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Dielectronic recombination of lithiumlike Ni 25¿ ions: High-resolution rate coefficients
and influence of external crossed electric and magnetic fields
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Absolute dielectronic recombination~DR! rates for lithiumlike Ni251(1s22s) ions were measured at high-
energy resolution at the Heidelberg heavy-ion storage ring TSR. We studied the center-of-mass energy range
0–130 eV which covers allDn50 core excitations. The influence of external crossed electric~0–300 V/cm!
and magnetic~41.8–80.1 mT! fields was investigated. For the measurement at near-zero electric field, reso-
nance energies and strengths are given for Rydberg levels up ton532; also Maxwellian plasma rate coeffi-
cients for theDn50 DR at electron temperatures between 0.5 and 200 eV are provided. For increasing
electric-field strength we find that for both the 2p1/2 and 2p3/2 series of Ni241(1s22pjnl) Rydberg resonances
with n.30, the DR rate coefficient increases approximately linearly by up to a factor of 1.5. The relative
increase due to the applied electric field for Ni251 is remarkably lower than that found in previous measure-
ments with lighter isoelectronic Si111, Cl141, and Ti191 ions @T. Bartschet al., Phys. Rev. Lett.79, 2233
~1997!; 82, 3779~1999!; J. Phys. B33, L453 ~2000!#, and in contrast to the results for lighter ions no clear
dependence of the electric-field enhancement on the magnetic-field strength is found. The Maxwellian plasma
rate coefficients forDn50 DR of Ni251 are enhanced by at most 11% in the presence of the strongest
experimentally applied fields.

PACS number~s!: 34.80.Lx, 32.60.1i, 36.20.Kd, 52.20.2j
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I. INTRODUCTION

Dielectronic recombination~DR! is an electron-ion colli-
sion process which is well known to be important in ast
physical and fusion plasmas@1,2#. In DR the initially free
electron is transferred to a bound state of the ion via a dou
excited intermediate state which is formed by an excitat
of the core and a simultaneous attachment of the incid
electron. This two-step process

e21Aq1→@A(q21)1#** →A(q21)11hn ~1!

involves dielectronic capture~time-inverse Auger process! as
the first step, with a subsequent stabilization of the lowe
charge state by radiative decay to a state below the ioniza
limit. This second step competes with autoionization, wh
would transfer the ion back into its initial charge stateq, with
the net effect being resonant elastic or inelastic electron s
tering. Another recombination process, which in contras
DR is nonresonant, is radiative recombination~RR!,

e21Aq1→A(q21)11hn, ~2!

where the initially free electron is transferred to a bound s
of the ion, and a photon is emitted simultaneously. The cr
section for RR diverges at zero electron energy, and
creases rapidly toward higher energies. In the present in
tigation we regard RR as a continuous background on to
which DR resonances are emerging.
1050-2947/2000/62~2!/022708~12!/$15.00 62 0227
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In the case of narrow nonoverlapping DR resonances,
DR cross section due to an intermediate state labeledd can
be well approximated by@3#

sd~Ecm!5s̄dLd~Ecm!, ~3!

with the electron-ion center-of-mass~c. m.! frame energy
Ecm, the Lorentzian line shapeLd(E) normalized to
*Ld(E)dE51, and the resonance strength

s̄d54.95310230cm2 eV2 s

3
1

Ed

gd

2gi

Aa~d→ i !(
f

Ar~d→ f !

(
k

Aa~d→k!1(
f 8

Ar~d→ f 8!

, ~4!

whereEd is the resonance energy,gi andgd are the statisti-
cal weights of the initial ionic corei and the doubly excited
intermediate stated, andAa(d→ i ) andAr(d→ f ) denote the
rates for an autoionizing transition fromd to i and the rate
for a radiative transition fromd to statesf below the first
ionization limit, respectively. The summation indicesk and
f 8 run over all states which fromd can either be reached b
autoionization or by radiative transitions, respectively.

It is well known that the cross section for DR via hig
Rydberg states is enhanced byl mixing in external electric
fields @4#. Recently the sensitivity of the electric-field
©2000 The American Physical Society08-1
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enhanced DR cross section to additional magnetic fields
predicted@5–7# and experimentally verified@8–10#. This lat-
est progress was summarized by Schipperset al. @11#.

The aim of the present investigation with Li-like Ni251 is
to extend the previous studies of dielectronic recombina
in the presence of external fields~DRF! with lighter Li-like
Si111 @12#, Cl141 @8#, and Ti191 @10# ions to an ion with even
higher nuclear chargeZ. Because of the strong scaling o
radiative rates withZ, it is expected that with higherZ fewer
l states of a given Rydbergn level take part in DR, and
therefore the sensitivity tol mixing in an electric field de-
creases@13#. Results of Griffin and Pindzola@14#, who cal-
culated decreasing DR rate enhancements for increa
charge states of iron ions, pointed in the same direction.
other aspect of going to higherZ is that even high-lying
2pjnl Rydberg resonances are more separated in energy
are therefore easier to resolve. As with Ti191 ions @10#, we
are able to study DRF separately for both the 2p1/2nl and
2p3/2nl series of Rydberg resonances when using Ni251 ions.

II. EXPERIMENT

The measurements were performed at the heavy-ion s
age ring TSR@15# of the Max-Planck-Institut fu¨r Kernphysik
in Heidelberg. For a general account of experimental te
niques at heavy-ion storage rings, the reader is referred
paper by Mu¨ller and Wolf @16#. Recombination measure
ments at storage rings were recently reviewed by Mu¨ller
@17#, Schippers@18#, and Wolf et al. @19#. Detailed descrip-
tions of the experimental procedure for field free DR me
surements were given by Kilguset al. @20#, and more re-
cently by Lampertet al. @21#. Therefore, here we only
describe more explicitly experimental aspects pertaining
pecially to the present investigation.

The 58Ni251 ion beam was supplied by the MPI tande
booster facility, and injected into the TSR with an energy
343 MeV. Using multiturn injection ande-cool stacking@22#
electrical ion currents of up to 3300mA were stored in the
TSR. At these high ion currents, however, intrabeam sca
ing heated the ion beam during DR measurements, resu
in a considerable loss of energy resolution. To avoid this
to limit the recombination count rate to below 1 MHz, i.e.,
below a count rate where dead time effects are still ne
gible, we kept ion currents below 1 mA during all DR me
surements. In the storage ring the circulating Ni251 ions were
merged with the magnetically guided electron beam of
electron cooler. In the present experiment the electron d
sity was 5.43106 cm23 at cooling energy. Generally th
electron density varies with the cathode voltageUc , thereby
following a Uc

3/2 dependence. The distribution of collisio
velocities in the electron-ion center of mass frame can
described by the anisotropic Maxwellian

f ~vW ,v rel!5
me

2pkBT'

expS 2
mev'

2

2kBT'
D

3F me

2pkBTuu
G1/2

expS 2
me~v uu2v rel!

2

2kBTuu
D ~5!
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characterized by the longitudinal and transverse temperat
Tuu and T' . In Eq. ~5!, me is the electron mass,kB is the
Boltzmann constant, andv rel is the detuning of the averag
longitudinal electron velocity from that at cooling, whic
determines the relative energyErel'mev rel

2 /2 between the
electron and the ion beam. The longitudinal temperature,
ferred from the experimental resolution for relative energ
Erel@kBT' , was kBTuu'0.25 meV. It implies an energy
resolution given byDE ~full width at half maximum! equal
to 4Aln(2)kBTuuErel @20#. The longitudinal velocity spread o
the stored ion beam yields a considerable contribution to
temperature, while the velocity spread of the electron be
alone, after acceleration, is estimated to be,0.1 meV. In the
transverse direction the electron beam was adiabatically
panded@23# from a diameterdc'9.5 mm at the cathode to
diameterde529.5 mm in the interaction region; the redu
tion of its transverse velocity spread by this expansion de
mines the low value of the transverse temperature ofkBT'

'10 meV.
Before starting a measurement, the ion beam was co

for 5 s, until the beam profiles reached their equilibriu
widths. This can be monitored online by employing bea
profile monitors based on residual gas ionization@24#. The
cooled ion beam had a diameterdi'2 mm. During the mea-
surement the electron cooler voltage was stepped throu
preset range of values different from the cooling voltag
thus introducing nonzero mean relative velocities betwe
ions and electrons. Recombined Ni241 ions were counted as
a function of the cooler voltage with a CsI-scintillation d
tector @25# located behind the first dipole magnet dow
stream of the electron cooler. The dipole magnet bends
circulating Ni251 ion beam onto a closed orbit, and separa
the recombined Ni241 ions from that orbit.

Two different measurement schemes were applied for
measurement of~i! a high-resolution ‘‘field-free’’ DR spec-
trum ~residual stray electric fields<5 V/cm!, and ~ii ! DRF
spectra with motional electric fields ranging up to 300 V/c
In view of the result of Huber and Bottcher@26#, who calcu-
lated that purely magnetic fields below 5 T do not influen
DR, the use of the term field-free seems justified in case~i!
even with the magnetic guiding field~up to 80 mT! still
present in the electron cooler.

A. Procedure for a field-free high-resolution measurement

In between two measurement steps for different values
Erel , the cooler voltage was first set back to the cooling va
in order to maintain the ion beam quality and then set t
reference value which is chosen to lead to a relative velo
where the electron-ion recombination signal is very sm
being favorably due only to a negligible RR contribution~the
reference relative energyEref). Under this condition the re-
combination rate measured at the reference point moni
the background signal due to electron capture from resid
gas molecules. Choosing short-time intervals of the orde
only 10 ms for dwelling on the measurement, cooling a
reference voltages ensured that the experimental envi
ment did not change significantly between the signal and
background measurements. An additional interval of 1.5
8-2
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DIELECTRONIC RECOMBINATION OF LITHIUMLIKE . . . PHYSICAL REVIEW A 62 022708
after each change of the cooler voltage allowed the po
supplies to reach the preset values before data taking
started.

The electron-ion recombination coefficient

a~Erel!5E d3vW s~v !v f ~vW ,v rel! ~6!

is obtained from the background corrected recombina
count rateR(Erel)2R(Eref), the detection efficiencyh, the
electron densityne , the number of stored ionsNi , the nomi-
nal lengthL51.5 m of the interaction zone, and the rin
circumferenceC555.4 m, using the relation

a~Erel!5
R~Erel!2R~Eref!

g i
22h ne~Erel!NiL/C

1a~Eref!
ne~Eref!

ne~Erel!
, ~7!

whereg i511Ei /(mic
2) is the relativistic Lorentz factor for

the transformation between the c. m. and the labora
frames, where the ions of massmi have the kinetic energy
Ei . The detection efficiency of the CsI-scintillation detect
@25# used to detect the recombined ions is very close to u
for count rates up to 2.5 MHz. The second term in Eq.~7! is
to be added in case of a non-negligible electron-ion reco
bination rate at the reference energy. We insert the theo
cal RR rate atEref5131.5 eV, which we have calculated
be a(Eref)51.39310211 cm3/s using a semiclassical for
mula for the radiative recombination cross section@27#

sRR~Erel!52.1310222 cm23(
nmin

ncut

kntn

q4R 2

nErel~q2R1n2Erel!
,

~8!

with R denoting the Rydberg constant andkn being correc-
tion factors given by Andersen and Bolko@28#. This expres-
sion for recombination on bare nuclei is used to appro
mately describe RR on a lithiumlike core by introducing t
lowest quantum numbernmin52 and weight factorstn ac-
counting for partial occupation ofn shells. In our calculation
we uset257/8 andtn51 for n.2. For the maximum~cut-
off! quantum number we usencut5150, as explained below

After the generation of a recombination spectrum fro
the experimental data via Eq.~7!, a correction procedure ac
counting for nonperfect beam overlap in the merging s
tions of the cooler is applied@21#, which in our case only
slightly redistributes the DR resonance strengths, resultin
DR peaks narrower and taller by small amounts. The syst
atic uncertainty in the absolute recombination rate coeffic
is due to the ion and electron current determination, the c
rections accounting for the merging and demerging sect
of the electron and ion beams, and the detection efficienc
is estimated to be615% of the measured recombination ra
coefficient@21#. The statistical uncertainty of the results pr
sented below amounts to less than 1% of the rate coeffic
maximum.
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B. Procedure for DRF measurements

The geometry of the magnetic and electric fields pres
in the merging section of the electron cooler is sketched
Fig. 1. We choose thez axis to be defined by the ion-beam
direction. The magnetic guiding fieldBW defines the electron
beam direction. The field strengthB is limited towards both
low and high values. Only fieldsB.25 mT guarantee a re
liable operation of the electron cooler. The maximum tol
able current through the generating coils limitsB to at most
80 mT. Correction coils allow the steering of the electr
beam in thex-y plane. In the first place these are used
minimize the transverse field componentsBx and By with
respect to the ion beam, such that the two beams are colli
and centered to each other. The collinearity is inferred in
rectly from beam profile measurements of the cooled
beam@24# with an accuracy of;0.2 mrad; i.e., the trans
verse magnetic-field components caused by imperfection
the beam alignment amounts at most to 231024B. Residual
fields which may vary in size and direction along the over
length, are also expected to be of this magnitude. Since
settings of the various steering magnets result from a ra
tedious beam optimization process, they are not exactly
produced after each optimization procedure that is requi
e.g., after a change of the magnetic guiding fieldBz . This
means that the residual transverse magnetic fields for
collinear geometry may also slightly vary from one set
cooler settings to another. All uncertainties in the transve
magnetic field translate into an uncertainty in the motio
electric field of less than610 V/cm in our present experi
ment.

In DRF measurements we offset the current through
correction coils to generate additional magnetic-field com
nentsBx andBy . Their influence on the stored ion beam
negligible, i.e., the ion beam is still traveling with velocityv i
in thez direction. However, in the frame of the ion beam t
magnetic-field componentsBx and By generate a motiona
electric field E'5AEy

21Ex
25v iABx

21By
2 in the x-y plane

rotated out of they direction by the azimuthal anglef
5arctan(By /Bx)5arctan(Ex /Ey), i.e., E'5Ey for f50. The
electrons~due to their much lower mass! follow the resulting
magnetic-field vectorBW which now crosses the ion beam
the angleu5arctan(ABx

21By
2/Bz). Two consequences are t

be dealt with:~i! The ion beam now probes different portion
of the space-charge well of the electron beam. This redu
the energy resolution. In order to minimize this effect w

FIG. 1. Sketch of the electric- and magnetic-field configuratio
used in DRF measurements. The ion beam is aligned alongBz . The
motional electric field isE'5v iB'5v iABx

21By
2, with the ion ve-

locity v i in the z direction. The azimuthal anglef denotes the
direction ofE' in the x-y plane. The electron beam with the ave

age velocityvW e is aligned along the resultingBW vector which is
inclined by the angleu with respect toBz .
8-3
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S. SCHIPPERSet al. PHYSICAL REVIEW A 62 022708
used a rather small electron density of only 5.43106 cm23 at
cooling, i.e., one order of magnitude smaller than in
Si111 experiment of Bartschet al. @12#. ~ii ! The angleu be-
tween the electron beam and ion beam explicitly enters
formula for the transformation from the laboratory system
the c. m. system, which is easily derived from the conser
tion of 4 momentum. It reads

Erel5mic
2~11m!FA11

2m

~11m!2
~G21!21G , ~9!

with the mass ratiom5me /mi ,

G5g ige2A~g i
221!~ge

221!cosu, ~10!

andge511Ee /mec
2; Ee denotes the electron laboratory e

ergy. It is obvious that the cooling conditionErel50 can only
be reached forg i5ge and u50, i.e., for G51. In regular
field-free measurements a scheme of intermittent coolin
used during data taking, i.e. after each measured ener
cooling interval (Erel50) is inserted. For DRF measure
ments this would require a rapid switching fromuÞ0 to
cooling with u50. It turned out that such a procedu
heavily distorts the electron beam, mainly because of
slow response of the power supplies controlling the stee
coils. Under such conditions useful measurements could
be performed. Therefore, we omitted the intermittent cool
and reference measurement intervals, thereby losing res
tion. After each injection into the ring and an appropria
cooling time, the correction coils were set to produce a
fined E' , and the cathode voltage was ramped very quic
through a preset range with a dwell time of only 1 ms p
measurement point. In such a manner a spectrum for oneE'

setting was collected within only 4 s. After termination of th
voltage ramp the correction coils were set back tou50, and
the whole cycle started again with the injection of ions in
the ring. In subsequent cycles a range of typically 30 pre
E' values was scanned. Each spectrum was measure
many times as needed for reaching a satisfying level of
tistical errors. This whole procedure was repeated for diff
ent settings of the guiding field strengthBz .

In order to compare only contributions from DR to th
measured spectra, we subtracted an empirical backgro
function aBG(Erel)5a01a1Erel1a2 /(11a3Erel1a4Erel

2 ),
with the coefficientsai determined by fittingaBG(Erel) to
those parts of the spectrum which do not exhibit DR re
nances. One should note that a proper calculation of the
rate coefficient is hampered by the fact that foruÞ0 the
electron velocity distribution probed by the ion beam can
be described by Eq.~5!.

III. RESULTS AND DISCUSSION

A. Recombination at zero electric field

1. DR cross section

For theDn50 DR channels of Li-like Ni251, i.e., for DR
involving excitations which do not change the main quant
number of any electron in the 1s22s core, Eq.~1! reads,
more explicitly,
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e21Ni251~1s22s1/2!

→Ni241~1s22pjnl !

→H Ni241(1s22s1/2nl)1hn ~type I)

Ni241(1s22pjn8l 8)1hn8 ~type II).
~11!

The lowest Rydberg states which are energetically allow
are n513 and 11 for 2s1/2→2p1/2 and 2s1/2→2p3/2 core
excitations, respectively.

The Ni251(1s22s1/2) recombination spectrum has bee
measured for 0<uErelu<131.5 eV. The result is shown in
Fig. 2. At Erel50, a sharp rise of the recombination rate d
to RR is observed. At higher energies DR resonances du
Dn50 2s1/2→2pj transitions occur. Individual 2pjnl reso-
nances are resolved forn<32. Their resonance strength
have been extracted from the measured spectrum by
subtracting the theoretical recombination rate coefficient
to RR ~cf. Sec. II A!, where the c. m. velocity spread can b
neglected sinceErel is very large compared tokT' andkTi .
In principle the resulting rate coefficient should be zero
off-resonance energies. However, we find that, probably
to our approximate treatment of RR@cf. Eq. ~8!#, small non-
zero rate coefficients remain after subtraction of the cal
lated RR rate coefficient. These are removed by further s
tracting a smooth background before the observed
resonance structures are fitted by Gaussians.~Details of the
observed smooth RR rate were not further investigated in
present work.! The resulting values for resonance positio
and strengths are listed in Table I. The 2p1/213l and 2p3/211l
resonances at about 2.5 and 4.5 eV, respectively, exhib
splitting due to the interaction of thenl Rydberg electron
with the 1s22pj core. For highern resonances this splitting
decreases, and cannot be observed because of the finit
perimental energy spread which increases asAErel. The 2pj
Rydberg series limitsE` are obtained from a fit of the reso
nance positionsEn with n>16 to the Rydberg formula,

FIG. 2. Absolute recombination rate coefficient measured
340-MeV Ni251 ions. The sharp peak at zero relative energy is d
to RR. Energetic positions of the 2p1/2 nl and 2p3/2 nl resonances
according to the Rydberg formula are indicated.
8-4
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TABLE I. Strengths of the individually resolved 2pjnl reso-
nances as obtained from fits of Gaussians to the experimen
observed resonance structures. The errors given are statistical
~one standard deviation!. Systematic uncertainties amount to le
than615% for the resonance strengths, and less than 0.6% fo
resonance positions.

Resonance position Resonance strength Designation

Ed ~eV! s̄d (10219 eV cm2)

2.0796 0.002 2.426 0.12 2p1/213s

2.2676 0.003 3.256 0.22 2p1/213p

2.3836 0.001 9.536 0.26 2p1/213d

2.6256 0.003 94.26 5.7 2p1/213l ( l .2)

9.5906 0.003 22.76 0.71 2p1/214l

15.216 0.001 11.16 0.12 2p1/215l

19.816 0.002 6.786 0.083 2p1/216l

23.636 0.002 4.856 0.077 2p1/217l

26.836 0.003 3.716 0.072 2p1/218l

29.546 0.003 2.776 0.057 2p1/219l

33.846 0.004 1.986 0.046 2p1/221l

35.576 0.004 1.726 0.045 2p1/222l

38.406 0.005 1.326 0.044 2p1/224l

39.556 0.009 1.136 0.065 2p1/225l

40.636 0.006 1.026 0.040 2p1/226l

41.536 0.024 1.136 0.10 2p1/227l

42.356 0.023 0.9356 0.14 2p1/228l

43.096 0.008 0.8576 0.042 2p1/229l

43.756 0.012 0.7396 0.051 2p1/230l

44.356 0.014 0.7446 0.063 2p1/231l

44.916 0.013 0.7276 0.063 2p1/232l

3.7776 0.002 4.716 0.13 2p3/211s

4.1906 0.001 17.96 0.17 2p3/211p

4.6736 0.001 163.36 2.1 2p3/211l ( l .1)

15.966 0.001 40.46 0.61 2p3/212l

24.736 0.002 20.046 0.66 2p3/213l

31.746 0.001 15.26 0.14 2p1/220l ,2p3/214l

37.346 0.004 10.336 0.30 2p1/223l ,2p3/215l

41.956 0.003 6.616 0.20 2p3/216l

45.776 0.002 5.386 0.047 2p3/217l

48.976 0.002 4.456 0.045 2p3/218l

51.706 0.003 4.016 0.17 2p3/219l

54.006 0.003 2.686 0.039 2p3/220l

55.996 0.003 2.326 0.038 2p3/221l

57.736 0.004 2.026 0.038 2p3/222l

59.226 0.004 1.886 0.037 2p3/223l

60.566 0.004 1.756 0.035 2p3/224l

61.726 0.005 1.616 0.036 2p3/225l

62.756 0.005 1.466 0.034 2p3/226l

63.686 0.005 1.406 0.035 2p3/227l

64.496 0.005 1.306 0.037 2p3/228l

65.276 0.008 1.236 0.040 2p3/229l

65.936 0.009 1.166 0.040 2p3/230l

66.526 0.01 1.116 0.041 2p3/231l
02270
En5E`2RS q

n2d D 2

, ~12!

with the quantum defectd as a second fit parameter. The
results are listed in Table II, where spectroscopic values@29#
for the series limits are also given. Our values agree with
spectroscopic values within 0.6%, i.e., within the experime
tal uncertainty of the energy scale@20#. The result that the
fitted quantum defects are almost zero reflects the fact
the interaction between the core electrons and the Rydb
electron is weak.

The measured DR rate decreases already below the 2p1/2
and 2p3/2 series limits, as obtained from the fit to the pe
positions~cf. Fig. 2!. This discrepancy results from field ion
ization of high Rydberg states withn.nf'(3.2
3108V/cmq3/Edip)

1/4 in the charge-analyzing dipole magn
~see Sec. II! with magnetic-field strengthBdip50.71 T,
where the moving ion experiences the motional electric fi
Edip5v iBdip (nf is the classical field ionization limit!. A
more realistic value for the cutoff has to account for Sta
splitting and tunneling effects. In Ref.@13# an approximate
value ncut'(7.33108V/cmq3/Edip)

1/4 was found. For the
calculation of the actual cutoff quantum numberncut relevant
in this experiment, one has to take into account that on
way from the cooler to the dipole magnet states withn.nf
may radiatively decay to states belownf . An approximate
calculation of this effect@30# yieldsncut5150 for the present
case.

An estimate of the DR line strength escaping detect
because of field ionization can be made by extrapolating
measured DR line strength ton5`, employing then23 scal-
ing of the autoionization and the type-II@cf. Eq. ~11!# radia-
tive rates@31#. For autoionization rates we make the ans
Aa(nl)5Aa /n3 for 0< l< l max and Aa(nl)50 for l max, l
,n. Rates for the sum of type-I and -II radiative transitio
we represent asAr(nl)5Ar

(I)1Ar
(II) /n3. The same represen

lly
nly

he

TABLE II. Parameters obtained from fits of DR resonance p
sitions and strengths. The series limitsE` , and their uncertainties
and quantum defectsd, result from a fit of the experimental reso
nance positions to the Rydberg formula@Eq. ~12!#. The total experi-
mental uncertainty ofE` is of the order of60.5 eV. The spectro-
scopic values listed for comparison are taken from Ref.@29#. In the
fit of Eq. ~13! to the measured DR resonance strengths, the c
radiative ratesAr

(I) and the Auger ratesAa ~as listed! have been
taken from atomic structure calculations@32#. S0 and Ar

(II) result
from the fit. l max has been calculated fromS0.

Series 2p1/2 2p3/2

E` ~eV!, spectroscopic 52.95 74.96
E` ~eV!, this experiment 53.196 0.01 75.346 0.01
d 0.0316 0.005 0.0306 0.001
Aa ~1015 s21) 0.4 1.2
Ar

(I) (109 s21) 2.0 5.8
Ar

(II) (1013 s21) 4.1 6 0.6 6.76 0.5
S0 (10227 eV2 cm2 s! 1.19 6 0.09 1.126 0.03
l max 14.5 6 0.6 9.56 0.2
8-5
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tations of the relevant rates were already used by Kil
et al. @20# in a recombination study of isoelectronic Cu261

ions. After summation over alll substates, Eq.~4! simplifies
to

s̄nEn5S0

Aa @Ar
(I)1n23Ar

(II) #

Aa1n3Ar
(I)1Ar

(II)
, ~13!

with S052.475(2j c11)(l max11)2310230 cm2 eV2s. For
the statistical weights in Eq.~4!, we have usedgi52 and
gd52(2l 11)(2j c11). Here,j c is the total angular momen
tum quantum number of the core excited state, i.e.,j c51/2
and 3/2 in the present case. The first step of the extrapola
procedure consists of adjusting the model parameters
that Eq.~13! fits the measured DR line strengths. Here t
values forAr

(I) have been taken from atomic structure calc
lations @32# while S0 , Aa , and Ar

(II) were allowed to vary
during the fit. It turned out that the fit is not very sensitive
large variations of the Auger ratesAa . In this situation we
also kept the Auger rates fixed at values which have b
inferred from atomic structure calculations, and which a
meant to be order of magnitude estimates only. In Fig. 3
plot the measured and fitted resonance strengths~multiplied
by the resonance energy! as a function of the main quantum
number. The actual parameters used for drawing the
curves are listed in Table II. The fit has been restricted
n>20 for both the 2p1/2 and 2p3/2 series, because addition
Coster-Kronig decay channels 2p3/2nl→2p1/2e l 8 open up
whenEn crosses the 2p1/2 series limit. A corresponding dis
continuous decrease of the 2p3/2nl DR resonance strengt
can be clearly discerned in Fig. 3. Since the additional
toionizing channels are included for the 2p3/2nl series of
resonances but not for the 2p1/2nl series,Aa for the 2p3/2nl

FIG. 3. Product of strength and resonance energy of the 2pjnl
DR resonances forj 51/2 ~closed symbols! and j 53/2 ~open sym-
bols!, as extracted from the experimental recombination spectr
Statistical error bars are mostly smaller than the symbol size.
strengths of the 2p3/214l and 2p3/215l resonances have been o
tained by subtracting interpolated values for the 2p1/220l and
2p1/223l resonance strengths from the measured peak areas at
and 37.3 eV, respectively. The thick full curves represent fits
cording to Eq.~13! with the fit parameters listed in Table II.
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series is more than a factor of 2 higher thanAa for the
2p1/2nl series. A factor of 2 would just correspond to th
ratio of statistical weights.

Inserting the fit parameters listed in Table II into Eqs.~12!
and ~13! now allows an extrapolation of the DR resonan
positions and strengths, respectively, to be obtained for a
trarily high n. In order to check the quality of the extrapola
tion we have convoluted the extrapolated DR cross sec
with the experimental electron energy distribution using
electron-beam temperatureskBTuu50.25 meV and kBT'

510 meV. After adding the semiclassically calculated R
rate coefficient—as described above—the resulting extra
lated DR1RR recombination rate coefficient is plotted
Fig. 4 together with the experimental one. Despite the v
simple model assumptions, the calculated recombination
also agrees with the measured one over the energy inte
covered by the 2pjnl resonances withn.31, which are not
resolved individually and therefore have not been used
the fits. Deviations from the Ni241(1s22p3/2nl) resonances
with n<19 stem from the fact that for these resonances
Coster-Kronig decay channels to Ni251(1s22p1/2) are
closed, whereas the fit has been made to resonances w
they are open. At energies close to the series limits, sl
deviations from the model rate occur even when the expe
value ofncut5150 is inserted into the model~the dashed line
in Fig. 4!. The origin of this discrepancy probably has to
searched for in the approximations made in both the fi
ionization model and in the model rate descriptions, in p
ticluar regarding the dependence of the angular momentul,
which may be affected by even the small residual elec
fields in the interaction region.

2. Maxwellian plasma rate coefficient

The comparison between the measured data and the
culated extrapolation ton→` ~the full line in Fig. 4! sug-
gests that only a minor part of the total Ni251 Dn50 DR
resonance strength has not been measured. This enables
derive the Ni251 DR rate coefficient in a plasma from ou

.
e

1.7
-

FIG. 4. Comparison between measured~closed symbols! and
extrapolated recombination spectra~see text!. The extrapolations
extend ton5150 ~dashed line! andn5500 ~full line!, where con-
vergence is achieved.
8-6
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DIELECTRONIC RECOMBINATION OF LITHIUMLIKE . . . PHYSICAL REVIEW A 62 022708
measurement. To this end the experimental DR rate co
cient is substituted by the extrapolated one at energies;3
eV below the series limits. Compared to using the exp
mental result without extrapolation, this results in a corr
tion of the plasma rate coefficient of at most 5%. The e
perimental DR rate coefficient, including the highn
extrapolation, is convoluted by an isotropic Maxwellian ele
tron velocity distribution characterized by the electron te
peratureTe . The resultingDn50 DR plasma rate coefficien
is displayed in Fig. 5~thick full line!. Summing experimenta
and extrapolation errors, the total uncertainty of the DR r
coefficient in plasmas determined in this work amounts
620%.

A convenient representation of the plasma DR rate co
ficient is provided by the following fit formula:

a~Te!5Te
23/2(

i
ci exp~2Ei /kBTe!. ~14!

This has the same functional dependence on the plasma
tron temperature as the widely used Burgess formula@33#,
where the coefficientsci and Ei are related to oscillato
strengths and excitation energies, respectively. The res
for the fit to the experimental Ni251 Dn50 DR rate coeffi-
cient in a plasma~the thick full line in Fig. 5! are summa-
rized in Table III. The fitted curve cannot be distinguish
from the experimental plasma rate coefficient in a plot,
presented in Fig. 5.

In Fig. 5 we also compare our results with theoretic
results forDn50 DR by Meweet al. @34# ~dashed line!,
Romanik@35# ~dash-dotted line!, and Tenget al. @36# ~dash-
dot-dotted line! who interpolated DR calculations performe
by Chen@37# for selected lithiumlike ions. At temperature
kBTe.1 eV, the rate of Meweet al., which is based on the

FIG. 5. Ni251 Dn50 DR plasma rate coefficient as derive
from our measurement~thick full line, estimated error620% as
indicated!. Also shown are theoretical results of Meweet al. @34#
~dashed line!, Romanik@35# ~dash-dotted line!, and Tenget al. @36#
~dash-dot-dotted line!. At temperatureskBTe.100 eV, two DR
rates by Romanik are shown, with the upper one additionally c
taining Dn51 DR contributions. The RR rate coefficient~thin full
line! has been calculated from the RR cross section given by
~8!, with q525 andnmax5150.
02270
fi-

i-
-
-

-
-

e
o

f-

ec-

lts

s

l

Burgess formula@33#, overestimates our experimental resu
by up to a factor of;5. At lower temperatures the exper
mental result is underestimated by factors up to 10. Above
electron temperature of 30 eV, Romanik’s theoretical res
agrees with ourDn50 DR rate coefficient to within 15%
which is within the 20% experimental accuracy. In this e
ergy range the interpolation result of Tenget al. underesti-
mates the experimental rate coefficient by 20–30 %.
should be noted that neither the calculation of Romanik
that of Tenget al. covers temperatures below 10 eV. Whe
compared with our RR calculation~the thin full line in Fig.
5!, our experimental result shows that in the temperat
range of 1–10 eV, where Ni251 ions may exist in photoion-
ized plasmas, DR is still significant. The importance of D
in low-temperature plasmas was recently pointed out
Savin et al. @38#, who measured DR of fluorinelike Fe171

ions. At higher temperatures Romanik’s calculation@35# sug-
gests that above 100 eVDn51 DR contributions become
significant~the upper dash-dotted line in Fig. 5!.

B. DRF measurements

Figure 6 shows a series of Ni251 recombination spectra
measured in the presence of external electric fieldsE' rang-

-

q.

TABLE III. Ni 251 Dn50 plasma DR rate coefficient fit param
etersci andEi according to Eq.~14!. The fit to the full line in Fig.
5 is accurate to better than 0.5% for 1.0 eV<kBTe . The total
uncertainty in the rate coefficient is 20%.

i c i Ei

(1022 cm3 s21 K3/2) ~eV!

1 0.417 2.91
2 0.683 5.60
3 1.483 19.10
4 3.184 44.54
5 2.928 71.97

FIG. 6. Ni251 DR spectra for 28 external electric fields
<E'<270 V/cm and ucosfu51. Spectra withf50° and f
5180° are interleaved. Adjacent spectra differ byDE'510 V/cm.
The magnetic field on the axis of the electron cooler has beenBz

580 mT. The fitted smooth RR contribution has been subtracte
8-7
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S. SCHIPPERSet al. PHYSICAL REVIEW A 62 022708
ing from 0 to 270 V/cm. The magnetic field on the axis
the cooler has been set toBz580 mT. Due to the altered
measurement scheme that leaves out the intermittent coo
of the ion beam, the energy resolution is reduced compa
to Fig. 2. Now individual 2pjnl DR resonances are resolve
only up ton521. Two features in the series of spectra are
be noted. First, the strength of the DR resonances occur
below 47 eV does not depend onE' . Second, the strength o
the unresolved high-n DR resonances increases with increa
ing field strength. This can been seen more clearly from
closeup presented in Fig. 7. At energies of more than 10
below the 2pj series limits, the different DR spectra lie pe
fectly on top of each other, whereas at higher energies~i.e.
n.30) an increase of the DR intensities by up to a factor
1.5 atE'5270 V/cm is observed. The degraded resolut
of the DR spectrum does not allow us to resolven levels in
the range of the electric-field enhancement. In order to qu
tify this DR rate enhancement we consider integrated rec
bination rates, with the integration intervals chosen
marked in Fig. 7.

The integration intervals 44.0–53.5 and 66.2–76.0 eV
clude all 2pjnl resonances withn>31 for j 51/2 and 3/2,
respectively. In the following we denote the resulting in
grals by I 1/2 and I 3/2. The energy range 44.0–53.5 eV al
contains 2p3/2nl resonances with 16<n<19. These reso-
nances, however, are not affected by the electric-fi
strengths used in our experiment. Consequently, any cha
in the magnitude ofI 1/2 as a function ofE' we attribute to
field effects on 2p1/2nl resonances. As a check of the prop
normalization of the DR spectra, we additionally monitor t
integral I 05*2 eV

18 eVaDR(Erel)dErel which comprises the
strengths of the 2p3/211l , 2p3/212l , and 2p1/2nl DR reso-
nances with 13<n<15. Since these low-n resonances are
not affected byE' , we expectI 0 to be constant. Any devia
tion of I 0 from a constant value would indicate a reduction
the beam overlap due to too large a tilting angleu of the

FIG. 7. Ni251 DR spectra for four external electric fields of 0
110, 190, and 270 V/cm, clearly showing the DR rate enhancem
with increasing electric-field strength close to the 2p1/2 and 2p3/2

series limits. Ranges for the determination of integrated rate c
ficients are indicated by horizontal arrows. The magnetic field
the axis of the electron cooler isBz580 mT. The fitted smooth RR
contribution has been subtracted.
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electron beam. The maximum angleumax, to which the over-
lap of the electron beam with the ion beam is ensured o
the full interaction lengthL, is given by tanumax5(de
2di)/L. With the geometrical values given above, one o
tainsumax'1°. Apart from the highestE' at f5180° and at
the lowest magnetic guiding field, i.e., atBz541.8 mT, the
conditionu,umax was always met. This is exemplified in th
upper panel of Fig. 8, whereI 0 , I 1/2, andI 3/2 are shown for
2270 V/cm<E'<220 V/cm. There, a positive~negative!
field strength indicatesf50° (f5180°). WhileI 1/2 andI 3/2
clearly exhibit a field effect which is nearly symmetric abo
E'50 V/cm, I 0 is independent ofE' .

The fact that the increase of the integrated recombina
rate coefficient is independent of the sign of the electric-fi
vector is expected from the cylindrical symmetry of th
merged-beam arrangement in the electron cooler. Howe
for the entire experimental setup this symmetry is broken
the charge-analyzing dipole magnet with an electric-fi
vector lying in the bending plane~the x-y plane of the coor-
dinate frame defined in the interaction region!. This, in prin-
ciple, could lead to a redistribution of population betwe
different m substates in the dipole magnet@39# and a result-
ing field ionization probability depending on the azimuth

nt

f-
n

FIG. 8. Integrated recombination rate coefficientsI 0 ~full
squares!, I 1/2 ~full circles!, andI 3/2 ~open circles! for the integration
ranges defined in the text as a function of electric field~upper panel,
f50°) and of azimuthal angle~lower panel,E'5100 V/cm!. The
magnetic guiding field is 80 mT in both cases.
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DIELECTRONIC RECOMBINATION OF LITHIUMLIKE . . . PHYSICAL REVIEW A 62 022708
anglef of the motional electric-field vector in the cooler. I
order to clarify this question we took a series of DRF spec
with f ranging from 5° to 175°. At the same time the ele
tric and magnetic fields were kept fixed atE'5100 V/cm
andBz580 mT. A scan around a full circle was prohibite
by the limited output of the power supplies used for steer
the electron beam in the particular arrangement of this
periment. As shown in the lower panel of Fig. 8, no sign
cant dependence of the integrated recombination rates o
azimuthal anglef was found.

As a measure for the magnitude of the field enhancem
we introduce the field enhancement factor

r j~E' ,Bz!5Cj~Bz!
I j~E' ,Bz!

I 0~E' ,Bz!
~15!

for j 51/2 or 3/2, and the constantCj (Bz), chosen such tha
r j (0,Bz)51.0 ~see below!. Plots of enhancement factors as
function ofE' are shown in Fig. 9 for different values ofBz .
Since the field effect is independent of the orientation of
electric field in thex-y plane, data points forf50° andf
5180° are plotted together. The enhancement factor exh
a linear dependence on the electric field. Exceptions oc
for Bz541.8 mT andf5180° at E' values, whereu be-
comes maximal, and aroundE'50 V/cm. In the former case
the complete overlap of the ion beam and the electron b
over the full length of the interaction region is lost. This
indicated by a reduction ofI 0, and apparently a consisten
normalization cannot be carried out. In the latter case
sidual electric- and magnetic-field components resulti
e.g., from a nonperfect alignment of the beams, preven
from reachingE'50 eV. After excluding all data points
with E'<10 V/cm and those withf5180°, E'>200 V/cm
for Bz541.8 mT, we were able to fit straight lines to th
measured field enhancement factors as a function ofE'. The
constantsCj (Bz) in Eq. ~15! have been chosen such that t
fitted straight lines yieldr j

(fit) (0,Bz)51.0.
As a measure for the electric-field enhancement of the

rate enhancement, we now consider the slopes

sj~Bz!5
dr j

(fit)~E' ,Bz!

dE'

~16!

of the fitted straight lines, which are displayed as a funct
of the magnetic-field strength in Fig. 10. The error bars c
respond to statistical errors only. Systematic uncertaint
e.g., due to residual fields, are difficult to estimate. Nev
theless, their order of magnitude can be judged from
'10% difference between the two data points atBz580 mT
which have been measured with different cooler settings

For all magnetic fields used, the electric-field depende
of the rate enhancement factor is steeper for the 2p3/2nl se-
ries of Rydberg resonances than that for the 2p1/2nl series.
This can be understood from the fact that the multiplicity
states—and, consequently, the number of states which ca
mixed—is two times higher forj 53/2 than forj 51/2. Fol-
lowing this argument one would expect a ratio of 2 for t
respective incremental integrated recombination ra
I j (E' ,Bz)2I j (0,Bz). From our measurements we find low
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values scattering around 1.5, indicating a somewhat redu
number of states available for field mixing within the seri
of Ni241(1s22p3/2nl) DR resonances. In calculations for L
like Si111 and C31 ions, ratios of even less than 1 have be
found @7,40#. This was attributed to the electrostat
quadrupole-quadrupole interaction between the 2p and nl
Rydberg electron in the intermediate doubly excited sta
which more effectively lifts the degeneracy between t
2p3/2nl levels than between the 21/2nl levels. Another reason
for the reduced number of 2p3/2nl states participating in
DRF might be the existence of additional Coster-Kronig d
cay channels for these resonances withn>20 to
Ni251(1s22p1/2) ~cf. Sec. III A!.

Slopes for the relative electric-field enhancement acco
ing to Eq.~16! were previously determined in measureme
by Bartsch and co-workers for the lighter isoelectronic io
Si111, Cl141, and Ti191 @12,8,10#. The present results ar
compared with these previous data in Fig. 11. It should

FIG. 9. Recombination rate enhancement factors as a func
of electric fieldE' for three different magnetic fieldsBz . The en-
hancement is larger for the series of 2p3/2nl resonances~open sym-
bols!, as compared to the 2p1/2nl series~closed symbols!. Triangles
pointing upward~downward! mark data points measured atf50°
(f5180°). The data points which~for experimental reasons, se
text! have been excluded from the linear fits~full curves! are
marked additionally by crosses. Included and excluded data po
for Bz541.8 mT andE'>200 V/cm correspond tof50° andf
5180°, respectively.
8-9
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S. SCHIPPERSet al. PHYSICAL REVIEW A 62 022708
noted that the comparison is only semiquantitative, beca
the choice of integration ranges for the calculation of
integrated recombination coefficients is somewhat arbitra
and different cutoff quantum numbersncut exist for the dif-
ferent ions~cf. Table IV!. Clearly, the relative enhanceme
for a given electric-field strength is much lower for Ni251

than for the lighter ions studied so far, with the reduction
the step from lithiumlike titanium (Z522) to nickel (Z
528), apparently much larger than the step from, e.g., ch
rine (Z517) toZ522. As a general trend with increasingZ,

FIG. 10. Slopes of the enhancement factors as a function of
magnetic fieldBz for the 2p3/2nl ~open symbols! and 2p1/2nl
~closed symbols! series of Rydberg resonances withn>31.

FIG. 11. Slopes of the enhancement factors as a function of
magnetic fieldBz for the 2pjnl resonances of Li-like Si111 ~open
circle! @12#, Cl141 ~diamonds! @8#, Ti191 ~full circles! @10#, and
Ni251 ions ~squares! ~this work!. The lines are drawn to guide th
eye. For Ti191 and Ni251, where the field effects on the 2p1/2 and
2p3/2 series of DR resonances have been determined separatel
corresponding slopes have been averaged. Clearly the effec
external electric and magnetic fields on DR decrease with incr
ing nuclear charge. It should be noted that the Ti191 slopes pub-
lished in Ref.@10# are higher because they result from a nonline
fit to the measured enhancement factors. For the comparison
sented in this figure, a linear fit has been consistently applied fo
ions under consideration.
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the radiative decay ratesAr decrease}Z for type-I transi-
tions @see Eq.~11!# and }(Z23)4 for type-II transitions,
while the autoionization rates are rather independent oZ.
This shifts the range where the low-l autoionization rates are
larger than the radiative stabilization rates~the condition for
DR enhancement byl mixing to occur@5#! down to states of
lower principal quantum numbern for increasingZ. For
Ni251 the degree of mixing reached by the typical expe
mental field strengths appears to be much reduced as c
pared to lighter ions. In addition, a clear dependence of
electric field enhancement on the magnetic field strengt
no longer observed for Ni251. To clarify the reason for the
strong reduction of both the electric and additional magne
field effects in the heavy system studied here, detailed qu
titative calculations are desirable.

External electric and magnetic fields are ubiquitous in
trophysical or fusion plasmas. Therefore, it is of interest
look into the implications of the field enhancement effect
the Ni251 Dn50 DR rate coefficient in a plasma. As a
example, in Fig. 12 we show the ratio of rate coefficien
derived from two measurements with and without an ext
nal electric field. As compared to zero electric field, the
combination coefficient at our highest experimental elect

e

e

the
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s-

r
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TABLE IV. Parameters in DRF experiments with Li-like ions
For each ion the field effect has been quantified by considering
integrated DR rate coefficient which comprises the resona
strengths of 2pjnl DR resonances withnmin<n<nmax, wherenmax

is the approximate cutoff quantum number due to field ionization
the charge-analyzing dipole magnet. It depends on the ion b
energy and the ion’s charge state@30#.

Ion Reference Ion beam energy nmin nmax

~Mev/u) 2p1/2 2p3/2

Cl141 @8# 7.1 23 18 79
Ti191 @10# 4.6 27 27 115
Ni251 @this work# 5.9 31 31 150

FIG. 12. Ratio of Ni251 Dn50 DR plasma rate coefficients with
(E'5270 V/cm! and without (E''0 V/cm! external electric field.
The magnetic field wasBz580 mT. An experimental error bar o
61%, as indicated, is estimated for the ratio of the rate coefficie
8-10
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DIELECTRONIC RECOMBINATION OF LITHIUMLIKE . . . PHYSICAL REVIEW A 62 022708
field strength (E'5270 V/cm atBz580 mT! is enhanced by
up to 11%. This value only represents a lower limit for t
enhancement at the given field strength, as we observe
resonances due to Ni241(1s22pjnl) intermediate states onl
up to ncut'150. It should also be noted that in our expe
ments we did not reach an electric-field strength where
DR rate enhancement saturates.

IV. SUMMARY AND CONCLUSIONS

The recombination of lithiumlike Ni251 ions has been ex
perimentally studied in detail. Spectroscopic information
individual DR resonances associated with Ni241(1s22pjnl)
intermediate states, which have been experimentally reso
up to n532, has been extracted and theDn50 DR plasma
rate coefficient has been derived. Our experimental resu
underestimated by up to a factor of 2 by semiempirica
calculated rate coefficients. At plasma temperatures abov
eV, results of detailed theoretical calculations are availa
@35# which agree well with the experiment. At lower tem
peratures, where Ni251 ions may exist in photoionized plas
mas, no data for the DR rate coefficient have been previo
available.

In the presence of external electric fields up to 300 V/c
the measured DR resonance strength is enhanced by a f
1.5, a rather weak effect in comparison with previous m
surements atZ511, 17, and 22. Due to the overall weakne
of the field effect for Ni251 ions, a marked dependence of th
DR rate enhancement on the strength of a crossed mag
a

ev

ev

,
A.

D

A.

.
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field, as observed for Cl141 and Ti191 ions, has not been
detectable in the present investigation.

Experimental limitations prevented us from obtaining
energy resolution in our DRF measurements comparabl
that achieved in the field-free measurement. Conseque
we could not resolve a Ni241(1s22pjnl) DR resonance with
a value ofn high enough to exhibit a field effect. Such a
observation would have facilitated a direct comparison w
ab initio calculations, which, due to the large number ofnlm
states to be considered, presently can only treat a singn

manifold of Rydberg states in the presence of crossedEW and
BW fields @7#. Improvements of this situation can be expect
in the near future from the steady increase of comput
power on the theoretical side, and on the experimental s
from a dedicated electron target which is presently be
installed at the TSR. With the electron target and the elect
cooler operating at the same time, we will be able to perfo
DRF measurements with continuously cooled ion bea
yielding DRF spectra with increased resolution.
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@13# A. Müller, D. S. Belić, B. D. DePaola, N. Djuric´, G. H. Dunn,
D. W. Mueller, and C. Timmer, Phys. Rev. Lett.56, 127
~1986!; Phys. Rev. A36, 599 ~1987!.

@14# D. C. Griffin and M. S. Pindzola, Phys. Rev. A35, 2821
~1987!.

@15# E. Jaeschke, D. Kra¨mer, W. Arnold, G. Bisoffi, M. Blum, A.
Friedrich, C. Geyer, M. Grieser, D. Habs, H. W. Heyng,
Holzer, R. Ihde, M. Jung, K. Matl, R. Neumann, A. Noda, W
Ott, B. Povh, R. Repnow, F. Schmitt, M. Steck, and E. St
fens, in Proceedings of the European Particle Accelerat
Conference, Rome, 1988, edited by S. Tazzari~World Scien-
tific, Singapore, 1989!, p. 365.

@16# A. Müller and A. Wolf, in Accelerator-Based Atomic Physic
Techniques and Applications, edited by by J. C. Austin and S
M. Shafroth~AIP, New York, 1997!, p. 147.

@17# A. Müller, Philos. Trans. R. Soc. London, Ser. A357, 1279
~1999!.

@18# S. Schippers, Phys. Scr.T80, 158 ~1999!.
@19# A. Wolf, G. Gwinner, J. Linkemann, A. A. Saghiri, M

Schmitt, D. Schwalm, M. Grieser, M. Beutelspacher,
Bartsch, C. Brandau, A. Hoffknecht, A. Mu¨ller, S. Schippers,
O. Uwira, and D. W. Savin, Nucl. Instrum. Methods Phy
Res. A441, 183 ~2000!.
8-11



d

.

E.
A.

m

m
. A

lf

-

er

t

.
,

,

S. SCHIPPERSet al. PHYSICAL REVIEW A 62 022708
@20# G. Kilgus, D. Habs, D. Schwalm, A. Wolf, N. R. Badnell, an
A. Müller, Phys. Rev. A46, 5730~1992!.

@21# A. Lampert, A. Wolf, D. Habs, J. Kenntner, G. Kilgus, D
Schwalm, M. S. Pindzola, and N. R. Badnell, Phys. Rev. A53,
1413 ~1996!.

@22# M. Grieser, M. Blum, D. Habs, R. V. Hahn, B. Hochadel,
Jaeschke, C. M. Kleffner, M. Stampfer, M. Steck, and
Noda, in Cooler Rings and Their Applications, edited by T.
Katayama and A. Noda~World Scientific, Singapore, 1991!, p.
190.

@23# S. Pastuszka, U. Schramm, M. Grieser, C. Broude, R. Grim
D. Habs, J. Kenntner, H.-J. Miesner, T. Schu¨ßler, D. Schwalm,
and A. Wolf, Nucl. Instrum. Methods Phys. Res. A369, 11
~1996!.

@24# B. Hochadel, F. Albrecht, M. Grieser, D. Habs, D. Schwal
E. Szmola, and A. Wolf, Nucl. Instrum. Methods Phys. Res
343, 401 ~1994!.

@25# G. Miersch, D. Habs, J. Kenntner, D. Schwalm, and A. Wo
Nucl. Instrum. Methods Phys. Res. A369, 277 ~1996!.

@26# W. A. Huber and C. Bottcher, J. Phys. B13, L399 ~1980!.
@27# H. A. Bethe and E. E. Salpeter,Quantum Mechanics of One

and Two-Electron Atoms~Springer-Verlag, Berlin, 1957!.
@28# L. H. Andersen and J. Bolko, Phys. Rev. A42, 1184~1990!.
@29# H. Hinnov, TFTR Operating Team, B. Denne, and JET Op
02270
,

,

,

-

ating Team, Phys. Rev. A40, 4357~1989!.
@30# A. Müller and A. Wolf, Hyperfine Interact.107, 233 ~1997!.
@31# J.-G. Wang, T. Kato, and I. Murakami, Phys. Rev. A60, 2104

~1999!.
@32# R. D. Cowan,Theory of Atomic Structure and Spectra~Uni-

versity of California Press, Berkeley, 1981!.
@33# A. Burgess, Astrophys. J.141, 1588~1965!.
@34# R. Mewe, J. Schrijver, and J. Sylwester, Astron. Astrophys.87,

55 ~1980!.
@35# C. J. Romanik, Astrophys. J.330, 1022 ~1988!. An obvious

misprint in the NiXXVI entry of Table 3 isa657.9331029. It
should reada657.93310210. This value has been used to plo
the curves in Fig. 5 of the present paper.

@36# H. Teng, B. Sheng, W. Zhang, and Z. Xu, Phys. Scr.49, 463
~1994!.

@37# M. H. Chen, Phys. Rev. A44, 4215~1991!.
@38# D. W. Savin, T. Bartsch, M. H. Chen, S. M. Kahn, D. A

Liedahl, J. Linkemann, A. Mu¨ller, S. Schippers, M. Schmitt
D. Schwalm, and A. Wolf, Astrophys. J. Lett.489, L115
~1997!.

@39# I. Nasser and Y. Hahn, Phys. Rev. A36, 4704~1987!.
@40# D. C. Griffin, D. Mitnik, M. S. Pindzola, and F. Robicheaux

Phys. Rev. A58, 4548~1998!.
8-12


