '-A beam of electrons incident on OCS leaked
into the trap at a few times 10 ' Torr. The elec-
trons are injected axially through a hole in one
end cap. The S lifetime is limited to a few sec-
onds due to reaction with the OCS background.
The dominant reaction appears to be S +OCS
-CO+S, .

Light of approximately 59V-nm wavelength is
provided by a cw dye laser which emits over 100
mW with a bandwidth of less than 10 MHz. The
wavelength was selected to probe the 'P312 P2
threshold in the S ions. The amount of light sent
through the trap in each data cycle is monitored
and the integrated intensity is held constant from
cycle to cycle. Figure 2(a) shows some elements
of the optical system.

The number of ions is detected by driving them
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at their axial frequency v„with an rf voltage ap-
plied across the end caps. The image current at
frequency 2v, flowing between the ring and ground
is detected in a tuned circuit which is cooled to
77'K to reduce thermal noise. The voltage across
the tuned circuit is amplified, mixed down to 5
kHz and detected in a bandwidth of 200 Hz. The
rectified voltage is sampled by an analog-to-digi-
tal converter and digitally integrated. Figure
2(b) depicts the detection electronics. The detec-
tion scheme provides sufficient sensitivity so that
the noise (on the order of a percent) on the full
ion signal is largely due to the cycle-to-cycle
fluctuations in ion number.

A typical data cycle consists of the following
sequence. Ions are created for 6 sec. During
part of the next 500 ms the ions undergo photode-
tachment. Then the number of ions surviving is
measured by driving the axial motion for 350 ms.
The fraction of ions in the P», state surviving
illumination is F(v) =P f; exp[-Aa;(v)], where f;
is the initial fractional population of the state ~ ~
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=i +f; = 1), A is proportional to the integrated
light intensity, and o;(v) is the total cross section
for photodetachment from the state m ~ =i at fre-
quency v. In the analysis of the data we assume
that F(v) =N(v)/N(v') where N(v) is the total num-
ber of ions surviving illumination with frequency
v and v' is a frequency below the threshold for
detachment from the 'P,» state. At the light in-
tensities and frequencies used, detachment from
the 'P,» state is essentially complete.

Photodetachment measurements were made at
magnetic fields ranging from 6 to lb. 7 kG, for
light polarized parallel or perpendicular to the
magnetic field, and for various amounts of detach-
ment. Figure 3 presents observations at 15.7 kG
for p polarization and Fig. 4 presents observa-
tions at 10.7 kG for cr polarization. The amount
of detachment has been chosen to provide obvi-
ous structure. In each case, the data are shown
together with a predicted curve which has three
variable parameters adjusted to give reasonable
agreement with the data. These parameters are
the frequency of the first threshold, an overall
cross section scale factor, and the average ve-
locity of the ions. The average velocity (™3x 10'
cm/sec) obtained in this fashion is about a factor
of 2 larger than that obtained from an independent
estimate of ion temperature.

As suggested previously, the basic element of
the prediction is the assumption that the detached
electrons are excited to discrete cyclotron levels
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FIG. 3. Photodetachment data near the P3(2 —P 2

threshold. -The fraction of ions surviving illumination
is plotted as a function of light frequency (with an ar-
bitrary zero). The data shown here are for light of x
polarization at 15.7 kG. The data points are plotted
together with a predicted curve which has three param-
eters adjusted to give reasonable agreement with the
data. The fluctuation in ion number at each point is
approximately represented by the size of the point.
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PIG. 4. Photodetachment data as described in Fig. 3
except that the data shown here are for light of o. po-
larization at 10.7 kG.
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and that the cross section for such a transition is
proportional to 1/k, . Our experimental resolution
prevents the observation of discrete Doppler side-
bands arising from the harmonic motion of the
ions and so the cross section. is simply averaged
over a Maxwell-Boltzmann velocity distribution.
In addition we must take into account the Zeeman
structure of the negative ion, neutral atom, and
detached electron. This structure, together with
the multiplicity of cyclotron levels available to
the electron leads to a series of magnetic-field-
dependent thresholds. Despite the lack of spheri-
cal symmetry in the final state, each transition
is weighted by the standard angular momentum
coupling coefficients' appropriate for s-wave elec-
trons since for small enough electron momentum
and for low enough magnetic fields the wave func-
tion of the detached electron appears spherically
symmetric in the region near the sulfur atom.

The broad features in the data are due to the
excitation of the detached electron to the m= 0 np
=0, 1,2. . . cyclotron states (where m is the azi-
muthal component of the electron's orbital angu-
lar momentum and np is the radial quantum num-
ber)." Each feature consists of a collection of
unresolved transitions. The qualitatively differ-
ent shapes of the curves for 0 and g transitions
are a result of the different available thresholds
and weights for the two cases. The appropriate-
ness of the angular momentum weighing factors
is clearly demonstrated by the case of 0 polariza-
tion where the overlapping of the partial cross
sections would wash out the second bump if all
transitions were given equal weight. The onset
of the w-transition manifold occurs at higher fre-
quency than the onset of the 0-transition manifold.
The model predicts a shift of 22 GHz at a magnet-
ic field of 10.7 kG. The observed shift is 20.0
+ 1.4 GHz. This shift is obtained by fitting the
cross section near threshold to the predicted
cross section.

The dependence of the features on light frequen-
cy scales in proportion to the magnetic field.
However, it appears that for larger np's at a giv-
en field and for smaller fields at a given np the

bumps are smaller than the model predicts. This
could possibly be due to collisional effects but the
features are observed to be relatively insensitive
to OCS background pressure or to the total ion
number.

Our results can be summarized by stating that
we have observed for the first time magnetic-
field-dependent structure in a photodetachment
cross section. A basic element of the explana-
tion of this structure is the assumption that the
electrons are detached to individual cyclotron
levels in the magnetic field. Our model predicts
the structure rather well for high fields (-15 kG)
and small nz (-1).
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