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Observation of Resolved Zeeman Thresholds in Photodetachment in a Magnetic Field
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Experiments on photodetachment from selenium negative ions in magnetic fields of 6.33 and 7.83 T
have allowed the observation of photodetachment from resolved Zeeman levels for the first time. The
measured relative detachment strengths for the Zeeman thresholds are not in agreement with the
presently available theoretical prediction. Some possible sources of this disagreement are suggested.

PACS numbers: 32.80.Fb, 32.60.+i, 32.70.Cs

The problems of atomic structure and collisions in

strong magnetic fields have been the subjects of nu-
merous theoretical and experimental investigations. '

They are fundamental, unsolved problems in atomic
physics and are of considerable interest for astrophysics
because of the very large magnetic fields which exist
near some stars. Despite this interest, the only experi-
mental information currently available on continuum
states of electron plus neutral atomic systems in a mag-
netic field arises from a few experiments involving photo-
detachment from atomic and molecular negative ions.
Such experiments may be of substantial practical in-
terest as well since they suggest the feasibility of highly
efficient and possibly state-selective photoneutralization
of fast negative-ion beams. In these experiments the
data were found to be consistent with the description of
Blumberg, Itano, and Larson (subsequently referred to
as BIL) which made major simplifying assumptions in-
cluding the neglect of a final-state interaction. This
theoretical description has been challenged, expanded,
and discussed ' but, perhaps despite its simplicity, it
has been consistent with available data. The situation
suggests that further real progress must rely upon exper-
iments which go significantly beyond those previously
performed.

All of the experiments on photodetachment in a mag-
netic field to date have involved detachment from un-
resolved Zeeman levels since the splittings provided by
the magnetic field were less than the motional broaden-
ing. We report here the results of new experiments done
with motional broadening somewhat smaller than that in
the earlier experiments and with much larger Zeeman
splittings that allow the observation of photodetachment
from individual Zeeman levels. The resolution of mag-
netic structure has been increased by an order of magni-
tude over that achieved in earlier experiments. The
present measurements were carried out in a new Penning
ion-trap apparatus which uses a superconducting sol-
enoid to provide fields of up to 8 T. The major finding
of these new experiments is that photodetachment from
the resolved Zeeman sublevels shows a clear departure
from the relative strengths predicted by BIL.

The new Penning trap is of the standard design'

with ring and end-cap electrodes in the approximate
shape of truncated hyperboloids. The ring and end-cap
supports are made from oxygen-free high-conductivity
copper and the end caps themselves are made from gold
screens. Compensation electrodes are provided between
the ring and end caps. ' The trap was mounted inside a
3.8-cm-diam stainless-steel vacuum pipe which is insert-
ed in the room-temperature bore of a superconducting
solenoid. The solenoid provides magnetic fields of up to
8 T and has superconducting shim coils to reduce rela-
tive inhomogeneities in the fields to about 10 in a 1-
cm volume. An electron gun placed just below the
solenoid and to the side of the axis of the trap produces
the low-energy electrons used to create the ions in the
trap. Photodetachment was done with a laser beam
which was directed through the trap along the magnetic
field. The strength of the magnetic field was measured
by observation of the cyclotron frequencies of the
trapped ions.

The experimental cycle is similar to that used in previ-
ous experiments. The Se ions were created by dis-
sociative attachment of low-energy electrons to CSe2
which was leaked into the vacuum system at a pressure
in the vicinity of 10 Torr. After the electron beam
was turned off, the number of ions in the trap was mea-
sured by driving of the ions axial motion and observa-
tion of the currents induced on the ring electrode. The
ions were then illuminated by light from a dye laser
tuned near the photodetachment threshold at 613 nm
while the amount of light passing through the trap was
monitored by a photodiode. The laser frequency was
monitored with a combination of a wavemeter, a Fabry-
Perot spectrum analyzer, and an iodine absorption cell.
When the integrated light power reached a predeter-
mined level the laser beam was blocked and the number
of ions remaining in the trap was measured. The whole
cycle of filling the trap, measuring the ion number, de-
taching some fraction of the ions, measuring the number
again, and emptying the trap took on the order of 15 s.
Several such cycles were averaged to produce one datum
point.

Photodetachment data were collected at two magnetic
fields, 6.33 and 7.83 T, with a variety of different condi-
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tions of light intensity, light polarization, and CSe2 pres-
sure. All of these quantities were held constant in a
given run while the laser frequency was scanned. The
thresholds studied involved transitions from the P3/2
state of the negative ion to the P2 state of the neutral.
The closest spaced Zeeman components of this threshold
lie at energies differing by one-sixth of pDB, where po is
the Bohr magneton. Twenty-two Zeeman thresholds are
possible for each Landau level of the detached electron,
occurring over a range of 4poB. The thresholds repeat
for each new Landau level. Since the photodetachment
thresholds for detachment to the lowest Landau level
(n =0) are spread over a range of more than 350 GHz
and since the data points were spaced by as little as 1.5
6Hz in order to observe fully the structure in the cross
section, laser-frequency scans could generally be taken
only over a fraction of the total range while allowing suf-
ficient time for averaging of noise and monitoring of
drifts in a single run. The lack of significant drift in the
signal was verified by periodic measurement of the de-
tachment signal a few hundred gigahertz below the
threshold. Each part of the n =0 spectrum was exam-
ined in some detail. The data are presented as the frac-
tion of ions surviving photodetachment plotted as a func-
tion of laser frequency.

It is useful to consider first the results predicted by
BIL for conditions similar to those realized in the experi-
ments in order to understand the experimental data. The
predicted ion survival ratio for light polarization and in-
tensity comparable to that used for some of the data is
shown for the whole n =0 region at 6.33 T in Fig. 1.
The prediction is done with a small fraction of x-po-
larized light. The presence of such light, apparently due
to scattering off the gold mesh end cap, was observed ex-
perimentally. In this prediction, 85% of the o-polarized
light carries angular momentum, q, of +1 so that the
highest (Am =

q
= + l ) thresholds are accentuated.

Resolved Zeeman thresholds are readily apparent as ra-
pid changes in ion number with laser frequency. This
prediction used an ion temperature of 670 K to produce
motional broadening similar to that observed in actual
data. The ion temperature is lower than the tempera-
tures in the range of 900 to 1200 K obtained in earlier
experiments. The difference is probably due to separa-
tion of the hot filament from the trap and perhaps to the
higher background gas (CSe2) pressures used in this ex-
periment. Motional broadening of the features in the
photodetachment cross section results from a combina-
tion of Doppler and motional Stark shifts. The lower
temperatures and higher mass of Se imply motional
shifts which are a factor of about 1.8 smaller than those
present in the earlier experiments on S . More signifi-
cantly, the higher fields used in the present experiments
provide Zeeman splittings which are a factor of 5 larger.
The combined effect of these two factors is an increase in
resolution of the thresholds by a factor of about 9. In
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FIG. 1. A theoretical prediction of ion survival ratios as a
function of laser frequency that would be expected for a partic-
ular light geometry and a magnetic field of 6.33 T. The pre-
diction is based on the description of Ref. 7. Most of the light
has o. polarization, and 85% of that light carries angular
momentum (q) of + 1 so that the highest thresholds shown are
accentuated. The sets of thresholds for different cyclotron
states (n) of the photodetached electron are well separated.
Individual Zeeman thresholds also can be readily seen as rapid
changes in the ion number with laser frequency. The frequen-
cy zero corresponds to the zero-magnetic-field photodetach-
ment threshold.

the present experiment the combined motional shifts are
less than 1 6Hz and the Zeeman thresholds are separat-
ed by over 18 GHz (at 7.83 T). The comparison of these
two numbers suggests resolution somewhat better than
that actually obtained, however, since the motionally
broadened cross section appears as an asymmetric peak a
few gigahertz wide. No attempt was made in the present
experiment or analysis to account for isotopic shifts in
the photodetachment thresholds. The mass resolution of
the detection scheme was such that a few isotopes would
contribute to the signal, but since the isotopic shifts in
the photodetachment threshold should be on the order of
1 6Hz or less, the isotopic differences should not have a
significant effect on the shape of the observed structure.

Figure 1 shows six resolved Zeeman thresholds in the

q = —1, n =0 region of the spectrum. Another thresh-
old, involving the mJ = ——,

' state of the negative ion, lies

just below the lowest-frequency threshold apparent, but
it cannot be seen in the figure since BIL predicts zero
strength for this threshold. A little structure can be seen
in the region between the q= —1 and q=+1, n=0
thresholds, but the most obvious effect of the q =0, n =0
and q = —1, n =1 thresholds which lie in this region is a
fairly smooth reduction of the ion number in a region
where the cross section due to the q = —1, n =0 thresh-
olds is decreasing with increasing light frequency. The
first Zeeman threshold in the q =+1 part of the spec-
trum results in a large change in the ion number since
this threshold involves the first substantial detachment
from the rnj = —

2 state.
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FIG. 2. Experimental data points for the n 0, q = —1

thresholds at 7.83 T fitted by the theory illustrated in Fig. 1.
The lack of agreement in the region at and below the first of
the predicted thresholds is reproduced consistently in all of the
data.

An example of experimental data for the q = —1,
n =0 thresholds at 7.83 T is shown in Fig. 2. The data
points are shown with a least-squares fit by the predic-
tion of BIL. Zero frequency (in all of the figures) is at
the position of the zero-magnetic-field detachment
threshold. The signal-to-noise ratio, typical for much of
the data, is sufficient to see the resolved Zeeman thresh-
olds and to see a deviation from the prediction, especially
in the region of the lowest-frequency thresholds. The
first threshold, involving the mJ = ——', state of the ion,
is present with nonzero strength. Also, the second ob-
served threshold appears to have smaller strength than
predicted. Both of these observations are supported by
all of the data collected in this region, at both 6.33 and
7.83 T. The clearest evidence for these conclusions ob-
tained in a single run is shown in Fig. 3, where just the
first three thresholds have been probed. These data were
taken at a field of 6.33 T and fitted by a cross section
with a shape given by BIL but with strengths for the
Zeeman thresholds derived from several experimental
runs as discussed below. The threshold evident near a
frequency of —90 6Hz is the one predicted to have zero
strength. (This threshold is at a different position than
in Fig. 2 because of the different magnetic field. ) The
fit demonstrates that the shape of the predicted cross
section appears to be reasonable, but that the strengths
are not. The data shown in Fig. 3 were taken with high
pressures and long light intervals, conditions which pro-
duced the best signal-to-noise ratio, but which also pro-
duced evidence for collisional redistribution of Zeeman
populations which can affect measurements of relative
strengths of the Zeeman thresholds. Little effect of col-
lisions was observed on the first two thresholds, however,
and in any case, collisional redistribution of populations
could not change the apparent strength of a threshold if

it in fact had zero strength to begin with.
The experimental strengths for four thresholds derived

from fits to data taken with relatively low pressures and
short times are presented in Table I along with the
strengths predicted by BIL. The experimental strengths
are derived from seven runs including the one shown in
Fig. 2. The strengths of all four thresholds appear to de-
viate from the theoretical strengths. The rn J = ——,

'
threshold is merely the most dramatic. The strengths
are obtained on the assumption that the four Zeeman
levels of the negative ion are initially present with equal
populations, and the sum is normalized to that of the
theoretical prediction. In principle, on the basis of the
geometry of the electron beam and the field, the ions
could be formed with unequal Zeeman populations. It
seems unlikely, however, that significant alignment could
be produced in the dissociative attachment process.
Such concerns appear to be put to rest by the experimen-
tal strengths themselves which suggest that neither align-

TABLE 1. Experimental and theoretical (Ref. 7) strengths
of the first four hm —

1 Zeeman components in the
Se ( Py2) to Se( Pq) photodetachment threshold. The ex-
perimental strengths were found by a least-squares fit to seven
sets of data with use of the cross section of Ref. 7 with variable
strengths for these thresholds.

Transition
mJ (Se ) mJ (Se)

Theoretical
strength

Experimental
strength

3
2
1

2
1

2
3
2

—2
—1

0
1

0
0.5
1.33
1.5

0.16(6)
0.34(12)
1.53 (26)
1.30(32)

FIG. 3. Experimental data points for the first three observed
n 0, q

—1 thresholds at 6.33 T together with a fit by the
theory illustrated in Fig. 1 but with the experimental strengths
presented in Table I. The thresholds appear at different posi-
tions than in Fig. 2 because of the difference in the strength of
the magnetic field. The threshold clearly visible near —90
GHz is predicted in Ref. 7 to have zero strength.
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ment nor polarization in the initial state could be respon-
sible for the observed deviations from the prediction. Of
course, for the first threshold a consideration similar to
that relevant to collisional redistribution applies. No dis-
tribution of initial Zeeman populations could cause the
appearance of the first mJ = —

2 threshold if its
strength were truly zero.

While the data presented here do not suggest that the
shape of the cross section predicted by BIL is incorrect,
they present a clear disagreement with the relative sizes
of the cross sections at the resolved Zeeman thresholds.
Within the context of the BIL description the prediction
of the relative sizes is based upon some obvious assump-
tions. For example, it is assumed that the effect of the
magnetic field on the continuum wave function in the re-
gion near the atom is small. This means that the angular
part of the bound-continuum matrix element can be
treated just as it would be if there were no field present
and that the detachment cross section is dominated by
transitions to an s-wave continuum. Also, it is assumed
that the angular matrix element can be calculated based
on LS coupling in the atom and negative ion. In addi-
tion, the effects of any final-state interaction are explicit-
ly neglected. The failure of these assumptions can lead
to a nonzero strength for the first Zeeman threshold and
an alteration of the strengths for the other thresholds.
Very simple estimates suggest that it is unlikely that the
failure could be due to the effect of the magnetic field on
the continuum wave function, but in any case, the
present data make it clear that further experiments and
calculations are needed to understand more fully the pro-
cess of photodetachment in a magnetic field.
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