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Observed photodetachment in parallel electric and magnetic fields

John N. Yukiclt
Physics Department, P.O. Box 7133, Davidson College, Davidson, North Carolina 28035-7133, USA

Tobias Kramef
Physik-Department T30c, Technische Univétsitainchen, James-Franck-Strasse, 85747 Garching, Germany

Christian Bracher
Department of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia, Canada B3H 3J5
(Received 21 May 2003; published 29 September 2003

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 fronsBowing qualitative agreement with the model.
Future directions of the work are also discussed.
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I. INTRODUCTION AND MOTIVATION served and discussed in numerous pagérs1l,28-31
Throughout the reflection process the electron wave function
One of the long-term objectives of photodetachment studspreads, unconstrained, in the directions perpendicular to the
ies has been to shed light on electron correlation effects anfield. Thus, for a given energy above threshold, a larger elec-
other electron-atom interactions. One way to enhance photdric field causes a larger portion of the wave function to
detachment studies is to add external electric or magnetirevisit the core, yielding a larger interference amplitude.
fields. These potentials create conditions in negative ions ndtlost of the experimental observations have employed a field
found in neutral atoms, and permit comparisons with pheon the order of 100 V/cm or more in order to resolve the
nomena observed in neutral atom photoionizaton. For exescillatory structure in the detachment rgfe-11].
ample, photodetachment in a static electric-field environment A similar interference occurs in the presence of a mag-
releases an electron that experiences an acceleration anaketic field, whose effect is to constrain and quantize the mo-
gous to that of free fall. External fields permit studies oftion of the outgoing electron in the plane normal to the mag-
interference phenomena and provide insight into the conneaetic field [32]. The field-free detachment threshold is
tion between quantum mechanics and semiclassical closeeeplaced by a series of Landau thresholds in the cross section
orbit theories. A large amount of attention, both theoreticalat uniformly spaced photon energies corresponding to the
and experimental, has been given to photodetachment in theyclotron stated2,3]. This periodic structure in the cross
presence of external field4—31]. section arises from the outgoing electron wave function con-
Photodetachment can be thought of as the latter half of atructively interfering with itself, as the orbiting electron re-
collision between an electron and a neutral atom. In generaljisits the core once every cyclotron period. This interference
the effect of an external field is to cause a portion of thestructure is in one sense more apparent than that produced by
outgoing electron wave function to return to the atomic corean electric field because the magnetic field confines the elec-
where additional interactions may occur. For example, arron in two dimensions, and consequently a larger portion of
electric field creates a potential slope, and the electron wavihe wave function returns to the core. Similar structure has
function traveling uphill is eventually reflected and revisitsalso been observed in photoionization in a magnetic field
the core. If the coherence time of the transition is long com{12,33,34.
pared to the reflection time, interference occurs between the Interference is suppressed if the cyclotron-orbiting elec-
parts of the wave function emitted in the upward and down+tron does not strictly return to the core. This situation can be
ward directions. The time difference, and thus the relativebrought about in a couple of ways. One is to introduce a
phase between the two waves, depends on the detached elemall, static electric field parallel to the magnetic field. Such
tron’s energy and momentum, and diminishes with increasa field tends to accelerate the electron away from the ion core
ing applied field. The interference gives rise to oscillatoryalong the fields’ axes, diminishing or even eliminating the
structure in the detachment cross section depending on thiramatic interference of the cyclotron sta{@8-26. The
relative phase between the waves. The effect has been oblectric field effectively “opens” the closed cyclotron orbits.
Earlier quantum-mechanical calculatiori®,35, as well as
those in this paper, show that a field on the order of 10 V/cm
*Electronic address: joyukich@davidson.edu; homepage: http:#hould significantly reduce the Landau structure observed in
webphysics.davidson.edu/faculty/jny/welcome.htm the detachment cross section. A commensurate prediction
"Electronic address: tkramer@ph.tum.de can be made from a semiclassical calculation assuming that,
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in order to have constructive interference, the electron mughe extended initial wavelength of the photoelectron effec-
return to the atomic core within half a Bohr wavelength intively obliterates the detailed source structure. See also Ref.
one cyclotron period. Furthermore, the motional Stark field 31].) The solution to Eq(1) is given by the energy Green
experienced by a thermally energetic ion affects the interferfunction G(r,0;E) describing an outgoing wave in the exter-
ence. In the ion’s rest frame, a motional electric field perpennal potential: ¢4(r)=CG(r,0;E). The energy Green func-
dicular to the magnetic field causes the electron to drift awayion, in turn, is linked to the familiar time-dependent quan-
from the core, diminishing resolution of magnetic-field struc-tum propagatoK(r,t|0,0) by a Laplace transforiB87]

ture in the photodetachment rate. Again, theoretical calcula-

tions, both quantum mechanical and semiclassical, predict [ I

that a motional field on the order of 10 V/cm or more tends G(r.oE)=- gfo dte="K(r,t|0,0). @

to wash out the cyclotron structure found in the magnetic-

field-only cross sectioh19,21].

Experimentally, it is common for stray electric fields to be
presenisuch as that used in a Penning trap, discussed belo
or motional Stark fields so it is important to understand
how such fields affect the detachment spectrum. Althoug
detachment in combined external fields has been discussed 2
extensively in the literature, it has received little experimen- J(E)=— —|C|?lim Im[G(r,0;E)]. ®)
tal attention[18—26,35,3% In this paper we present a theo- h r
retical prediction for detachment in combined, parallel exter-
nal fields. We then describe an experiment to observé\ general expression for the quantum propagator of electrons
detachment from Sin parallel fields of 1.0 T and 10 V/cm. in uniform electric and magnetic fields at arbitrary angles
Preliminary results are shown to be in at least qualitativevas given by Nietd 38]. After insertion in Eq.(3), we find
agreement with the model, and finally, future directions forfrom Eg. (2) the detachment rate
this work are discussed.

In this context, we are merely interested in the total particle
current transported by the wavdr). Integration over a sur-
Wace enclosing the point source immediately yields an ex-
ﬁ)ression for the detachment rate,

—0

32 " dt
IB)=-— |57 ICPm | ———
Il. THEORETICAL DESCRIPTION 12 \27h o \/Esm(w t)
L

For a theoretical analysis of the photodetachment rate, we ) 22,3 22
i i i e‘Fit® ekt
employ the quantum source formalism. In this approach the w<exp —| Et— [ L
scattering event is divided into two separate stages, absorp- h 24m 8me

tion of a photon and subsequent emission of the photoelec-

tron into the external field environment. Details of the

method, which is equivalent to the leading order of conven- X[ tcotlw t)—1]
tional scattering theory, are presented in a recent publication

[31]. In near-threshold photodetachment, the emitting ion is .
conveniently described as a pointlike source of electrons, th¥heré o =eB/(2m) s the Larmor frequency, an#,F,
dynamics of which follow from the quantum propagator for denote the eIectrlp—flgld components parallel and perpendicu-
the external potential. Particularly simple expressions ardd' to the magnetic field, respectively. ,
found fors-wave detachment in a uniform electric figgp].  While Eq. (4) yields the detachment rate for a stationary
There, our predictions for both the total detachment crosén undergoing any particular transition in an arbitrary field
section and the spatial distribution of the photoelectrons ar@&0metry, we have to keep in mind that in the actual experi-
in excellent agreement with the photocurrent spectrum refMent (i) the ions are moving in the tragii) an external
corded by Gibsoret al.[9,11] and the photodetachment mi- electric field accelerates the ions, aril,) transitions be-

croscope images recorded by Blondel and colleagueg"’ee” different magnetic sublevels with generally differing
[28,29, respeciively. source strength parametesand electron excess energies

are occurring simultaneously. We assess these complications
below.

: 4

A. Source model of photodetachment

In the quantum source picture, the motion of a photoelec-
tron that is emitted with an initial kinetic enerdy close to

B. Thermal motion of the ions

zero is governed by the modified ScHinger equation: The source model, formally expressed in the stationary
Schralinger equation(1), implicitly requires that the emit-
{E=H(r,p)}(r)=C5(r). (1) ting ion is at rest. Obviously, this condition is not met by the

trapped ions which possess an average kinetic energy
Here, we modeled the emitting ion as a pointlike entity, andEy;,)= 2kgT, whereT denotes the effective temperature of
subsumed the details of the laser-ion interaction in the sourctne ion cloud. To be specific, in the following we assume
strength paramete®. (In swave detachment, the convenient thermal equilibrium, i.e., thékineticc momentum distribu-
pointlike form of the right-hand side in Eql) emerges from tion P(p) of the cloud is given by Maxwell’s familiar ex-
the dipole interaction terma- Dion(r) in the limit E—0, as  pression
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1 static electric field=. Obviously, this field accelerates the ion
P(p)=——————-exd —p*/(2MkgT)]. (5)  cloud, and under truly static conditions, its center would

(27MkgT) settle into a new equilibrium position in the quadrupole po-
tential that effectively eliminates the electric field. Our setup

Here,M~32 amu is the mass of the sulfur ions. To obtain_ . . o . . g
S : avoids this problem by driving the ions using an oscillating
the proper detachment rates for a moving ion, we switch tao

its rest frame of reference. The transformation between thgxternal field whose frequenaye,, considerably exceeds the

laboratory frame and the rest frame involves a Lorentz boodESonance frequency of the trag,p, but still falls far short

operation that alters the electric and magnetic fields per9f (t)[\le typical  frequencies O.f electronic  motione(
ceived by the io39]. Since the ion momentum is small ~10~ Hz) [40]. Un(_jer these circumstances, photoqleta_ch-
B=pl/(Mc)<1, we neglect quadratic and higher contribL;- ment takes place in a quasistatic external electric field

tions in 8. This approximation leaves the magnetic figld | ex{®) =FexC0Se, Wherea=we,, while the measurement
unchanged, while the electric fieRlis augmented by a mo- extends over many periods of the electric field amplitude.

. - : : Similar to Eq.(8), the effective photodetachment raig((})
tional electric field that is perpendicular ppandB, then is given by the average &{E) over a complete period

1 of the phase angle of the external field,
F(p)=F+ —(pXB). (6)
M 1 (2w
- _ Je( Q)= 2_f da‘]averagégaa)- ©)
Clearly, the additional electric field compensates for the mJo

magnetic Lorentz force exerted on the moving ion in the

laboratory frame. At this point, we note that the momentum distributiBgp)
Beside the uniform fields present in the trap, the changéb) in the driving external field becomes dependent on the

of reference frame also affects the frequency of the detachinghase anglex: P(p,a)=P(p—eFqySincd/we,,). However,

laser beam, and hence the photon enérfy The parameter in the configuration used in our experimeRt,; is oriented

E appearing in the Green functi@(r,o;E) (2) is the excess parallel to the magnetic-field axis, while the laser beam

energy of the photoelectron, i.e., the difference betwe@n points in the perpendicular direction. It immediately follows

and the electron affinit¥ , of the negative ion. The Doppler that the modified momentum distribution does not affect cor-

corrected electronic energy) — E, in the rest frame of the rections(6) and(7). We thus may combine E¢8) and(9) to

ion is given in leading order by find the effective detachment rate for any individual transi-

tion:

rQ .
E(p)=[AQ~Exl= - (A-p), () L o
S )= 5| da [ @oP(IE®DF. F.B)
where n denotes the unit vector in direction of the laser ° (10)
beam. Correctiong6) and (7) cause a dependence of the
detachment rate on the ionic momentump: J(p)
=J(E(p),F.(p),F|,B). In the experiment, however, only
the average detachment ralgegé(1) is accessible which
follows from J(E) (4) after integration over the thermal
Maxwell distribution(5):

whereF, =(pxB)/M andF=Fg,cosa. Inserting the inte-

gral representatiot¥) for the intrinsic currend(E), we find

that both integrations in Eq10) can be carried out analyti-
cally, as the integrand is Gaussian in the momentum, and the
phase average can be expressed as a Bessel function of order
zero[41]. We obtain the lengthy result

Javeragéﬂ):f d3pP(p)J(p)_ (8)
— 2

We finally mention that the detachment rate, in principle, Jet (2)=[C[Im

depends not only on the momentymof the ions, but also on

their positionr in the trap. After all, an electric quadrupole is \ynere the functiong(t), g(t) read

used to confine the ions in the axial direction which gives

rise to an additional electric field that varies linearly with a2

However, this field is comparatively weak, and while it can ) _ ﬂ(l)

be incorporated into the source formalism without funda- 12 \27h

mental difficulties, for the sake of simplicity we neglect it

thf(t)eig(t)fﬁ}, (11
0

here. Furthermore, this approximation facilitates direct com- y iAM
E?Jlri%r;r(;fetth; ?(S)]urce model with the theory put forward by Jit sinw ){iAM —mkgTH[ 1 — @, t co w 1)]}
e2F2 tt3
ex
C. Time-dependent external field XJo W) ; (12

In Sec. Il A, we obtained an expression for the detach-
ment rate](E) (4) that was derived under the condition of a and
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FIG. 1. Variation of the photodetachment rdig () (11) in a FIG. 2. Variation of the photodetachment rakg; (Q) (11) in

purely magnetic field as a function of the excess endy-Ea  parallel fields as a function of the excess enetgy— E, for the
for various temperatures. Dotted lin&=400 K; solid line, T electric-field strengths Fo,=14 Vicm (solid line and Fey

=950 K (compare with Ref[3], Fig. 2. The broadening of the  — g v//cm (dashed ling The dotted line represents the result for a
Landau levels and some additional substructure due to the motiongl,rely magnetic field.(Magnetic field, B=1 T; ion mass,M

electric field is visible. (Parameters used: magnetic field,  —32 amu: temperaturd;=950 K.)
=1.07 T; ion massM =32 amu.)

- already reminiscent of the “staircase” appearance character-

€Fext 5 istic for swave detachment in a purely electric external field
9()=(RQ-ENt- 48m t [9,11,14,30,3] The other conspicuous feature in Fig. 2 is a
consistent shift of the photocurrent maxima towards higher

72O %Kk Tt? energies. For a qualitative explanation, we note that in a

(13 purely magnetic field, the curred(E,F;=0) (4) generated

by answave point source becomes singular at the Landau
g _ level thresholds E,=(2v+1)hw : J(E,Fj=0)~D(E
At zero temperature and vanishing electric field, these ex-~ )-12[3], whereD denotes a constarinclusion of the

pressions reduce to the original expression for the Oletad}i_nal state interaction with the emerging neutral atom cor
ment rate(4). At this stage, only the temporal integration A . . ) )
@ ge, ony P J ects the unphysical behavior of the cross sectionEat

remains. Choosing a suitable path of integration allows forr_ . . o
accurate evaluation of Eql11l). We deform the integration ._EV.’ as Q|scussed_|n Reff42,43. However, the m(_)c_j|f|ca-
path into the complex planéarefully avoiding the singu- tion :ls Ioflllttle_ pfr_a(I:CtjlcaI relevarr:ce hel[éi4]._) An 3dd|tl|0na| h
lariti f the i £ he i : parallel electric field removes the singularity and replaces the
arities of the integrand and perform the integration oot by the square of an Airy functiofi9,27 35,38

2ciiM —mkg T 1w t cow )]}

numerically.
In Fig. 1 we show typical results for different ionic tem- 2m
peratures in a purely magnetic field. To compare with the J,(E,F)=D m mAi(—Z,B(E—E )2 (14)

earlier results by Blumbergt al, we used the same param- i BF|
eter set as in Fig. 2 of Ref3] for the dashed curve. Both
calculations are in excellent agreement, although they ar#here we introduced the paramefe[m/(27ieF))?]*3. As
obtained by quite different methods. Blumbergal. use a  Ai(u) adopts its maximum atip;=—1.018... [41], the
sum over Landau levels to represent the current, and subsgaxima of the currend(E) are moved to energieSs=E,
quently perform a numerical thermodynamic average. The-Ug/(28). We thus expect a shift of the maxima in the
more general approach presented here allows to incorporagveraged detachment ralg({2) (11) proportional tog*,
an electric, even time-dependent field at an arbitrary angld. e., that scales witHFﬁB. This conjecture is supported by
Despite the inclusion of these additional features, a singl@umerical calculations.
numerical integration suffices to accomplish the calculation Much of the smooth appearance of the detachment rate in
of the properly weighted detachment rate. With decreasingrig. 2 is actually due to the averaging effect of a time-
temperature, the Landau levels become more pronouncedependent electric field, as Fig. 3 demonstrates. The integra-
while the additional modulations visible in Fig. 1 persist. tion over the phase angle of the external electric field
They may be traced to the perpendicular motional electrid=.,,cosa (9) effectively obliterates the oscillations in the
field (6). photocurrent caused by self-interference of the emitted elec-
The effects of the additional oscillating parallel field tron wave(Sec. ). In fact, a comparison of the effective rate
FextCOS(wext) are illustrated in Fig. 2. Two major trends are J.x(Q2) (9) for the parallel fieldF .= 14 V/cm with the de-
easily discernible. First, the resolution into discrete Landauachment cross sectialyeragé(2) (8) in a constant parallel
levels loses contrast with increasing electric field. In particufield with equal rms valueR;=10 V/cm) shows coinciding
lar, the substructure seen in Fig. 1 is absent. For the highayverall structure, while the numerous small-scale variations
value of the electric field displayed in the figuréc(; seen in the constant field curve are missing in the averaged
=28 V/cm), the shape of the detachment rate spectrum imate.
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25 . y . . TABLE I. Details of the allowed transitions between the sublev-
w £ els 2Py, in S and 3P, in S°. The fourth column denotes the
S 2} relative weight factor, the rightmost column the frequency shift in
g units of w, .
15 ¢
® M m m ICrel(M,mmg) [ AQ(M,m,my)
F i 1 i 3 —1.8353
: g : |
& 05t -3 0 5 8 —1.6682
g -3 -1 i 9 ~1.5012
0 : : : - 3 2 -3 12 —1.3341
0 0.1 0.2 0.3 0.4 05 ! 1 1 12 11671
Excess energy [meV] _ g 0 _ % 6 —1.0000
FIG. 3. Averaging effects caused by the oscillation of the paral- 3 0 3 6 +1.0000
lel electric field. The figure shows the photocurrent spectrum 3 -1 3 12 +1.1671
Jei(Q) (11) for a slowly oscillating field of strengthF gy, -3 -2 1 12 +1.3341
=14 Vi/cm (solid line as a function of the excess energy) 3 1 _1 9 +1.5012
—Ea, as compared to the detachment réfg,,4£(2) (8) in a con- i 0 _i 8 +1.6682
stant external field=j=10 V/cm (dotted ling. (Magnetic field,B 21 _1 i 3 +1'8353
=1 T, ion massM =32 amu; temperaturd,=950 K.) T2 T2 :
D. Influence of magnetic substructure 3/2 1 3
Unfortunately it is not possible to measure tageraged C(M,m,mg)= C( N 2)
total current depicted in Figs. 1-3 directly. The magnetic —(mtmy *1 M
field causes Zeeman splitting of the magnetic sublevels of 2 12 3/2
the ion and atom, and consequently several transitions X , (17)
closely spaced in energy contribute simultaneously to the m m —(m+my

photodetachment spectrum. Here, we analyze the situationi,[h C being a constant weight parametéFhe sign in the
encountered for the sulfur ions used in the experiment, wherg. svmbol sgho ld be choser? aspto roduce a %on anishin
the transition between the fine-structure componénts, of | sy ua a E u v 3' N9
the S ion and 3P, of the emerging neutral S atom was result The selection rulesn+ms=M =1 an_d|m+ms|§_§
observed near thezthreshoIdEa,&:20771 eV[2,3] enforced in Eq.(17) leave twelve possible transitions
Denoting the initial states  of .the ion bid .L S,M) grouped into two sextets. Their details are given in Table I.
—131 Mg and the final states of the atom and the de-Uf the restriction too polarization is lifted, additional tran-
zrma _ . sitions with M =m-+m, take place. The total cross section
tached electron by 'l’s'm>:|2’1j1m> and|z,ms), FESPEC- Jy(E) for an ion in the initial magnetic sta{g,M) then is
tively, the relative frequency shifts()(M,m,m;) of the in-  gptained by summation over all possible detachment chan-

dividual thresholds as compared to the field-free case, nels,
AQ(M1m1mS):(MG_mg_mSgS)wL1 (15) I 172
()= > [C(M,m,my)|?
depend on the Landeg factor of the atomic entities which, m=-j me=-1/2
e.g., reads for the ion X Jofl Q+AQ(M,m,my)]. (18)
gs—1 As these transitions possess weight factors of comparable
C=1+ oyarp U DHSSHD-LL+1)], size, details of the detachment spectrum invariably are lost in

(1)  the superposition of the individual currentgeq{ ()
+AQ(M,mmy)] (11).
whereg,=2.0023B ... is theg factor of a free electron. A ﬁ”f”" correction that is Fa‘her negligible here but be-
The relative weightC(M,m,mg)|? (3) of the various transi- comes Important fqr cooled lons concerns the_t_empe_rature-
dependent occupation probabilitieg, (T) of the initial ionic

tions is proportional to the dipole matrix element between betat M that. in th I b ) by th
the initial and final states; its calculation is a considerably’s‘u states), _> nat, in thermarl equilibrium, are given by the
oltzmann distribution

more complicated task that involves addition of the angulatB
momenta of the ion, atom, photon, and electfdf]. The
final result can be expressed in terms of Wign¢raBd 6 Py (T)=e"MGkaT
symbols[3]. Here, we are merely interested in the depen-

dence of|C(M,m,m,)|? on the magnetic quantum numbers

for perpendicular orr polarization of the laser beam. In this Finally, the experimentally measured quantity is the ratio
case, R(Q,ty,) of the number of surviving ions after a period of

J

E e—,uG kgT

pn=-J

-1
(19
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illumination t;,, to the initial ion population in the trap rather [~ e F—{ oreree | ;
than the cross section itself. Assuming a uniform detachment

rate, we find from Eq(18) after summing over all initial

ionic states:
3 Wavemeter H
R(Qty)= > Pu(Mexd —Iu(Q)ty,].  (20)
M=-J Spectrum
Analyzer H

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

IIl. EXPERIMENTAL TECHNIQUE Shutter

In the experiment we studied the effects of an external
electric field by observing the depletion of an $n cloud
stored in a Penning ion trap2,3]. To facilitate comparison
with the theory model, photodetachment data were acquired
as a function of photon energy both with and without the
external electric field. The ions were illuminated by a single-
mode laser tuned to th&,,— 3P, detachment threshold.

The S ions are created in the Penning trap by dissocia-
tive attachment to carbonyl sulfid®CS gas at a pressure FIG. 4. Schematic diagram of the major optical apparatus and
of 7x10°° Torr, controlled by a variable leak. The trap’s the ion trap. The ions undergo photodetachment with light from a
magnetic field is held fixed at 1.0 T. The experiment is pertunable, single-mode dye laser. A computer-controlled mechanical
formed with a trapped ensemble on the order dof ibhis. A shutter maintains a constant optical flux, measured by the photodi-
relative measure of the number of trapped ions is made bgde, from cycle to cycle of the data acquisition.
resonantly driving the ions’ axial motion with a radio-
frequency voltage of 188 kHz applied to the trap end capsglectrostatic analysis also gives a measure of the field
The image current induced on the ring electrode is detectestrength, depending on the peak-to-peak applied radio-
at twice the driving frequency by a tuned antenna coil, andrequency voltage.
the resulting voltage is then amplified in a heterodyne detec- One cycle of data acquisition consists of a background
tion scheme. The trap and its detection scheme provide signal measurement by the ion detection electronics, fol-
nearly noiseless integrator of the trapped ion populationlowed by an ion creation period, an initial ion signal mea-
with noise introduced only upon output of the sigh2. surement, an optical interaction period, and a final ion signal

The ions are photodetached with light from a tunable la-measurement. The ion creation period typicallyde®ts and
ser. The laser system, shown in Fig. 4, consists of a standindghe optical interaction typically lasts 500 ms. The ratio of the
wave dye laser pumped by an Agas laser. The dye laser two ion signal measurements yields the fraction of ions sur-
uses rhodamine 6G dye to produce roughly 100 mW at apviving the interaction period. To account for trap losses by
proximately 597 nm. The continuously tunable output oscil-mechanisms other than detachment, alternate data cycles
lates on a single longitudinal mode. The laser output is meameasure the trap retention ratio in the absence of laser light
sured by a traveling Michelson interferometer wavelength(shutter closed Thus the ratio of the fraction of ions surviv-
meter with a resolution of 0.02 cm [46]. The laser mode is ing the interaction period with and without light yields a
monitored by a Fabry-Perot spectrum analyzer with a 1500fraction of ions surviving photodetachment, corrected to first
MHz free spectral range. The laser beam is directed througfrder for background losses. The entire cycle is repeated
the ion trap and the transmitted flux is recorded by a photoboth with and without the parallel electric field.
diode. A feedback signal from the photodiode to a mechani-
cal shutter maintains const_ant integrated light intensity from IV. RESULTS AND ANALYSIS
cycle to cycle of the experiment.

The electric field is combined parallel to the trap’s mag- In the experiment, data were acquired to determine the
netic field by adding a low radio-frequency potential to theratio of S ions surviving detachment for photon energies
trap end caps. A typical frequency on the order of 1 MHznear the?P,— P, threshold. Observations were made both
gives a field which is nearly static on the time scale of thewith and without the external electric field parallel to the
photodetached electrons’ 36-ps cyclotron period. Of coursenagnetic field. The magnetic field was heldBat 1.0 T, and
this electric field is not perfectly constant; thus a time averthe peak applied radio-frequency amplitude wW&Sy,
age is calculated to quantify the field strength. The radio=14 V/cm, for a rms average of 9.9 V/cm. The radio fre-
frequency is applied through a balun transformer which engquency was 1.032 MHz, well above the trap eigenfrequency
sures opposite polarity on the end caps. An electrostatip40]. The single-mode laser beam was directed through the
analysis of the trap’s hyperbolic electrodes shows that théon trap aligned perpendicular to the fields and witlpolar-
applied field is linear throughout the trapping volume. Theization, also perpendicular to the fields.

lon
Trap

Photodiode
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Tp=E = T T sis (see Fig. 2 and is also qualitatively consistent with our
semiclassical view of the detachment process: the external
electric field pushes the electron away from the core as the
electron orbits in the magnetic field. The result is a dimin-
ished overlap of the electron wave function with itself, yield-
ing a reduced cross section. Furthermore, we observe that
addition of the electric field shifts the minimum of the first
dip in the detachment ratio to slightly higher energy, as pre-
dicted also by the theory. Unfortunately, not all details of the
experimental results obtained for parallel fields could be re-

P — s s P — produced by the theory.

e 0% 0 2 N 4 DO 0 Examination of the high precision achieved in experi-
: iaridobvidion ments conducted with ion beantsee, for example, Refs.
0ol theory, without field _-------- | [10,11]) might suggest that this work should be carried out in
s a beam apparatus. We considered this idea in depth, but
found that combining all the necessary field components,
along with particle detectors and optical access, was techni-
cally unfeasible. Alternately, the Penning ion trap’s size and
geometric configuration lends itself ideally to superposition
of the parallel fields. Furthermore, the trap’s typical storage
time allows for lengthy optical interaction periods, and there-
L fore greater precision in the photon energy.
-0 0 10 20 30 40 50 60 70 Of course, the trapped ions always experience the
Frequency AQ [GHz] velocity-dependent electric field perpendicular to the exter-
nal magnetic field. To suppress its effects, efforts are cur-
rently underway to evaporatively cool the trapped ion cloud.

; i L .~ Future experiments at lower ion temperatures are expected to
detuningAQ2. Top frame, without electric field, bottom frame, with 4 grear'zer contrast in the results IC\)/vith the additior? of the
electric field.(Parameters use@®=1 T, ion massM =32 amu,T L . X
~2100 K, F = 14 Vicm peak amplitud. parallel electric field. Also, detachment experiments with

mr-polarized light(parallel to the fields will minimize the

In Fig. 5 we show a comparison of the experimental and'umber Qf allowed Zeeman t_ransitions and s_hould give a
theoretical resultEq. (20)] both with and without the exter- Clearer picture of the underlying Green function. Another
nal electric field. We plot the percentage of ions survivingP0SSiPle approach to diminish the number of Zeeman transi-
detachment as a function of the excess photon energy abo$@ns is to quench the detachment from the lowest three Zee-
the electron affinity, expressed as a laser frequency detunif§@" sublevels of the ion using a second laser. This will re-
AQ=Q-E,/%. The top frame of Fig. 5 shows a compari- duiré attention to the possibility (_)f col!|3|onal redlstrlbutlon_
son for the magnetic-field-only caseithout the electric among the initial states, but again, this effect should be di-
field). The bottom frame shows a comparison for the com.Minished with an evaporatively cooled ion cloud.
bined parallel fields case. To illustrate the effect of the added
electric field, the bottom frame also shows the magnetic-
field-only theory curve. In each case the initial threshold and
subsequent cyclotron structure are evident. As expected, due We have investigated, theoretically and experimentally,
to the large number of possible transitiofi@ble |) the de-  near-thresholds-wave photodetachment from atomic nega-
gree of detail seen in Fig. 1 is not easily recognized. Fittingiive ions in parallel electric and magnetic fields. Our fully
of the theory curve to the data was optimized with an ionquantum-mechanical theory based on the electron propagator
cloud temperature of 2100 K and assuming an 8° rotation ofllows us to calculate the transition rate in combined fields
the laser polarization away from puredy polarization. De- for a thermal ion cloud in a convenient manner, leaving only
pending on the presence of the additional electric field, the single integral to be evaluated numerically. While showing
structure of both the theory and experimental curves changexgreement with previous theoretical work for detachment
noticeably. For both the experiment and the theory, additioirom S~ in a purely magnetic field, the theory predicts both
of the electric field diminishes the depth of modulation in thea loss of contrast in the detachment rate and a shift of the
detachment ratio, particularly at the first dip above the initialphotocurrent maxima towards higher laser frequencies as a
threshold. This dip corresponds directly to the first peak inconsequence of the additional electric field. We present ex-
the relative detachment cross section shown in Fig. 1. Wgerimental observations of photodetachment fromirspar-
note in the bottom frame of Fig. 5 that a larger effect of theallel fields that qualitatively agree with theoretical expecta-
electric field is seen at the first dip for the experimental datdions. Future work will focus on similar experiments
than for the theory curve, and this difference is not wellconducted with evaporatively cooled ions, where effects of
understood. However, the overall change in structure witlihe external electric field are expected to be more fully
the electric field is to be expected from our theoretical analy-evident.

experiment, without field —o——
theory, without field

09 |

08t

0.7 ¢

Survival rate R(AQ)

06

0.5

08

0.7 |

Survival rate R(AQ)

06 |

05

FIG. 5. Ratio of surviving ionR(AQ) (20) in photodetachment
from S in an external magnetic field as a function of the laser

V. CONCLUSIONS
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