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Enhancement of dielectronic recombination in crossed electric and magnetic fields
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Dielectronic recombinatioiDR) from a continuum of finite bandwidth in Ba atoms has been studied in
electric fields of 0—5 V/cm and magnetic fields of 0—240 G for Wtk andB.L E. In electric fields of=0.1
V/cm, the presence of a perpendicular magnetic field increases the integrated DR rate by up to 60%, with the
peak enhancement moving towards higher magnetic fields as the electric field is increased. The general
behavior of the enhancement fBi. E—as well its absence fdBIIE is in agreement with theoretical expec-
tations. A simple model is presented to provide insight into the results, and reasons for its shortcomings are
presented.
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. INTRODUCTION autoionization rate. The DR rafg, through anl state con-

. . o o verging to the first excited state of the ion is the product of
~ Dielectronic recombinatiofDR), the recombination of an  the electron-capture rate into tiné state and the branching
ion and an electron via a doubly excited autoionizing state, igatio for radiative decay to the bound state:

the dominant recombination path for the energetic electrons

found in a high-temperature laboratory and astrophysical A

plasmas. Excitation of two electrons in an aténcan give a FnI:BAnI—R%BA< , (4
stateX** with an excitation energW(X** ) which is higher Ani T Ar

than the lowest ionization energy ¥f i.e., the ground state

of X™. The process in whici** undergoes a radiationless Here, A, is the autoionization rate of thel state,f is a

transition to the continuum, constant,Ag is the radiative decay rat@lso a constant in-
dependent oh andl), andA_ is the lesser oA andA,,.
X** X" +e”, (1) A, falls off as 1n® and rapidly withl, so in a field-free

_ o ) _ ~ collisionless environment only low; low-| states have a siz-
is k_no_wn as autoionization. The inverse process in which gpje contribution to DR. For these states>Ag, and there-
radiationless capture, fore I',;= BAg. This means that each of these states makes
X* e s X** @) the same contr_ibutiorl?m=,8AR, to the tofcal DR rate—so a
' reasonable estimate of the total, energy integrated, DR rate
is followed by emission of radiation to give a stable singly S obtained by simply counting these statés: BNAg. If
excited statex* , th_e lowd character can be_z red|s_tr|b_ute_d in any way over
higherd states, to raise their autoionization rates, then more
X** L X* +hy, ©) states are involved in the process, opening more paths for
recombination and thus increasing the DR rate. The fact that
was first referred to as dielectronic recombination by Masseyhe total rate can be estimated by simply counting states
and Bated1] in their studies of the ionosphere. Later, the ensures that the Rydberg states play a central role in DR.
interest in DR arose again in connection with the studies o6Since Rydberg states are easily perturbed, it is not surprising
solar corona, where DR was found to be the dominant rethat small external perturbations have significant effects on
combination process for nonhydrogenic impurity ions. It wasthe DR rates.
pointed out by Burged®] that for sufficiently highly excited In a plasma collisions with ions and electrons are such
states, collisional processes that are faster than radiative dperturbations. To a reasonable approximation, a collision
cay to lower states can alter the DR rates from what might baith a charged particle is equivalent to exposure to an
expected in an otherwise collisionless environment. Burgesslectric-field pulse. Due to their respective masses, collisions
and Summer§3] were first to suggest that the DR rate could with ions and electrons resemble quasistatic and high-
be enhanced by the effects of collisionally induced angularfrequency electric fields, respectively. The notion that the
momentuml redistribution of the doubly excited states. ions would enhance DR due to Stafkmixing by their
It is a straightforward matter to give a quantitative de-(quasijstatic electric field was introduced by Jacobs, Davis,
scription of DR for the case in which a ground-state ionand Kepplg4]. They found that the electric fields can induce
collides with an electron to form a doubly excited state con-DR through the normally inaccessible higlstates by con-
verging to the first excited state of the ion. DR is somewhatserting them to Stark states. The measurements of DR per-
more complex when more than two ionic levels are considformed by Belicet al.[5] using crossed Mg ande™ beams
ered, but the essential ideas are unchanged. provided the first direct measurements of DR. However, the
The first step of the DR process, the capture, is simply theneasured DR cross sections turned out to be several times
inverse of the autoionization process, and therefore, by thiarger than the theoretical ones. The agreement between
principle of detailed balance, may be characterized by th¢heory and experiment was much improved after LaGattuta
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and Hahr{ 6] took into account the presence of the motionalno effect of theB field since neither field couples states of
electric field in the experiment of Béliet al. [5]. Muller  differentm, and theB field simply shifts Stark states of dif-

et al.[7] gave the first experimental confirmation of the en-ferentm relative to each other. IBLE, the B field couples
hancement of DR as a function of the electric field in thestark states ofnandm= 1. This coupling of then states can
collision region. Since then many other DR experiments USpe expected to raise the DR rate because h*@tates are
ing different techniques, such as storage rit@@rtschet al.  now coupled to lowm states, which raises the autoionization
[8]), have been performed, and the two effects of static ofates of the highm states. In essence, tBefield leads to an
quasistatic electric fields on DR have been shown to be as mixing ana|ogous to thé mixing produced by an electric
predicted by Jacobs, Davis, and Kepp# and are by now field. ForB fields low enough that diamagnetism can be ne-
reasonably well understooth) mixing of thel states creates glected we would expect a magnetic field parallel to the elec-
Stark states, which increases the DR rate dndlepression tric field to have no effect. The more general case in which
of the ionization limit lowers the DR rate. The state mixing is the ang|e betweek andB is not 0° or 90° has been exam-
reasonably well described by a hydrogenic pic{@e TheE  ined by LaGattuta and Bordd 5], who calculated DR rates
field couples the degeneratestates of the same andm,  for Mg*+e~ and found a nontrivial dependence on the
converting them tonkm Stark states with the sanmeand m. angle betweelE andB [15].

Each of the Stark states contains lbwharacter and, to a The recent storage-ring DR measurements by Bartsch
reasonable approximation, has the average autoionizatio& al.[18,19 on Li-like C*** and T ions were the first
rat(_a of all contributing states of the samea}nd m This rate “intentiorial” measurements of DR in cross&dandB fields.
typlca_llly exceedsg, so the effect O.f the flelc_j IS t0 CONVEeIt 1o authors did observe that a magnetic field altered the DR
the hlghj' states _to Stark states_ Wh!Ch contnlbute to the DRrate. However, as the magnetic field increased from 200 to
rate—i.e., the hlgh-s:tates, which in zero field h"_’w‘efn' . 690 G, the DR rate decreased, contrary to what one might
<Ag, are converted into Stark states which have ionization,, ot on the basis of the above discussion. In our previous
ratesAn>Ag. In essence, the previously wasted high auto-, [20] on DR from a continuum of finite bandwidth

ionization rates of the low-states are shared with the high- (CFB) [21] in Ba atoms, we demonstrated that DR was in-
states. This phenomenon was explicitly observed by Safinygjeeq enhanced in crossed electric and magnetic fields. Here,
Delpech, and Gallagh¢.0] and Jaffeet al. [11]. we present a more systematic study of DR in electric fields

Magnetic fields were long ignored, with the exception of ot o_5 \//cm and magnetic fields of 0—240 G. In these mea-
the work by Huber and Bottch¢i 2], who pointed out that, g\;rements, we are able to enter a regime in which the mag-

in very strong magnetic fields, the diamagnetic term can alsQeyic field is relatively high and the magnetic field enhance-
cause mixing ofl states. Recently, the interest in magneticent pegins to decrease with increasigive describe our
fields arose again in connection with the crossed-beam angd, e rimental approach in Sec. Il and present our results in
storage-ring DR experiments, in V.\IhIC.h a magnetic field isgec |11 In sec. IV, we present a simple physical model
necessary to separate the recombination products. In a NUNzscribing the effects of cross&land B fields on DR. We

ber of measurements, the experimentally measured DR rat3mpare our results and the storage-ring results to this model

were well above the theoretical calculatiof®ee, for ex- 5 suggest why the observations deviate from the predic-
ample, Refs[8,13,14), indicating that there might be addi- ti;ns of the model in some cases.

tional enhancement of DR beyond that due to the electric-
field | mixing. In response to this, Robicheaux and Pindzola
[15], Griffin, Robicheaux, and Pindzo[d6], and LaGattuta
and Borca[17] performed model calculations of DR in the
presence of crossed electric and magnetic fields. They sug- The essential notion of a CFB is most easily understood
gested that if the magnetic field has a component that i®y considering our experiments with Ba. As shown by Fig. 1,
perpendicular to the electric field, states with different magthe CFB is the broad autoionizingp§,11d state which
netic quantum numbens are mixed, since, unlike the case straddles the Ba 6p,, limit. We excite Ba atoms from the
in an electric field alonem is no longer a good quantum ground state to a well-defined energy in the CFB using three
number, and this mixing opens more recombination chantaser pulses via the routes—6s6p— 6s11d— 6p3,11d.
nels, i.e., the former high states. An electric field alone In a classical view of the j6;,11d state, the outer Hlelec-
does not mixm states, so higim states still do not contribute tron makes roughly 20 orbits before it is inelastically scat-
to DR in an electric field. tered by the Ba 6p, core and autoionizes. If the electron
In contrast to an electric field, B field alone does not induces the B& 6py,— 6s,,, dipole transition, autoioniza-
alter the DR rate, unless it is so strong as to produn&ing tion occurs, while if it induces the Ba6ps,— 6py,» quad-
[10]. However, when combined with & field, theB field  rupole transition, it is captured into the degenerate
can have an effect. As pointed out by Robicheaux and Pin6p1,2nd(ns) state. Once in the ,nd(ns) state the atom
dzola[13], a magnetic field perpendicular to the electric field can either autoionize, directly or via thep$,11d state, or
creates states which are mixtures rofstates, and by this radiatively decay to the boundsg,nd(ns) state. The latter
mixing the highm states can be given high enough autoion-completes DR, and we detect by field ionization those atoms
ization rates to contribute to DR. To Understand, at IeaSWhich have radiativeiy decayed to the bourmilg'ii states.
qualitatively, how the effect arises let us imagine that we There is a difference between our experiment and true
apply first ank field, then add thé field. ForBIE, there is  DR. In our experiment, the incoming electron igl vave of

Il. EXPERIMENTAL APPROACH
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- 6s6p ~0.2-0.5 cm* bandwidth and are about 5 ns long. All three
2r dye lasers are vertically polarized to ensure the excitation of
m=0 states only. The vacuum chamber is a hollow alumi-
1 [558nm num “drum” that has a quartz window to provide optical
access to the interaction region. Inside the chamber is a re-
0 — 6s? sistively heated oven that emits a thermal beam of Ba atoms
through a~0.5-mm-diameter hole when a current is passed
-1 through it. The thermal beam of Ba enters the interaction

region, where the atoms are excited by the dye laser pulses.

FIG. 1. Ba energy-level diagram. Three dye lasers are used the |aser excitation occurs in the presence of the external
drive the transitions from the Bas6 ground state to thef;11d  fields. Approximately 200 ns after the excitation, the recom-
state, the continuum of finite bandwidth. From the continuum ofpined atoms are ionized by an electric-field pulséth the
finite bandwidth, the 1d electron can either autoionize into the true rise time of~1 us that drives the field-ionized electrons into
continuum or be captured into the degenerafg/8d state, as 3 microchannel-plate detector, producing a signal propor-
shown by the two horizontal arrows from thegnd state. If cap-  tjonal to the number of atoms that underwent DR. This signal
ture occurs, the B, ,nd state can either autoionize or decay radia- jg captured using a gated integrator and recorded in a com-
tively to the bound 8nd state as shown by the wavy arrow. In the pyter,
latter case, dielectronic recombination has occurred, which we de- The interaction-region assembly is shown in Fig. 2. An
tect by field ionization of the boundséid Rydberg state. atomic beam passes down the axis of four brass rods. The

0.24-cm-diameter rods are 1.00 cm apart vertically and hori-

known m, while in true DR all partial waves are present. zontally. By applying voltages to the upper and lower pairs
Since lowm states are expected to contribute much of theor to the left and right pairs, we can produce horizontal or
true DR rate, we do not expect this difference to be particuvertical E fields. The magnetic field is created by a pair of
larly significant especially since the rate of DR from a CFBHelmholtz coils. The vertical axis of the coils goes through
can be described by an equation of the same form as the ottiee interaction region. The coils have 54 turns, are 2.54 cm in
describing true DR22], and this description gives a faithful radius, and are 2.54 cm apalR#d is the condition that
representation of the experimental res{iB8]. However, as gives an approximately uniform magnetic field on the axis of
we shall see, a noticeable difference between our experimettie coilg. The three laser beams are counterpropagating to
and the storage-ring experiments arises from the fact that wéne atomic beam along the axis of the four rods.
have only ad entrance channel instead of élistates. The E andB fields used in the experiment are pulsed. The

A general discussion of the experimental techniques userhagnetic field is produced by discharging aub capacitor
in this work and the theoretical background for autoionizingthrough the Helmholtz coils, producing a current pulse 100
Rydberg states can be found elsewH@4. The experimen-  us long. The highest voltage available to charge the capaci-
tal arrangement that we used includes the vacuum chambeuor is 320 V, which results in a peak current of 14.7 A and a
which contains the interaction-region assembly and is typipeak magnetic field of 240 G, the maximum field used in the
cally maintained at a pressure of10 ’ Torr, and the opti- experiment. The laser is fired at the peak of the magnetic-
cal system, which includes a commercial 20-Hz repetitionfield pulse. The magnetic field is calibrated using a gaussme-
rate pulsed Nd:YAG(yttrium aluminum garngtlaser and ter. The presence of a vertical magnetic field slightly in-
three custom-built Littman dye lasdr@5]. The first two dye creases the detected electron sigmaimpared to th&8=0
lasers(pumped by the second and third Nd:YAG laser har-case, since the trajectories of the field-ionization electrons
monics, respectivelyare fixed in frequency to drive the are forced to spiral around the magnetic field, which prevents
Ba 6s>—6s6p and 66p—6s11d transitions at 553 and a natural loss of some of them from the interaction region. To
445 nm, as shown in Fig. 1. The third lageumped by the measure this increase in signal we excite the bousddbs
third harmonig is used to drive the €11d—6p3;,11d tran-  states in the higim-region (W~ 150), where then states are
sition at ~456 nm, and its frequency is scanned by anot resolved and the excitation spectrum is relatively flat. By
computer-controlled stepping motor to vary the initial energymeasuring the signal level with and without tBefield, we
of the electron in the CFB. The dye laser pulses have &stablish thecollection-efficiencyactor
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FIG. 4. Same as Fig. 3 fd&E=0.25 V/cm.

S(B)

y= 500) =1+4.70<10 *B+2.45<10°°B2, (5  adding theB field does not change the symmetry and mmix

states. It is quite apparent in Fig. 3 that there is a clear dif-

wheres is the signal and is in gauss. This factor is used to ference betweeBL E andBIIE and thatBL E produces an
correct the experimental data taken wBh: 0. It is a 25%  ©OPvious enhancement of the DR rate. _

correction at the highest field we used. We estimate the un- Other values .of the .electnc field were ex.ammed as well.
certainty of the collection efficiency factor to be 20%. The The representative series of scans taken &ith0.25 V/cm
laser excitation shown in Fig. 1 occurs in a vertical or hori-(Fig. 4, E=1 V/cm (Fig. 5, andE=2 V/cm (Fig. 6) support
zontal E field, which is provided by a s voltage pulse the observation made f&=0.5 V/cm. Once again, as tf
straddling the laser pulses applied to the vertically or horifield is varied from 0 to 240 G, th&|E y-corrected data
zontally opposing pairs of rods shown in Fig. 1. Roughly, exhibit only marginal, if any, increase of DR signal, remain-

100 ns after the laser pulses, we apply a negative voltagﬁ.]g almost identical to th&=0 data, while theS.L E data

pulse to the lower pair of rods to provide a 100-V/cm field- show a clear DR enhancement. Finally, Figs. 7 and 8 show
ionization pulse. To allow the application of a field-

ionization pulse perpendicular to the & pulse we have the typical data series for the smallest and the largdilds

used a resistor-diode network. liseg in thf: iaxperlment, Q.l and 5 V/cm, reespeectlvely, with
BLE andBIE (where availablg The 5 V/cmBIE data se-
Il RESULTS ries shows a slight decrease of DR signal when the magnetic

field goes up. However, as before, there is a clear difference
In Fig. 3, we show a sample series of DR signals recordegyetweenB1 E and BIE, with the BLE data showing an
E=0.5V/cm andB varied from 0 to 240 G, foBIE and The data shown in Figs. 3—8 show clearly the energy

BLE. E=0.5 V/icm is chosen because the energy-integratedesolved enhancement of DR fBr. E and lack of enhance-
DR rate in anE field alone attains its maximum at this value ment for BIE. To obtain a quantitative value for the en-
[21]. The energy scale is relative to the B&py limit.  hancement of the energy integrated DR signal, we integrate
WhenBIIE, the data(corrected by the collection-efficiency the DR signalS(B,E,W) for a givenB andE, such as those
factor y) are nearly identical to thB=0 data, proving that of Figs. 3—8, over binding enerdd/, and define a magnetic-
adding the paralleB field does nothing, as expected, sincefield enhancement factor
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It is useful to summarize the factors that may have af-

J S(B,E,W)dW fected the experimental data presented in this section.
R(B,E)= ©6) (1) The decrease of the DR signal in parallel fields, clear
’ . ’ in E=0.1 and 5 V/cm fieldgFigs. 7 and 8and also seen in
J S(0.E,W)dW E=0.25 V/cm(Fig. 4 andE=2 V/cm (Fig. 6) data, is, most

likely, an artifact caused by the correction for the collection-

efficiency factory. The data assembled to calculatevere
By repeating the scans leading to Figs. 3—8 for differentaken under differing experimental conditions. Experimental
combinations oB andE fields, we can determine ti@and  parameters, such as the oven current, tend to drift from series
E dependence oR(B,E), and in Fig. 9 we show plots of to series and sometimes from scan to scan, while the dye
R(BIIE) andR(BL E) as a function oB for all six values of aser alignment tends to drift in time, decreasing the signal
electric field used in the experiment. Each point in Fig. 9/evel- The location of the interaction spot is subjectively de-
corresponds to a trace analogous to the ones shown f§rmined by the experimenter, who manually adjusts the laser
Figs. 3—8. beams to achieve the maximum zero-field signal. This last

In Fig. 9, the experimentd®(B,E) values are fit to third- factor is important because tiieand B fields created by a

order polynomials irB to show the trends. In all cases there four-rod configuration and Helmholtz coils, respectively, are

is only marginal, if any, enhancement WIBHE and a sub- only approximately uniform within the interaction-spot

) R ) ) area—so0, on a given day, the interaction spot may be ex-
stantial enhancement witBL E. In particular, adding the posed to slightly differenE andB fields. Stray fields present
perpendicular magnetic field enhances the DR rate, by &3 the vacuum chamber also have an unpredictable nature

much as a factor of 1.4-1.6, which is consistent with theang may change on day-to-day basis. Most likely, variations
calculations of Robicheaux and Pindz¢lb] who obtained i, a1 these factors average out to some extent in the

a (30-50% enhancement for a realistic atomic model. Also¢q|iection-efficiency factory. However, the experimental

in agreement with the calculations, and equally importantcongitions for each particular DR signal scan or series of
the enhancement factor appears to reach a maximum an@ans are inevitably different from the average conditions,

declines as th@ field is further increased for the lower val- leading to an overcorrection or undercorrection of the data
ues of . by .

Our BLE DR enhancement data are summarized in = (2) With stray electric fields of up to 0.2 V/cm present in
Table I. the vacuum chamber it is, of course, nearly impossible to
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ensure that th& field is exactlyparallel or perpendicular 10 ¢jearly seen in the data presented. We estimate the statistical

the B field. This may be an additional reason why BEE uncertainty of the magnetic field enhancement factor to be
data—for example, thE=0.25 V/cm dataFig. 4—exhibit  20%.
a slight enhancement of DR as the magnetic field goes up.

The 0.25 V/cmBIE enhancement curvésee Fig. 10 ap-

pears to “mimic” theBL E enhancement curve, further sug- ) ]
gesting that the fields were not perfectly parallel. To date there have been two sets of experiments on DR in
(3) With our thermal beam, the problem of the motional cOmMbined electric and magnetic fields, and they appear to

E=7xB field is substantially reduced from the storage-ringgive (_:ontradictory results. Spe_cifi_cally, ir.] the storage-r_ing
experiment§ 18,19, but it is still present. For the higheBt experllments DR (_:iecrease_s with Incréasing ma}g.net|c field,
field, we used, 240 G, the perpendicular motioBdield, 80 W.h'le In our exper.lments W'th.the contlngum of finite band-
mV/cm, at the peak of the velocity distribution of the atomic W'dth. it generally Increases with magnetic f|_elq. Before con-
beam. This field is oriented in the direction opposite to theSlderlng the case of Comb'f‘@a“dB f_|elds,_|t is useful to
perpendiculaE field which we apply and at the lowest ap- return to the pure electric field case, in which there are also
plied fields where we can see its effect. For example, in th lear dlfferen_ces betw_een the two types of experlments. In
L -~ he storage-ring experiments, the energy resolved DR signal
E=0.25 V/cm data the ionization threshold fBiL B is at @ jncreases with applied electric field for all energies, and in
higher energy than foElB. At several times, we measured our experiments it does not; it saturates quickly wtfield
the electric-field ionization threshold for &L E case with and goes to zero above the classical field ionization limit. In
the E field reversed and it moved to higher energy for thethis section, we first briefly review why the two experiments
same applied field. However, the change was comparable t@re different in a pure electric field, which sets the stage for
the uncontrolled variations in the stray field. Consequentlyunderstanding the combined field case. To understand the
rather than explicitly correcting our data for the presence ofombinedE and B field case, we introduce a simple model
the motional field, we have chosen to point out its presenc#hich reproduces the central results of the experiments and
as well as the presence of stray electric fields of comparablthe more involved numerical calculations.
magnitude. We begin by considering the effect of &field alone,
The factors discussed above, though leading in somaend in Fig. 10 we show the energy-level diagram for a Ryd-
cases to a substantial spread of the enhancement data poirltsfg electron bound to an ion of chargeWe assume that
do not affect the most important features and trends that ardie € =0 state has a nonzero quantum deféand all the

IV. DISCUSSION
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others are hydrogenicS& 0). The natural field scale for the
problem is the Inglis-Teller fieldE,; defined by

Z3
Eir= ﬁ ) (7)
which is the field at which the extreme and n+1 Stark
states ofm=0 intersect as shown by Fig. 10. Adjacent hy-
drogenic Stark states of the sameare separated by W
=3nE/Z, and states om=*=1 are interleaved with then
=0 states so that the spacing of states differing by oma in
is AW=3nE/2Z. If we ignore the Stark shift of am=0
state with6+0, it joins the Stark manifold at the field
Es=26Er, 8
TABLE |. Magnetic fields for maximum enhancement and
maximum enhancement factors.

Electric field Enhancement Peak enhancement

(VIcm) maximum position(G) factor
0.1 178 1.36
0.25 192 1.60
0.5 198 154
1.0 190 1.58
2.0 210 1.38

5.0 >240 1.3
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Energy

n+1

B Electric Field

FIG. 10. Energies for selectad=0 states in an electric field
(—) for an atom which has ns states with nonzero quantum defect
and all higher¢ states with quantum defects of zero. Tiandn
+1 levels intersect at the Inglis-Teller fiel)y=Z%/3n°, and thens
states join the Stark manifold and the fidtd=26E,; . Finally, the
m=1 stated——-) lie midway between then=0 states.

as shown in Fig. 10. While in Fig. 10, we have shown one
state havingé#0, in practice, in any nonhydrogenic atom,
all states have nonzero quantum defects, and for hitjiey
originate in the dipole polarizabilityry of the core. Explic-
itly, the quantum defect of the¢ state is given by24]

nsad B
6(7: 2 <r 4), (9)
which for high¢ is approximately given by24]
36Yd
5{7:@. (10)

Consequently, in any nonhydrogenic atom, for a given value
of n, as the electric field is raised progressively lowestates
join the Stark manifold. Arf state joins the manifold when
the field given by Eq(8) is reached for its quantum defect.
In the storage-ring experiments, electrons were combined
with Li-like ions to give Be-like ions. In Be theshf states
have a quantum defect of 0.0326], and since quantum
defects are independent &f we can use this quantum defect
for € =3 to determinayy in Eq. (9), which in turn allows us
to relate quantum defects to

Using the picture above, we can compare how an electric-
field affects the storage ring and continuum of finite band-
width DR experiments. The storage-ring experiment with
Si*'* was carried out irE fields of up to 181 V/em{27],
which is far below the Inglis-Teller field for the range of
importance, and only relatively highstates are affected by
the field. DR of electrons with energy18 eV is unaffected
by the appliecE field. These electrons correspond to states of
n=20 converging to the {2;,, limit. For n=20 andZ=11,
Er=7.12X10° V/cm, and using Eq(8), we can conclude

012723-7
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that in zero field ah= 20 only states with5>1.3x10 * or -486
¢>10 are Stark mixed by the field. Since the field does nol
produce an increase in the DR rate, we infer that the zera
field autoionization rates of the> 10 states are all less than ~ -486.5 -
the radiative decay rate. Consequentlss 10 states must be
the major contributors to the DR rate. The peak DR signa E = 2u08/3n
occurs for incoming electrons with 22.2 eV of energy. They  -487 -
are captured into states bound by roughly 0.9 eV relative tc
the 2pq;, limit, i.e., Nn=43. In this case, at 181 V/crg;
=1.55x 10* V/cm, and applying Eq(8), we see that states g 4875
with 6<6x10"2 are part of the Stark manifold. So the T
electric-field enhancement comes from mixing the §
=5-10 states with the highér-states. Fom=<43, the¢
<5 states are not affected by tkdield, and these states are
not part of the Stark manifold. If the field were raised above
181 V/cm, we expect that the DR rate would continue to rise  -488.5 -
until all ¢ states were admixed to the Stark manifold, at a
f|e|d Of E%Err .

In sum for a givem, we can expect a monotonic increase -489 4
in the DR rate withE because progressively lowérstates
are admixed to the Stark manifold. Since decreagiteads

-488

o

to a larger capture rate, the increase of the DR rate with -489.5 e .
dramatic. Finally, we note that the observed DR signal is 0 20 40 60 80 100 120
artificially cutoff at n=47 by the motionak field from a Electric tield (Vicm)

downstream magnet, so the expected depression of the limit . 3

by the applied field in the recombination region does not F'G: 11. Energy levels foBLE [Eq. (7)] and n=15B

appear in the data =500 G. The vertical line marks the electric field where the electric
It is interesting to note that the importance of higstates 2" Magnetic interactions are comparable.

in DR of P®" has been suggested in the report of a recent h h that there is famixing. | di i
experiment on DR of PB" [28]. Specifically, the calculated enougn such that there IS flanixing, 1.€., no diamagnetism.

DR rates show that states of up €e=15 are important. As -Fl;giisfhézzt;g:]odn;iﬁgrzr;zpond to the regime considered by
we have just shown, thE field dependence of DR in 8" .

. . : We begin by reversing the order in which we conceptually
;Zof\]/;/gsr,] |gsatneﬁxperlmental way, the importance of statds of apply the fields, i.e., imagine that there is a non&field in

Our experiments with the continuum of finite bandwidth thez direction and that a variable perpendicutafield in the

differ significantly from the storage-ring experiments in that® direction is added. Wheli =0, theB field leads to a linear

the entrance channel contains only the Bg,6nd states, not :zgr?hye Seri“f;[ar?sft_mrgg g?é t\ggirg;é Os 'i\g?ﬁe?ﬁ;giﬂgﬁgn&f
all ¢ states. Since thed states have a quantum defértod Y '

: : . a high electric field the magnetic field is insignificant, and
1) of —0.25, we expect that fields approaching the Inglis- ) !
Teller field should be required to enhance DR, and in fact;[he. er|1ergy t‘?'gf.”Sta“?S _artfvethe_ S_trark states,ti%r which the
this is the case experimentall22,23. Furthermore, for a ogical guantization axis 1S theaxis. 1o represent the energy

given value ofn, the E field enhancement saturates rapidly, levels at allE fields, we can use the expressi@9]
since complete Stark mixing occurs f&r fields not much
larger than the Inglis-Teller field. In sum, the enhancement W= — i-l—k\/(,u B)2+
occurs forE>E,;, unlike the storage-ring experiments in 2n? 0
which E<E ;. Consequently, in our experiments there is
considerable mixing of the Stark wave functions, due to the wherek is an integer such that n<k=n andZ is the charge
finite sized Ba core, but this effect is essentially absent in thef the ion. In zercE field, k is the magnetic quantum number,
storage-ring experiments. with the z axis as the quantization axis and in higHield, k
Adding aB field perpendicular to th& field couples the is the Stark quantum number, with theaxis as the quanti-
m and m*1 states, which can lead tm mixing and an zation axis. States dk|<n are degenerate, and there is a
increase in the DR rate, as first pointed out by Robicheaukigh degeneracy of states for whidt~0. The transition
and Pindzola. However, it is not so immediately apparenfrom magnetic to electric field dominance is shown in Fig.
why theB field should diminish the DR rate, as observed in11, a plot of the energies of E¢lL1) as a function oft for
the storage-ring experiments. A model used to describe ait=15 andB=500 G.
oms in a circularly polarized microwave field gives rea- From Eqg.(11) and Fig. 11, it is apparent that there is a
sonable insight into this problefi29]. This model is based transition from magnetic field dominance to electric field
on hydrogen and the assumption that Bdield is weak dominance when

3nE\?
i) W
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FIG. 12. Electric and zmagnetic field equivalence condition of  F|G. 13. Electric and magnetic field equivalence condition of
Eq. (12) plotted vs—10°/n?, for B=200 and 700 G----). Above  Eq (12) plotted vs— 10%n?, for B=200 G (). The horizontal
and to the right of the curve tHe field is dominant and below and |ines show the ranges of 10°/n? covered by our experiments.

to the left theB field is dominant. In the region near the curve both Note the change of abscissa relative to Fig. 12 by a factor of 10.
E andB fields are important. The horizontal lines show the ranges

of —10°/n? covered in these experimentE/Z<5 V/cm) and in

those of Bartsclet al. (E/Z=8.5 Vicm). followed by a decline. This expectation was also pointed out
by Robicheaux and Pindzo[ad5]. In fact, we expect the DR
3nE rate to decrease to thE=0, B=0 rate at high magnetic
/.LOB: ﬁ’ (12) fields.
We can use Fig. 12 to compare the storage-ring data and
or, for a givenB, when our data to the model. In the experiment of Bartsttal.
[18] with CI'*** the maximumE field is 120 V/cm E/Z
2uoBZ =8.57 V/cm), and the enhancement occurs fo23<79
~ T3 13 with a peak atn~70. For these values oh and E

=120 V/cm, the spacings betweem and m=*=1 states,
When the condition of Eq412) and(13) is met the eigen- 3nE/2Z, are 0.37 and 1.28 GHz, correspondindtbelds of
states no longer have a well defined so there exists not 270 and 910 G. The range 20<79 is shown in Fig. 12.
only € mixing as in a pure electric field bnt mixing as well. ~ For 200 G, it is clear that most of this range is in the strong
Consequently, it is in this region that we expect to find theE limit, while for 700 G most of it is in the stronB limit in
maximal enhancement of the DR rate. We would expect thevhich the electric-field enhancement is suppressed. Conse-
maximum to be broad because the coupling strength due tguently, it is not surprising that the DR rate is decreasing
the weaker field becomes stronger away from the conditionvith B near 700 G, but, based on our model, we would have
of Egs. (12) and (13). Explicitly, in the strongB limit the  expected a maximum &~ 300-400 G, not a monotonic
coupling due to the perpendiculBrfield scales a®’E and  decrease wittB as was observed.

in the strongk limit the coupling due to the perpendicul@r Our DR data were taken i fields of up to 5 V/cm andB
field scales asuoB. Each of these couplings has a factor of fields of up to 240 G, and in Fig. 13, we have shown the
n not present in the radical of E¢l1). ranges covered fdE fields from 0.25 to 5 V/cm. For the low

In Fig. 12, we show Eq(13) for B=200 and 700 G plot- E fields, ourB field range spans the entire Id8/(strongE)
ted vs—10%n2, which is proportional to the binding energy. to high B range. However, for the higk fields, we are al-
Along the bold lines, thé& andB fields are comparable and ways in the lowB limit. The energy integrated data shown in
DR should be maximal. Above and to the right of the curveFig. 9 are in reasonable agreement with our expectations. For
is the strongE limit, which should resemble the case in E=<1V/cm we can see a maximum in the enhancement as
which there is only ark field. Below and to the left of the B is increased, foE=5 V/cm it is clear that there is no
curve should resemble the case in which there is on a maximum, and folE=2 V/cm the enhancement appears to
field, which is equivalent t8=0 (andE=0). For a constant just reach a maximum. On the other hand, if we take a closer
E, asB is increased from zero, we pass from the stréhg look at the raw energy resolved data, shown in Figs. 3—8 we
limit to the regime in which thé&e and B fields are compa- see some clear disagreements. For very lnglkve are al-
rable and then to the stromlimit. Correspondingly, aBis  ways in the stronde (weak B) limit, and the enhancement
increased from zero, we expect to see a rise to a maximum ishould appear first at lowen. Indeed, forE<1 V/cm, it
the DR rate at the condition specified by E¢k2) and(13), does, but forE=2 V/cm and 5 V/cm the enhancement ap-
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pears simultaneously for all. Furthermore, we would ex- tween the model and the experiment, they are certainly im-
pect theB field enhancement to decrease at highbut it is  portant.
evident that it never does.

This simple model is physically appealing, and while it
gives a reasonable description of the storage-ring experi- \We have presented the results of an extensive study of DR
ments, there are obvious discrepancies with our experimenftom a CFB in Ba atoms in combined electric and magnetic
In the storage-ring experiments of Bartsehal. [18], the fields, showing the predicted enhancement of DR in crossed
applied fields are always well below the Inglis-Teller field, soB andE fields. Within experimental uncertainty, no enhance-
there are never overlappingstates. In contrast, in our ex- ment was observed foBIE, also in accordance with the
perimentsE>E;, so the experiments are always in the re-prediction[13]. A simple model provides a qualitative under-
gime in which there are overlapping Stark manifolds of dif- standing of the magnetic-field enhancement of DR and an
ferentn. Since Ba is not at all hydrogenic, the overlappingexplanation for the decrease of DR in the storage-ring ex-
Stark manifolds are coupled, and it is not obvious thatBhe periments, but it does not reproduce all features of our ex-
field can ever dominate tHefield in the clean way depicted Periments. Two natural extensions of this experiment are to
in Fig. 12. In theE>E; regime, there are two important increase the magnetic fiel¢=700 G to observe unambigu-

nonhydrogenic effects. First, the average spacing betweepHsly a decrease of the DR enhancemenBas increased
states ofnandm-= 1 is not ME/2Z butZ2/2n*. so the levels and to use an entrance channel with a smaller quantum defect

cto make contact with the storage-ring experiments.

V. CONCLUSION

are closer together than in a hydrogenic picture. This effe

may effectively reduce the electric field. Second, tHevels ACKNOWLEDGMENTS
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them. There is no magnetic dipole coupling betwaestates It is a pleasure to acknowledge stimulating discussions
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