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Observed photodetachment in parallel electric and magnetic fields
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We investigate photodetachment from negative ions in a homogeneous 1.0-T magnetic field and a parallel ac
electric field of;10 V/cm. A theoretical model for detachment in combined fields is presented. Calculations
show that a field of 10 V/cm or more should considerably diminish the Landau structure in the detachment
cross section. The ions are produced and stored in a Penning ion trap and illuminated by a single-mode dye
laser. We present preliminary results for detachment from S2 showing qualitative agreement with the model.
Future directions of the work are also discussed.
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I. INTRODUCTION AND MOTIVATION

One of the long-term objectives of photodetachment st
ies has been to shed light on electron correlation effects
other electron-atom interactions. One way to enhance ph
detachment studies is to add external electric or magn
fields. These potentials create conditions in negative ions
found in neutral atoms, and permit comparisons with p
nomena observed in neutral atom photoionizaton. For
ample, photodetachment in a static electric-field environm
releases an electron that experiences an acceleration a
gous to that of free fall. External fields permit studies
interference phenomena and provide insight into the conn
tion between quantum mechanics and semiclassical clo
orbit theories. A large amount of attention, both theoreti
and experimental, has been given to photodetachment in
presence of external fields@1–31#.

Photodetachment can be thought of as the latter half
collision between an electron and a neutral atom. In gene
the effect of an external field is to cause a portion of
outgoing electron wave function to return to the atomic co
where additional interactions may occur. For example,
electric field creates a potential slope, and the electron w
function traveling uphill is eventually reflected and revis
the core. If the coherence time of the transition is long co
pared to the reflection time, interference occurs between
parts of the wave function emitted in the upward and dow
ward directions. The time difference, and thus the relat
phase between the two waves, depends on the detached
tron’s energy and momentum, and diminishes with incre
ing applied field. The interference gives rise to oscillato
structure in the detachment cross section depending on
relative phase between the waves. The effect has been
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served and discussed in numerous papers@4–11,28–31#.
Throughout the reflection process the electron wave func
spreads, unconstrained, in the directions perpendicular to
field. Thus, for a given energy above threshold, a larger e
tric field causes a larger portion of the wave function
revisit the core, yielding a larger interference amplitud
Most of the experimental observations have employed a fi
on the order of 100 V/cm or more in order to resolve t
oscillatory structure in the detachment rate@6–11#.

A similar interference occurs in the presence of a m
netic field, whose effect is to constrain and quantize the m
tion of the outgoing electron in the plane normal to the ma
netic field @32#. The field-free detachment threshold
replaced by a series of Landau thresholds in the cross se
at uniformly spaced photon energies corresponding to
cyclotron states@2,3#. This periodic structure in the cros
section arises from the outgoing electron wave function c
structively interfering with itself, as the orbiting electron r
visits the core once every cyclotron period. This interferen
structure is in one sense more apparent than that produce
an electric field because the magnetic field confines the e
tron in two dimensions, and consequently a larger portion
the wave function returns to the core. Similar structure h
also been observed in photoionization in a magnetic fi
@12,33,34#.

Interference is suppressed if the cyclotron-orbiting el
tron does not strictly return to the core. This situation can
brought about in a couple of ways. One is to introduce
small, static electric field parallel to the magnetic field. Su
a field tends to accelerate the electron away from the ion c
along the fields’ axes, diminishing or even eliminating t
dramatic interference of the cyclotron states@23–26#. The
electric field effectively ‘‘opens’’ the closed cyclotron orbits
Earlier quantum-mechanical calculations@19,35#, as well as
those in this paper, show that a field on the order of 10 V/
should significantly reduce the Landau structure observe
the detachment cross section. A commensurate predic
can be made from a semiclassical calculation assuming
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YUKICH, KRAMER, AND BRACHER PHYSICAL REVIEW A 68, 033412 ~2003!
in order to have constructive interference, the electron m
return to the atomic core within half a Bohr wavelength
one cyclotron period. Furthermore, the motional Stark fi
experienced by a thermally energetic ion affects the inter
ence. In the ion’s rest frame, a motional electric field perp
dicular to the magnetic field causes the electron to drift aw
from the core, diminishing resolution of magnetic-field stru
ture in the photodetachment rate. Again, theoretical calc
tions, both quantum mechanical and semiclassical, pre
that a motional field on the order of 10 V/cm or more ten
to wash out the cyclotron structure found in the magne
field-only cross section@19,21#.

Experimentally, it is common for stray electric fields to b
present~such as that used in a Penning trap, discussed be
or motional Stark fields!, so it is important to understan
how such fields affect the detachment spectrum. Althou
detachment in combined external fields has been discu
extensively in the literature, it has received little experime
tal attention@18–26,35,36#. In this paper we present a theo
retical prediction for detachment in combined, parallel ext
nal fields. We then describe an experiment to obse
detachment from S2 in parallel fields of 1.0 T and 10 V/cm
Preliminary results are shown to be in at least qualitat
agreement with the model, and finally, future directions
this work are discussed.

II. THEORETICAL DESCRIPTION

For a theoretical analysis of the photodetachment rate
employ the quantum source formalism. In this approach
scattering event is divided into two separate stages, abs
tion of a photon and subsequent emission of the photoe
tron into the external field environment. Details of th
method, which is equivalent to the leading order of conv
tional scattering theory, are presented in a recent publica
@31#. In near-threshold photodetachment, the emitting ion
conveniently described as a pointlike source of electrons,
dynamics of which follow from the quantum propagator f
the external potential. Particularly simple expressions
found fors-wave detachment in a uniform electric field@30#.
There, our predictions for both the total detachment cr
section and the spatial distribution of the photoelectrons
in excellent agreement with the photocurrent spectrum
corded by Gibsonet al. @9,11# and the photodetachment m
croscope images recorded by Blondel and colleag
@28,29#, respectively.

A. Source model of photodetachment

In the quantum source picture, the motion of a photoel
tron that is emitted with an initial kinetic energyE close to
zero is governed by the modified Schro¨dinger equation:

$E2H~r ,p!%c~r !5Cd~r !. ~1!

Here, we modeled the emitting ion as a pointlike entity, a
subsumed the details of the laser-ion interaction in the so
strength parameterC. ~In s-wave detachment, the convenie
pointlike form of the right-hand side in Eq.~1! emerges from
the dipole interaction terme•Dc ion(r ) in the limit E→0, as
03341
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the extended initial wavelength of the photoelectron eff
tively obliterates the detailed source structure. See also
@31#.! The solution to Eq.~1! is given by the energy Gree
functionG(r ,o;E) describing an outgoing wave in the exte
nal potential:c(r )5CG(r ,o;E). The energy Green func
tion, in turn, is linked to the familiar time-dependent qua
tum propagatorK(r ,tuo,0) by a Laplace transform@37#

G~r ,o;E!52
i

\E0

`

dteiEt/\K~r ,tuo,0!. ~2!

In this context, we are merely interested in the total parti
current transported by the wavec(r ). Integration over a sur-
face enclosing the point source immediately yields an
pression for the detachment rate,

J~E!52
2

\
uCu2lim

r→o
Im@G~r ,o;E!#. ~3!

A general expression for the quantum propagator of electr
in uniform electric and magnetic fields at arbitrary ang
was given by Nieto@38#. After insertion in Eq.~3!, we find
from Eq. ~2! the detachment rate

J~E!52
2vL

\2 S m

2p\ D 3/2

uCu2 ImF E
0

` dt

Ai t sin~vLt !

3expH i

\ S Et2
e2F i

2t3

24m
1

e2F'
2 t

8mvL
2

3@vLt cot~vLt !21# D J G , ~4!

where vL5eB/(2m) is the Larmor frequency, andF i ,F'

denote the electric-field components parallel and perpend
lar to the magnetic field, respectively.

While Eq. ~4! yields the detachment rate for a stationa
ion undergoing any particular transition in an arbitrary fie
geometry, we have to keep in mind that in the actual exp
ment ~i! the ions are moving in the trap,~ii ! an external
electric field accelerates the ions, and,~iii ! transitions be-
tween different magnetic sublevels with generally differi
source strength parametersC and electron excess energiesE
are occurring simultaneously. We assess these complica
below.

B. Thermal motion of the ions

The source model, formally expressed in the station
Schrödinger equation~1!, implicitly requires that the emit-
ting ion is at rest. Obviously, this condition is not met by t
trapped ions which possess an average kinetic ene
^Ekin&5 3

2 kBT, whereT denotes the effective temperature
the ion cloud. To be specific, in the following we assum
thermal equilibrium, i.e., the~kinetic! momentum distribu-
tion P(p) of the cloud is given by Maxwell’s familiar ex-
pression
2-2
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OBSERVED PHOTODETACHMENT IN PARALLEL . . . PHYSICAL REVIEW A 68, 033412 ~2003!
P~p!5
1

~2pMkBT!3/2
exp@2p2/~2MkBT!#. ~5!

Here,M'32 amu is the mass of the sulfur ions. To obta
the proper detachment rates for a moving ion, we switch
its rest frame of reference. The transformation between
laboratory frame and the rest frame involves a Lorentz bo
operation that alters the electric and magnetic fields p
ceived by the ion@39#. Since the ion momentum is sma
b5p/(Mc)!1, we neglect quadratic and higher contrib
tions in b. This approximation leaves the magnetic fieldB
unchanged, while the electric fieldF is augmented by a mo
tional electric field that is perpendicular top andB,

F~p!5F1
1

M
~p3B!. ~6!

Clearly, the additional electric field compensates for
magnetic Lorentz force exerted on the moving ion in t
laboratory frame.

Beside the uniform fields present in the trap, the cha
of reference frame also affects the frequency of the detac
laser beam, and hence the photon energy\V. The parameter
E appearing in the Green functionG(r ,o;E) ~2! is the excess
energy of the photoelectron, i.e., the difference between\V
and the electron affinityEA of the negative ion. The Dopple
corrected electronic energy\V2EA in the rest frame of the
ion is given in leading order by

E~p!5@\V2EA#2
\V

Mc
~ n̂•p!, ~7!

where n̂ denotes the unit vector in direction of the las
beam. Corrections~6! and ~7! cause a dependence of th
detachment rate on the ionic momentump: J(p)
5J(E(p),F'(p),F i ,B). In the experiment, however, onl
the average detachment rateJaverage(V) is accessible which
follows from J(E) ~4! after integration over the therma
Maxwell distribution~5!:

Javerage~V!5E d3pP~p!J~p!. ~8!

We finally mention that the detachment rate, in princip
depends not only on the momentump of the ions, but also on
their positionr in the trap. After all, an electric quadrupole
used to confine the ions in the axial direction which giv
rise to an additional electric field that varies linearly withr .
However, this field is comparatively weak, and while it c
be incorporated into the source formalism without fund
mental difficulties, for the sake of simplicity we neglect
here. Furthermore, this approximation facilitates direct co
parison of the source model with the theory put forward
Blumberget al. @3#.

C. Time-dependent external field

In Sec. II A, we obtained an expression for the deta
ment rateJ(E) ~4! that was derived under the condition of
03341
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static electric fieldF. Obviously, this field accelerates the io
cloud, and under truly static conditions, its center wou
settle into a new equilibrium position in the quadrupole p
tential that effectively eliminates the electric field. Our set
avoids this problem by driving the ions using an oscillati
external field whose frequencyvext considerably exceeds th
resonance frequency of the trapv trap, but still falls far short
of the typical frequencies of electronic motion (vL
;1011 Hz) @40#. Under these circumstances, photodeta
ment takes place in a quasistatic external electric fi
Fext(a)5Fextcosa, wherea5vextt, while the measuremen
extends over many periods of the electric field amplitu
Similar to Eq.~8!, the effective photodetachment rateJeff(V)
then is given by the average ofJ(E) over a complete period
of the phase anglea of the external field,

Jeff~V!5
1

2pE0

2p

daJaverage~V,a!. ~9!

At this point, we note that the momentum distributionP(p)
~5! in the driving external field becomes dependent on
phase anglea: P(p,a)5P(p2eFextsina/vext). However,
in the configuration used in our experiment,Fext is oriented
parallel to the magnetic-field axis, while the laser bea
points in the perpendicular direction. It immediately follow
that the modified momentum distribution does not affect c
rections~6! and~7!. We thus may combine Eq.~8! and~9! to
find the effective detachment rate for any individual tran
tion:

Jeff~V!5
1

2pE0

2p

daE d3pP~p!J~E~p!,F' ,F i ,B!,

~10!

whereF'5(p3B)/M andF i5Fextcosa. Inserting the inte-
gral representation~4! for the intrinsic currentJ(E), we find
that both integrations in Eq.~10! can be carried out analyti
cally, as the integrand is Gaussian in the momentum, and
phase average can be expressed as a Bessel function of
zero @41#. We obtain the lengthy result

Jeff ~V!5uCu2 ImF E
0

`

dt f~ t !eig(t)/\G , ~11!

where the functionsf (t), g(t) read

f ~ t !52
2vL

\2 S m

2p\ D 3/2

3
i\M

Ai t sin~vLt !$ i\M2mkBTt@12vLt cot~vLt !#%

3J0S e2Fext
2 t3

48m\ D , ~12!

and
2-3
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YUKICH, KRAMER, AND BRACHER PHYSICAL REVIEW A 68, 033412 ~2003!
g~ t !5~\V2EA!t2
e2Fext

2

48m
t3

2
\2V2kBTt2

2c2$ i\M2mkBTt@12vLt cot~vLt !#%
. ~13!

At zero temperature and vanishing electric field, these
pressions reduce to the original expression for the deta
ment rate~4!. At this stage, only the temporal integratio
remains. Choosing a suitable path of integration allows
accurate evaluation of Eq.~11!. We deform the integration
path into the complex plane~carefully avoiding the singu-
larities of the integrand! and perform the integration
numerically.

In Fig. 1 we show typical results for different ionic tem
peratures in a purely magnetic field. To compare with
earlier results by Blumberget al., we used the same param
eter set as in Fig. 2 of Ref.@3# for the dashed curve. Both
calculations are in excellent agreement, although they
obtained by quite different methods. Blumberget al. use a
sum over Landau levels to represent the current, and su
quently perform a numerical thermodynamic average. T
more general approach presented here allows to incorpo
an electric, even time-dependent field at an arbitrary an
Despite the inclusion of these additional features, a sin
numerical integration suffices to accomplish the calculat
of the properly weighted detachment rate. With decreas
temperature, the Landau levels become more pronoun
while the additional modulations visible in Fig. 1 persi
They may be traced to the perpendicular motional elec
field ~6!.

The effects of the additional oscillating parallel fie
Fextcos(vextt) are illustrated in Fig. 2. Two major trends a
easily discernible. First, the resolution into discrete Land
levels loses contrast with increasing electric field. In parti
lar, the substructure seen in Fig. 1 is absent. For the hig
value of the electric field displayed in the figure (Fext
528 V/cm), the shape of the detachment rate spectrum

FIG. 1. Variation of the photodetachment rateJeff (V) ~11! in a
purely magnetic field as a function of the excess energy\V2EA

for various temperatures. Dotted line,T5400 K; solid line, T
5950 K ~compare with Ref.@3#, Fig. 2!. The broadening of the
Landau levels and some additional substructure due to the mot
electric field is visible. ~Parameters used: magnetic field,B
51.07 T; ion mass,M532 amu.)
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already reminiscent of the ‘‘staircase’’ appearance charac
istic for s-wave detachment in a purely electric external fie
@9,11,14,30,31#. The other conspicuous feature in Fig. 2 is
consistent shift of the photocurrent maxima towards hig
energies. For a qualitative explanation, we note that in
purely magnetic field, the currentJ(E,F i50) ~4! generated
by an s-wave point source becomes singular at the Land
level thresholds En5(2n11)\vL : J(E,F i50);D(E
2En)21/2 @3#, whereD denotes a constant.~Inclusion of the
final-state interaction with the emerging neutral atom c
rects the unphysical behavior of the cross section aE
5En , as discussed in Refs.@42,43#. However, the modifica-
tion is of little practical relevance here@44#.! An additional
parallel electric field removes the singularity and replaces
root by the square of an Airy function@19,27,35,36#,

Jn~E,F i!5D
pA2m

\bF i
Ai„22b~E2En!…2, ~14!

where we introduced the parameterb5@m/(2\eFi)
2#1/3. As

Ai(u) adopts its maximum atu0521.018 . . . @41#, the
maxima of the currentJ(E) are moved to energiesE5En

2u0 /(2b). We thus expect a shift of the maxima in th
averaged detachment rateJeff(V) ~11! proportional tob21,
i. e., that scales withF i

2/3. This conjecture is supported b
numerical calculations.

Much of the smooth appearance of the detachment rat
Fig. 2 is actually due to the averaging effect of a tim
dependent electric field, as Fig. 3 demonstrates. The inte
tion over the phase anglea of the external electric field
Fextcosa ~9! effectively obliterates the oscillations in th
photocurrent caused by self-interference of the emitted e
tron wave~Sec. I!. In fact, a comparison of the effective ra
Jeff(V) ~9! for the parallel fieldFext514 V/cm with the de-
tachment cross sectionJaverage(V) ~8! in a constant paralle
field with equal rms value (F i510 V/cm) shows coinciding
overall structure, while the numerous small-scale variatio
seen in the constant field curve are missing in the avera
rate.

al

FIG. 2. Variation of the photodetachment rateJeff (V) ~11! in
parallel fields as a function of the excess energy\V2EA for the
electric-field strengths Fext514 V/cm ~solid line! and Fext

528 V/cm ~dashed line!. The dotted line represents the result for
purely magnetic field.~Magnetic field, B51 T; ion mass,M
532 amu; temperature,T5950 K.!
2-4
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D. Influence of magnetic substructure

Unfortunately it is not possible to measure the~averaged!
total current depicted in Figs. 1–3 directly. The magne
field causes Zeeman splitting of the magnetic sublevels
the ion and atom, and consequently several transiti
closely spaced in energy contribute simultaneously to
photodetachment spectrum. Here, we analyze the situa
encountered for the sulfur ions used in the experiment, wh
the transition between the fine-structure components2P3/2 of
the S2 ion and 3P2 of the emerging neutral S atom wa
observed near the threshold atEA52.0771 eV@2,3#.

Denoting the initial states of the ion byuJ,L,S,M &
5u 3

2 ,1,12 ,M &, and the final states of the atom and the d

tached electron byu j ,l ,s,m&5u2,1,1,m& and u 1
2 ,ms&, respec-

tively, the relative frequency shiftsDV(M ,m,ms) of the in-
dividual thresholds as compared to the field-free case,

DV~M ,m,ms!5~MG2mg2msgs!vL , ~15!

depend on the Landeg factor of the atomic entities which
e.g., reads for the ion

G511
gs21

2J~J11!
@J~J11!1S~S11!2L~L11!#,

~16!

wheregs52.002 319 . . . is theg factor of a free electron
The relative weightuC(M ,m,ms)u2 ~3! of the various transi-
tions is proportional to the dipole matrix element betwe
the initial and final states; its calculation is a considera
more complicated task that involves addition of the angu
momenta of the ion, atom, photon, and electron@45#. The
final result can be expressed in terms of Wigner 3j and 6j
symbols@3#. Here, we are merely interested in the depe
dence ofuC(M ,m,ms)u2 on the magnetic quantum numbe
for perpendicular ors polarization of the laser beam. In th
case,

FIG. 3. Averaging effects caused by the oscillation of the pa
lel electric field. The figure shows the photocurrent spectr
Jeff(V) ~11! for a slowly oscillating field of strengthFext

514 V/cm ~solid line! as a function of the excess energy\V
2EA , as compared to the detachment rateJaverage(V) ~8! in a con-
stant external fieldF i510 V/cm ~dotted line!. ~Magnetic field,B
51 T; ion mass,M532 amu; temperature,T5950 K.!
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C~M ,m,ms!5CS 3/2 1 3/2

2~m1ms! 61 M D
3S 2 1/2 3/2

m ms 2~m1ms!
D , ~17!

with C being a constant weight parameter.~The sign in the
3 j symbol should be chosen as to produce a nonvanish
result.! The selection rulesm1ms5M61 andum1msu<

3
2

enforced in Eq. ~17! leave twelve possible transition
grouped into two sextets. Their details are given in Table
~If the restriction tos polarization is lifted, additional tran-
sitions with M5m1ms take place.! The total cross section
JM(E) for an ion in the initial magnetic stateuJ,M & then is
obtained by summation over all possible detachment ch
nels,

JM~V!5 (
m52 j

j

(
ms521/2

1/2

uC~M ,m,ms!u2

3Jeff@V1DV~M ,m,ms!#. ~18!

As these transitions possess weight factors of compar
size, details of the detachment spectrum invariably are los
the superposition of the individual currentsJeff@V
1DV(M ,m,ms)# ~11!.

A final correction that is rather negligible here but b
comes important for cooled ions concerns the temperat
dependent occupation probabilitiesPM(T) of the initial ionic
substatesuJ,M & that, in thermal equilibrium, are given by th
Boltzmann distribution

PM~T!5e2MGkBTF (
m52J

J

e2mGkBTG21

. ~19!

Finally, the experimentally measured quantity is the ra
R(V,t illu) of the number of surviving ions after a period o

l-

TABLE I. Details of the allowed transitions between the suble
els 2P3/2 in S2 and 3P2 in S0. The fourth column denotes th
relative weight factor, the rightmost column the frequency shift
units of vL .

M m ms uCrel(M ,m,ms)u2 DV(M ,m,ms)

1
2 1 1

2 3 21.8353

2
1
2 0 1

2 8 21.6682

2
3
2 21 1

2 9 21.5012
1
2 2 2

1
2 12 21.3341

2
1
2 1 2

1
2 12 21.1671

2
3
2 0 2

1
2 6 21.0000

3
2 0 1

2 6 11.0000
1
2 21 1

2 12 11.1671

2
1
2 22 1

2 12 11.3341
3
2 1 2

1
2 9 11.5012

1
2 0 2

1
2 8 11.6682

2
1
2 21 2

1
2 3 11.8353
2-5
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YUKICH, KRAMER, AND BRACHER PHYSICAL REVIEW A 68, 033412 ~2003!
illumination t illu to the initial ion population in the trap rathe
than the cross section itself. Assuming a uniform detachm
rate, we find from Eq.~18! after summing over all initial
ionic states:

R~V,t illu !5 (
M52J

J

PM~T!exp@2JM~V!t illu#. ~20!

The comparison of the results from this expression with
actual experimental data is the subject of Sec. IV.

III. EXPERIMENTAL TECHNIQUE

In the experiment we studied the effects of an exter
electric field by observing the depletion of an S2 ion cloud
stored in a Penning ion trap@2,3#. To facilitate comparison
with the theory model, photodetachment data were acqu
as a function of photon energy both with and without t
external electric field. The ions were illuminated by a sing
mode laser tuned to the2P3/2→3P2 detachment threshold.

The S2 ions are created in the Penning trap by dissoc
tive attachment to carbonyl sulfide~OCS! gas at a pressur
of 731029 Torr, controlled by a variable leak. The trap
magnetic field is held fixed at 1.0 T. The experiment is p
formed with a trapped ensemble on the order of 104 ions. A
relative measure of the number of trapped ions is made
resonantly driving the ions’ axial motion with a radio
frequency voltage of 188 kHz applied to the trap end ca
The image current induced on the ring electrode is dete
at twice the driving frequency by a tuned antenna coil, a
the resulting voltage is then amplified in a heterodyne de
tion scheme. The trap and its detection scheme provid
nearly noiseless integrator of the trapped ion populati
with noise introduced only upon output of the signal@2#.

The ions are photodetached with light from a tunable
ser. The laser system, shown in Fig. 4, consists of a stand
wave dye laser pumped by an Ar1 gas laser. The dye lase
uses rhodamine 6G dye to produce roughly 100 mW at
proximately 597 nm. The continuously tunable output os
lates on a single longitudinal mode. The laser output is m
sured by a traveling Michelson interferometer wavelen
meter with a resolution of 0.02 cm21 @46#. The laser mode is
monitored by a Fabry-Perot spectrum analyzer with a 15
MHz free spectral range. The laser beam is directed thro
the ion trap and the transmitted flux is recorded by a pho
diode. A feedback signal from the photodiode to a mecha
cal shutter maintains constant integrated light intensity fr
cycle to cycle of the experiment.

The electric field is combined parallel to the trap’s ma
netic field by adding a low radio-frequency potential to t
trap end caps. A typical frequency on the order of 1 M
gives a field which is nearly static on the time scale of
photodetached electrons’ 36-ps cyclotron period. Of cou
this electric field is not perfectly constant; thus a time av
age is calculated to quantify the field strength. The ra
frequency is applied through a balun transformer which
sures opposite polarity on the end caps. An electrost
analysis of the trap’s hyperbolic electrodes shows that
applied field is linear throughout the trapping volume. T
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electrostatic analysis also gives a measure of the fi
strength, depending on the peak-to-peak applied ra
frequency voltage.

One cycle of data acquisition consists of a backgrou
signal measurement by the ion detection electronics,
lowed by an ion creation period, an initial ion signal me
surement, an optical interaction period, and a final ion sig
measurement. The ion creation period typically lasts 8 s and
the optical interaction typically lasts 500 ms. The ratio of t
two ion signal measurements yields the fraction of ions s
viving the interaction period. To account for trap losses
mechanisms other than detachment, alternate data cy
measure the trap retention ratio in the absence of laser
~shutter closed!. Thus the ratio of the fraction of ions surviv
ing the interaction period with and without light yields
fraction of ions surviving photodetachment, corrected to fi
order for background losses. The entire cycle is repea
both with and without the parallel electric field.

IV. RESULTS AND ANALYSIS

In the experiment, data were acquired to determine
ratio of S2 ions surviving detachment for photon energi
near the2P3/2→3P2 threshold. Observations were made bo
with and without the external electric field parallel to th
magnetic field. The magnetic field was held atB51.0 T, and
the peak applied radio-frequency amplitude wasFext
514 V/cm, for a rms average of 9.9 V/cm. The radio fr
quency was 1.032 MHz, well above the trap eigenfreque
@40#. The single-mode laser beam was directed through
ion trap aligned perpendicular to the fields and withs polar-
ization, also perpendicular to the fields.

FIG. 4. Schematic diagram of the major optical apparatus
the ion trap. The ions undergo photodetachment with light from
tunable, single-mode dye laser. A computer-controlled mechan
shutter maintains a constant optical flux, measured by the phot
ode, from cycle to cycle of the data acquisition.
2-6
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OBSERVED PHOTODETACHMENT IN PARALLEL . . . PHYSICAL REVIEW A 68, 033412 ~2003!
In Fig. 5 we show a comparison of the experimental a
theoretical results@Eq. ~20!# both with and without the exter
nal electric field. We plot the percentage of ions survivi
detachment as a function of the excess photon energy a
the electron affinity, expressed as a laser frequency detu
DV5V2EA /\. The top frame of Fig. 5 shows a compa
son for the magnetic-field-only case~without the electric
field!. The bottom frame shows a comparison for the co
bined parallel fields case. To illustrate the effect of the ad
electric field, the bottom frame also shows the magne
field-only theory curve. In each case the initial threshold a
subsequent cyclotron structure are evident. As expected,
to the large number of possible transitions~Table I! the de-
gree of detail seen in Fig. 1 is not easily recognized. Fitt
of the theory curve to the data was optimized with an
cloud temperature of 2100 K and assuming an 8° rotation
the laser polarization away from purelys polarization. De-
pending on the presence of the additional electric field,
structure of both the theory and experimental curves chan
noticeably. For both the experiment and the theory, addi
of the electric field diminishes the depth of modulation in t
detachment ratio, particularly at the first dip above the ini
threshold. This dip corresponds directly to the first peak
the relative detachment cross section shown in Fig. 1.
note in the bottom frame of Fig. 5 that a larger effect of t
electric field is seen at the first dip for the experimental d
than for the theory curve, and this difference is not w
understood. However, the overall change in structure w
the electric field is to be expected from our theoretical ana

FIG. 5. Ratio of surviving ionsR(DV) ~20! in photodetachmen
from S2 in an external magnetic field as a function of the las
detuningDV. Top frame, without electric field, bottom frame, wit
electric field.~Parameters used:B51 T, ion massM532 amu,T
52100 K, Fext514 V/cm peak amplitude.!
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sis ~see Fig. 2!, and is also qualitatively consistent with ou
semiclassical view of the detachment process: the exte
electric field pushes the electron away from the core as
electron orbits in the magnetic field. The result is a dim
ished overlap of the electron wave function with itself, yiel
ing a reduced cross section. Furthermore, we observe
addition of the electric field shifts the minimum of the fir
dip in the detachment ratio to slightly higher energy, as p
dicted also by the theory. Unfortunately, not all details of t
experimental results obtained for parallel fields could be
produced by the theory.

Examination of the high precision achieved in expe
ments conducted with ion beams~see, for example, Refs
@10,11#! might suggest that this work should be carried out
a beam apparatus. We considered this idea in depth,
found that combining all the necessary field componen
along with particle detectors and optical access, was tec
cally unfeasible. Alternately, the Penning ion trap’s size a
geometric configuration lends itself ideally to superpositi
of the parallel fields. Furthermore, the trap’s typical stora
time allows for lengthy optical interaction periods, and the
fore greater precision in the photon energy.

Of course, the trapped ions always experience
velocity-dependent electric field perpendicular to the ext
nal magnetic field. To suppress its effects, efforts are c
rently underway to evaporatively cool the trapped ion clou
Future experiments at lower ion temperatures are expecte
yield greater contrast in the results with the addition of t
parallel electric field. Also, detachment experiments w
p-polarized light ~parallel to the fields! will minimize the
number of allowed Zeeman transitions and should give
clearer picture of the underlying Green function. Anoth
possible approach to diminish the number of Zeeman tra
tions is to quench the detachment from the lowest three Z
man sublevels of the ion using a second laser. This will
quire attention to the possibility of collisional redistributio
among the initial states, but again, this effect should be
minished with an evaporatively cooled ion cloud.

V. CONCLUSIONS

We have investigated, theoretically and experimenta
near-thresholds-wave photodetachment from atomic neg
tive ions in parallel electric and magnetic fields. Our ful
quantum-mechanical theory based on the electron propag
allows us to calculate the transition rate in combined fie
for a thermal ion cloud in a convenient manner, leaving o
a single integral to be evaluated numerically. While show
agreement with previous theoretical work for detachm
from S2 in a purely magnetic field, the theory predicts bo
a loss of contrast in the detachment rate and a shift of
photocurrent maxima towards higher laser frequencies a
consequence of the additional electric field. We present
perimental observations of photodetachment from S2 in par-
allel fields that qualitatively agree with theoretical expec
tions. Future work will focus on similar experimen
conducted with evaporatively cooled ions, where effects
the external electric field are expected to be more fu
evident.

r
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