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The enhancement of dielectronic recombination by applied electric fields has been observed and
measured for the first time in a wide range of controlled and measurable fields using multiply charged
ions. The heavy ion storage ring CRYRING at Stockholm University was used to store a beam of Si111

and collide it with a cold electron target. Rydberg resonances up ton ­ 25 are resolved for both the
2p3y2 and2p1y2 series. The observation of a substantial monotonic increase of the rate coefficient for
the group of higher Rydberg states is in puzzling disagreement with theoretical calculations of electric
field enhanced dielectronic recombination. [S0031-9007(97)04040-4]

PACS numbers: 34.80.Lx, 31.15.–p, 31.50.+w, 31.70.– f
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Dielectronic recombination (DR) plays an important ro
in plasma dynamics and is also a subject of interest
studies of atomic structure. In spite of intense ongo
theoretical and experimental research on DR, the kno
edge about effects of omnipresent external electromagn
fields on this fragile process is still very limited. In th
work field enhancements of cross sections for DR of
like Si111 ions and electrons have been determined for n
different strengths of an applied electric field. The fie
enhancement has been measured under particularly
controlled conditions by employing—for the first time—
wide-range field-scanning technique. Moreover, this is
first such experiment with a multiply charged ion. Calc
lations have been made for the electric field enhancem
and puzzling disagreement is found upon comparing
periment and theory.

DR can, for the present case, be represented by

e 1 Si111s1s22sd ! Si101s1s22pjn,d

Si101s1s22pjn,d ! Si101s1s22sn,d 1 photon, (1)

wherej ­
1
2 or 3

2 . In the presence of electric fields th
resonant process (DRF) is quantitatively and qualitativ
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different from DR in the absence of fields. Burgess a
Summers [1] and Jacobset al. [2] recognized early that
electric fields could mix, states and thus strongly influenc
DR. Very briefly, the effect arises because states of h
, have low autoionization rates, and by detailed balanc
also low capture rates, so that they contribute negligib
to DR. Electric fields mix these high, states with low
, states associated with high autoionization rates, and
increases the counting of states contributing to DR.

Measurements on singly charged Mg1 ions at JILA [3]
demonstrated a clear dependence of the DR cross sec
on known electric fields, and the agreement between t
ory [4,5] and experiment could be considered quite reas
able. However, inconsistencies were found for multip
charged ions in first-generation merged-beam experime
at Oak Ridge Laboratory. Measured DR rates were
terpreted in terms of similar field mixing by treating th
unmeasured field as a free parameter to obtain agreem
with theoretical calculations. For Be-like [6] and B-lik
[7] ions studied there, good agreement with theory cou
be imposed by adjusting the field to a reasonable mag
tude. However, using a nearly identical apparatus confi
ration for the Li-like ions B21, C31, N41, and O51 [8],
© 1997 The American Physical Society 2233
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agreement with theory [9,10] could not be obtained w
like fields, and in fact, fields required to obtain agreem
were unrealistically large. An attempt was made at H
vard [11] using Li-like C31 and a known applied field in
an inclined-beams experiment to resolve the inconsis
cies. Again, values larger than DRF theory were obtain
though within the large experimental uncertainties th
was agreement. Thus, the precision and limited scop
these experiments left ambiguities. Effects of unkno
external electric fields on DR were also invoked in the
terpretation of results obtained in a second generatio
merged-beam experiments on Li-like ions, C31 and O51

[12,13], N41, F61, and Si111 [14], and Ar151 [15]. By ad-
justing the field values (a bit) larger than estimated, agr
ment of DRF theory and the experiment could be obtain

Thus, with only one clear-cut experiment on DRF, a
that for a singly charged ion, there remains a seri
need for definitive DRF experiments on multiply charg
ions using known fields. In the face of past history w
multiply charged ions, experiments on Li-like ions see
most valuable.

The present measurements have been perfor
with Li-like Si111 ions in the heavy-ion storage rin
(CRYRING) at Stockholm University [16]. During
recent years, merged beams in heavy ion storage r
have proven to be the “method of choice” for electron-i
recombination studies. The rings provide superior ene
resolution, high detection efficiency, relaxed intern
states, high beam and target densities, and a wide ch
of reactant species. Different from the earlier Mg1

experiment, intermediate states populated by DR(F)
now be identified directly by their resonance energy.

In CRYRING a beam of Si111 ions was accelerate
and stored with typically3 mA at 10 MeVyu. In one
section of the ring a high-intensity (about 240 mA, rad
2 cm) magnetically confined electron beam “cooled” t
ions. After optimizing the alignment of the ion beam wi
the electron beam, and hence also with the longitud
magnetic field of the cooler, the ions traveled in t
bottom of the electron space-charge well so there w
no transverse fields from space charge and the Lor
( $y 3 $B) fields in the frame of the ions were minimize
A reasonably “field free” measurement of DR (with a
estimated residual electric field of at most65 Vycm)
could then be obtained by switching the energy of
electrons in the cooler to different values, covering
energy range of approximately1 # Ec.m. # 25 eV in the
electron-ion center-of-mass frame. Recombined Si101

ions were magnetically separated from the parent S111

beam and detected with a solid state detector downb
from the cooler behind the first bending magnet. Exter
motional electric fields were then introduced in the coo
of CRYRING by applying a defined transverse magne
field B' using the steering coils available at the ring cool
This transverse field was varied to give progressiv
different fields in the collision region.
2234
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For the measurements a scanning technique was app
in order to minimize relative uncertainties in the field an
energy dependence of the data. After injection, accele
tion and cooling of the ions in the ring (ø2 s), the com-
plete energy range of the resonances with9 # n # ` [see
Eq. (1)] was scanned (1335 energies) for five different s
tings of the steering coils inonecycle (ø26 s) with one
filling of the ring. Before each energy scan (ø4 s), the
ion beam was cooled (ø1 s) and the steering coils were
set to produce a defined transverse magnetic field. T
scans were made forB' ­ 0, and 1.05, 2.09, 3.14, and
4.18 3 1024 T (measured with an uncertainty of 3%) cor
responding to the motional electric fieldsEx ­ 0.0, 46.0,
91.5, 137.5, and183.1 Vycm. The remaining ions were
then dumped, and the whole cycle started over—this b
ing repeated about 1500 times. Likewise, a second se
spectra forEx ­ 0.0, 9.20, 18.4, 32.0, and68.8 Vycm was
measured. The relative ion currents were inferred from t
recombination rate at cooling, and this was used to ca
brate the spectra with respect to each other. An abso
calibration with an uncertainty of620% was achieved by
normalization to data of Kenntneret al. [17], who mea-
sured recombination of Si111 at Ex ­ 0 on the Test Stor-
age Ring (TSR) at Heidelberg.

In all such experiments, the maximum Rydberg quantu
number of contributing resonant states is limited by fie
stripping. As the recombined Si101s1s22sn,d ions travel
toward the detector, they encounter the 0.966 T field
one of the dipole magnets causing a Lorentz field ofF ­
4.2 3 105 Vycm. This field ionizes Rydberg states wit
quantum numbersn greater than some cutoff value whic
can be expressed [3] asnc ­ fs7.3 3 108dq3yFg1y4, where
F is the field in Vycm. Thus only recombined ions with
n , nc would reach the detector. The simple formu
givesnc ­ 39, but, of course, there is radiative decay o
Rydberg states in the2.15 6 0.51 m between the cooler
(1 m interaction length) and the detector position, so th
the formula fornc is only indicative. Using hydrogenic
Rydberg lifetimes to estimate the decay of Rydbergs
all lower states in the flight between the center of th
cooler and the front edge of the dipole magnet, we obt
nc ­ 47 6 4 (depending on where in the cooler the ion
have recombined).

The present DRF calculations were carried out in a ma
ner previously described in detail [10]. The intermediat
coupled field mixed eigenvectors for the2pjn, Rydberg
states of Si101 were determined by diagonalizing a Hami
tonian matrix for eachn which includes the internal elec-
trostatic and spin-orbit terms, as well as the Stark mat
elements. The DRF cross section is evaluated in the i
lated resonance approximation using autoionization and
diative rates calculated with the field mixed eigenvector

The total absolute recombination rate coefficients f
the process of Eq. (1) are shown in Fig. 1. Both expe
mental and theoretical results are included, but bar
distinguishable in the figure. The energy resolution
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FIG. 1. Absolute total recombination rates for dielectron
recombination of Si111 ions at zero imposed external electric
field in the collision region. The CRYRING measuremen
were normalized to absolute data from the TSR [17]. Th
theoretical rate coefficient is indicated by a solid line (whic
can hardly be distinguished from the experiment).

determined by the velocity distribution of the electron
characterized by an anisotropic temperature distributi
with kT' ­ 10 meV and kTk ­ 0.1 meV. Hence, the
theoretical cross section was adapted for this distributio
Two distinct Rydberg sequences are seen, belonging
2p1y2n, and 2p3y2n, states withn $ 9. The energy
resolution is such that even fine structure within then ­
9 Rydberg states can be observed and up ton ­ 15
Rydberg states can be seen as separate peaks in
spectrum. States up ton ­ 25 can be distinguished. The
maximum principal quantum number observable in th
experiment can be inferred from the half-height positio
of the experimental energy cutoff of the DR spectrum
Fig. 1. The Rydberg formula expressing this energy
Es2s ! 2p3y2d 2 13.6 eV 3 s11d2yn2

c givesnc ­ 50 6

5. This is consistent with the cutoff atnc ­ 47 6 4
expected on the basis of lifetimes for radiative deca
Accordingly, the theoretical calculations in Fig. 1 hav
been truncated in principal quantum number. Since fie
ionization does not set in abruptly for a givenn but starts
gradually, depending on the symmetries of the substat
we have adopted a “soft cutoff,” representing the detecti
probability of Rydberg states by a Fermi functionfsn, Dnd
centered atn ­ nc ­ 50, with a widthDn ø 10.

Figure 2 shows 10 DRF spectra for the nine applie
fields (Ex ­ 0 was measured twice). The data have be
modified to accommodate the fact that with increasin
B' the energy resolution of the measurements deteriora
because of increased misalignment of the electron and
beams. Thus, all data have been artificially broadened
convoluting with a Gaussian function such that the wor
energy resolution is realized for all spectra. While fo
Ec.m. , 20 eV it is not possible to see a clear effect o
the field, a comparison of the spectra shows a drama
increase of DRF rates forn $ 20 (Ec.m. . 20 eV) with
increasing external electric field strength in the interactio
n
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FIG. 2. Comparison of all data sets for nine different extern
electric fields. The imposed fields areEx ­ 0.0, 9.2, 18.4,
32.0, 46.0, 68.8, 91.5, 137.5, and 183.1 Vycm. For this
comparison, the resonances were artificially broadened
order to simulate equal energy resolution of all spectra. T
experiment clearly shows an increase of the rate coeffici
with increasingEx. (Separate curves are displayed for the tw
measurements atEx ­ 0.)

region. In this range of principal quantum number, th
Rydberg states are unresolved, and it is most meaning
for comparison purposes to consider the sum or integ
of contributions over some energy range.

Figure 3 shows the integral between 20 and 25 eV
the rate coefficients for each of the field strengthsEx in-
vestigated. Experimental data are the solid points and
bars on the points represent the relative uncertainty
normalization. Statistical uncertainties are inconseque
tial. The DRF calculations are presented in Fig. 3 with
soft cutoff atnc ­ 50 and—considering the uncertainty
of the cutoff—also atnc ­ 45. The result for a sharp
cutoff at nc ­ 39 (i.e., Rydberg states up ton ­ 38 are
included) is also displayed. In magnitude, the experime
and theory differ at most by 24% fornc ­ 50, and the
average difference for the nine field values is only 11%
bringing reassurance that the theoretical models for D
are also reasonable for multiply charged ions. Howev
a more striking feature of the data compared with theo
is that the experimental DRF integrated collision streng
continues to climb at a roughly constant slope for a
fields investigated, in conspicuous contrast to the theor
cal curves which are relatively flat beyond 50 Vycm, in-
dependent of whichever cutoff is supposed. Clearly, a
further studies should pursue investigation to high-enou
imposed fields that saturation is achieved; higher fie
were not instrumentally accessible at the time of the
studies, but will be in the future.

Several speculations may be made on the puzzling d
agreement between theory and experiment found in Fig
First, there is some underlying uncertainty in the tran
verse magnetic field, resulting in a small motional ele
tric field even at the experimental zero. A steep rise fro
zero as suggested by the theory withnc ­ 50 could thus
2235
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FIG. 3. Comparison between theory and experiment conce
ing field effects on dielectronic recombination of Li-like Si111

ions. The rate coefficient of DR is integrated from 20 to 25 eV
and the values obtained are displayed vs corresponding elec
field strengthsEx. Experimental data are black dots with erro
bars showing the relative uncertainty of normalization. Theo
is given by open circles with connecting lines, depending o
the choice of cutoff (see text).

be washed out in the measurements. Second, the calc
tions are done for a static, purely electric field. In the e
periment, the guiding magnetic field of 0.030 T is at righ
angles to the motional electric field found from Lorent
transforming the transverse magnetic field. This arrang
ment of crossed electric and magnetic fields in the io
frame may provide additional magnetic sublevel mixin
and further enhancement of the cross section [18]. F
that reason, work on a more complete theory of diele
tronic recombination in the presence of crossed electric a
magnetic fields, beyond that of the model calculation
Robicheaux and Pindzola [18], is currently under way.

Finally, a determination of the cutoff of Rydberg state
is greatly complicated by the relatively large distance b
tween the cooler and the analyzer in the experimen
setup. It is very difficult to determine how the Starky
Zeeman mixed states will decay on route from the intera
tion region to the stripping magnet, and once they arriv
it is difficult to determine exactly how they are affected b
the strong magnetic field. However, to go much beyon
2236
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the approximate treatment included in this paper would b
in itself, a major theoretical effort.

In summary, the effect of known motional electri
fields on DR rates for a highly charged ion has be
observed and measured for the first time. The use
a field- and energy-scanning technique in the pres
experiment has provided data of unprecedented qua
with respect to field dependence of DR over a significa
range. Reasonable agreement with DRF calculations
found as to the magnitude of the effect. However, puzzli
disagreement between experiment and theory is found
to the change in the magnitude of the effect as a funct
of electric field strength.
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