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Dielectronic recombination of lithiumlike Ni %" ions: High-resolution rate coefficients
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Absolute dielectronic recombinatididR) rates for lithiumlike Nf°" (1s?2s) 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 alhAn=0 core excitations. The influence of external crossed ele@+#800 V/cm
and magnetid41.8—-80.1 mT fields was investigated. For the measurement at near-zero electric field, reso-
nance energies and strengths are given for Rydberg levels np 82; also Maxwellian plasma rate coeffi-
cients for theAn=0 DR at electron temperatures between 0.5 and 200 eV are provided. For increasing
electric-field strength we find that for both th@2, and 25/, series of l\ﬁ‘”(lsZijnl) 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 foPNiis remarkably lower than that found in previous measure-
ments with lighter isoelectronic 8i", CI***, and Tt®" ions[T. Bartschet al, Phys. Rev. Lett79, 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 forAn=0 DR of Ni*®®" are enhanced by at most 11% in the presence of the strongest
experimentally applied fields.

PACS numbes): 34.80.Lx, 32.60+i, 36.20.Kd, 52.20~]

[. INTRODUCTION In the case of narrow nonoverlapping DR resonances, the
DR cross section due to an intermediate state labéledn
Dielectronic recombinatiofDR) is an electron-ion colli- be well approximated b{3]
sion process which is well known to be important in astro-
physical and fusion plasmd4,2]. In DR the initially free Ud(Ecm):;de(Ecm), 3

electron is transferred to a bound state of the ion via a doubly

excited intermediate state which is formed by an excitationwith the electron-ion center-of-mags. m) frame energy
of the core and a simultaneous attachment of the inciderg,, the Lorentzian line shapd 4(E) normalized to
electron. This two-step process JL4(E)dE=1, and the resonance strength

e +AT S[AOT D L AT DY 4y (1) 4=4.95¢ 10" ¥cn? eV2 s

involves dielectronic captur@ime-inverse Auger procesas

the first step, with a subsequent stabilization of the lowered 1 gy Aa(d%')Z A(d—T)

charge state by radiative decay to a state below the ionization X— N )]
limit. This second step competes with autoionization, which Eq 20 S A(d—K)+ D A(d—f")

would transfer the ion back into its initial charge stgtevith i i

the net effect being resonant elastic or inelastic electron scat-
tering. Another recombination process, which in contrast tavhereE, is the resonance energy, andgy are the statisti-

DR is nonresonant, is radiative recombinatiéR), cal weights of the initial ionic coré and the doubly excited
intermediate statd, andA,(d—i) andA,(d—f) denote the
e +AIT S A DY LRy, 2 rates for an autoionizing transition frothto i and the rate

for a radiative transition frond to statesf below the first
where the initially free electron is transferred to a bound statéonization limit, respectively. The summation indicksind
of the ion, and a photon is emitted simultaneously. The cros§’ run over all states which frord can either be reached by
section for RR diverges at zero electron energy, and deautoionization or by radiative transitions, respectively.
creases rapidly toward higher energies. In the present inves- It is well known that the cross section for DR via high
tigation we regard RR as a continuous background on top dRydberg states is enhanced bynixing in external electric
which DR resonances are emerging. fields [4]. Recently the sensitivity of the electric-field-
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enhanced DR cross section to additional magnetic fields washaracterized by the longitudinal and transverse temperatures
predicted 5-7] and experimentally verifieB—10. Thislat- T, and T, . In Eq. (5), m. is the electron massg is the
est progress was summarized by Schipgral. [11]. Boltzmann constant, and, is the detuning of the average

The aim of the present investigation with Li-like®i is  longitudinal electron velocity from that at cooling, which
to extend the previous studies of dielectronic recombinationletermines the relative enerdy,q~ mevfellz between the
in the presence of external field®RF) with lighter Li-like  electron and the ion beam. The longitudinal temperature, in-
Sit** [12], C*** [8], and TH** [10] ions to an ion with even  ferred from the experimental resolution for relative energies
higher nuclear charg&. Because of the strong scaling of E,>kgT,, was kgT|=0.25 meV. It implies an energy
radiative rates witlz, it is expected that with highet fewer  resolution given byAE (full width at half maximum equal
| states of a given Rydberg level take part in DR, and  to 4In(2)kT|Ee [20]. The longitudinal velocity spread of
therefore the sensitivity tb mixing in an electric field de-  the stored ion beam yields a considerable contribution to this
creaseg13]. Results of Griffin and Pindzolgl4], who cal-  temperature, while the velocity spread of the electron beam
culated decreasing DR rate enhancements for increasinglone, after acceleration, is estimated tob@.1 meV. In the
charge states of iron ions, pointed in the same direction. Antransverse direction the electron beam was adiabatically ex-
other aspect of going to highet is that even high-lying  panded23] from a diameted.~9.5 mm at the cathode to a
2p;nl Rydberg resonances are more separated in energy, agghmeterd,=29.5 mm in the interaction region; the reduc-
are therefore easier to resolve. As withTi ions [10], we  tjon of its transverse velocity spread by this expansion deter-
are able to study DRF separately for both theyhl and  mines the low value of the transverse temperaturé&gdf,
2p3onl series of Rydberg resonances when usinrgNions.  ~10 meV.

Before starting a measurement, the ion beam was cooled
for 5 s, until the beam profiles reached their equilibrium
widths. This can be monitored online by employing beam

The measurements were performed at the heavy-ion stoprofile monitors based on residual gas ionizati@d]. The
age ring TSR 15] of the Max-Planck-Institut fuKernphysik  cooled ion beam had a diametir2 mm. During the mea-
in Heidelberg. For a general account of experimental techsurement the electron cooler voltage was stepped through a
nigues at heavy-ion storage rings, the reader is referred to @reset range of values different from the cooling voltage,
paper by Milier and Wolf [16]. Recombination measure- thus introducing nonzero mean relative velocities between
ments at storage rings were recently reviewed byllddu ions and electrons. Recombined?Ni ions were counted as
[17], Schipperd 18], and Wolfet al.[19]. Detailed descrip- a function of the cooler voltage with a Csl-scintillation de-
tions of the experimental procedure for field free DR mea-tector [25] located behind the first dipole magnet down-
surements were given by Kilgust al. [20], and more re- stream of the electron cooler. The dipole magnet bends the
cently by Lampertet al. [21]. Therefore, here we only circulating N>" ion beam onto a closed orbit, and separates
describe more explicitly experimental aspects pertaining esthe recombined Nf* ions from that orbit.
pecially to the present investigation. Two different measurement schemes were applied for the

The ®8Ni?>" ion beam was supplied by the MPI tandem measurement ofi) a high-resolution “field-free” DR spec-
booster facility, and injected into the TSR with an energy oftrum (residual stray electric fieldss5 V/cm), and (ii) DRF
343 MeV. Using multiturn injection ane-cool stackind22]  spectra with motional electric fields ranging up to 300 V/cm.
electrical ion currents of up to 3300A were stored in the In view of the result of Huber and Bottchg26], who calcu-
TSR. At these high ion currents, however, intrabeam scattetated that purely magnetic fields below 5 T do not influence
ing heated the ion beam during DR measurements, resultinQR, the use of the term field-free seems justified in dase
in a considerable loss of energy resolution. To avoid this anéven with the magnetic guiding fielcup to 80 m7 still
to limit the recombination count rate to below 1 MHz, i.e., to present in the electron cooler.
below a count rate where dead time effects are still negli-
gible, we kept ion currents below 1 mA during all DR mea-
surements. In the storage ring the circulating®Niions were
merged with the magnetically guided electron beam of the In between two measurement steps for different values of
electron cooler. In the present experiment the electron derk,, the cooler voltage was first set back to the cooling value
sity was 5.410° cm~2 at cooling energy. Generally the in order to maintain the ion beam quality and then set to a
electron density varies with the cathode voltagie thereby reference value which is chosen to lead to a relative velocity
following a U¥? dependence. The distribution of collision Where the electron-ion recombination signal is very small,
velocities in the electron-ion center of mass frame can b&eing favorably due only to a negligible RR contributighe
described by the anisotropic Maxwellian reference relative enerdy,.;). Under this condition the re-
combination rate measured at the reference point monitors
the background signal due to electron capture from residual

Il. EXPERIMENT

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

2
f(0,00) = Me ex;n( _ Mevy gas molecules. Choosing short-time intervals of the order of
& 2mkgT, 2kgT, only 10 ms for dwelling on the measurement, cooling and
m 2 M0 = V1) 2 reference voltages ensured that the experimental environ-
x[ e XF< _ M) (55 ment did not change significantly between the signal and the
27KgT| 2kgT| background measurements. An additional interval of 1.5 ms

022708-2



DIELECTRONIC RECOMBINATION OF LITHIUMLIKE . .. PHYSICAL REVIEW A 62 022708

after each change of the cooler voltage allowed the powel
supplies to reach the preset values before data taking wa
started.

The electron-ion recombination coefficient

a(Epe) = f d*v o(v)vf(v,v4e) (6) FIG. 1. Sketch of the electric- and magnetic-field configurations
used in DRF measurements. The ion beam is aligned @&gngdhe
motional electric field isE, =v;B, =v; \/BX2+ Byz, with the ion ve-
is obtained from the background corrected recombinationocity v; in the z direction. The azimuthal angleé denotes the
count rateR(E,s) — R(E,e), the detection efficiency;, the  direction of E, in the x-y plane. The electron beam with the aver-
electron density,, the number of stored iors;, the nomi-  age velocityv, is aligned along the resulting vector which is
nal lengthL=1.5 m of the interaction zone, and the ring inclined by the angled with respect taB, .
circumferenceC=55.4 m, using the relation B. Procedure for DRF measurements
The geometry of the magnetic and electric fields present
R(Ere)) — R(Erer) ta(E )n (Erer) 0 in the merging section of the electron cooler is sketched in
_ ref) S =\ : H i inA-
yi 2 ng(E,e)N;L/C Fig. 1. We choose the axis to be defined by the ion-beam

e
ne(EreI) ’ =
direction. The magnetic guiding fieB defines the electron-

) o beam direction. The field strengBhis limited towards both
wherey;=1+ Ei_/(micz) is the relativistic Lorentz factor for 5\v and high values. Only fieldB>25 mT guarantee a re-
the transformation between the c. m. and the laboratoryspie operation of the electron cooler. The maximum toler-
frames, where the ions of masg have the kinetic energy apje current through the generating coils linfigo at most
E;. The detection efficiency of the Csl-scintillation detectorgg mT. Correction coils allow the steering of the electron
[25] used to detect the recombined ions is very c!ose to uniteam in thex-y plane. In the first place these are used to
for count rates up to 2.5 MHz. The second term in &4iS  minimize the transverse field componers and B, with
to be added in case of a non-negligible electron-ion reCOMragpect to the ion beam, such that the two beams are collinear
bination rate at the reference energy. We insert the theoretiyng centered to each other. The collinearity is inferred indi-
cal RR rate aE~131.5 eV, which we have calculated t0 rgcyly from beam profile measurements of the cooled ion
be a(Ee)=1.39x10 ™ cm’/s using a semiclassical for- beam[24] with an accuracy of~0.2 mrad; i.e., the trans-

a(Ere)=

mula for the radiative recombination cross sectiai| verse magnetic-field components caused by imperfections in
the beam alignment amounts at most t& 20~ “B. Residual
Neut 4R 2 fields which may vary in size and direction along the overlap

orr(Ere) =2.1X 10722 cnéx E Kt , length, are also expected to be of this magnitude. Since the
fmin  NEre(0°R+N%E ) settings of the various steering magnets result from a rather
8 tedious beam optimization process, they are not exactly re-
produced after each optimization procedure that is required,
e.g., after a change of the magnetic guiding fiBld This
means that the residual transverse magnetic fields for the
collinear geometry may also slightly vary from one set of
cooler settings to another. All uncertainties in the transverse
magnetic field translate into an uncertainty in the motional
electric field of less thant10 V/cm in our present experi-
ment.
In DRF measurements we offset the current through the

After the generation of a recombination spectrum fromcorrection coils to generate additional magnetic-field compo-
nentsB, andB, . Their influence on the stored ion beam is

the experimental data via E{), a correction procedure ac- liaible. i.e. the ion b is otill t i ith velocit
counting for nonperfect beam overlap in the merging sec/1€d19I0IE, 1.€., the lon beam IS Stll traveling with velocity

tions of the cooler is applief21], which in our case only in thezdirgction. However, in the frame of the ion begm the
slightly redistributes the DR resonance strengths, resulting imagngtp—ﬂeld Comp‘gne”f’x and sz gztaperate a motional
DR peaks narrower and taller by small amounts. The systenflectric field E, = \/Eyfr EX,:Ui\/BxJF By in the x-y plane
atic uncertainty in the absolute recombination rate coefficienfotated out of they direction by the azimuthal angle

is due to the ion and electron current determination, the cor=arctanB,/B,)=arctank,/g), i.e., E, =E, for $=0. The
rections accounting for the merging and demerging section§lectronsdue to their much lower mastllow the resulting

of the electron and ion beams, and the detection efficiency. Inagnetic-field vectoB which now crosses the ion beam at
is estimated to be- 15% of the measured recombination ratethe angled= arctan(/szJr Byzl B,). Two consequences are to
coefficient[21]. The statistical uncertainty of the results pre- be dealt with:(i) The ion beam now probes different portions
sented below amounts to less than 1% of the rate coefficiensf the space-charge well of the electron beam. This reduces
maximum. the energy resolution. In order to minimize this effect we

with R denoting the Rydberg constant akgbeing correc-
tion factors given by Andersen and Bolk®8]. This expres-
sion for recombination on bare nuclei is used to approxi
mately describe RR on a lithiumlike core by introducing the
lowest quantum numben,,;,=2 and weight factorg, ac-
counting for partial occupation af shells. In our calculation
we uset,=7/8 andt,=1 for n>2. For the maximunicut-
off) quantum number we use, =150, as explained below.
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used a rather small electron density of only>8# cm 2 at z | L N
cooling, i.e., one order of magnitude smaller than in the"gmo'_ § : -1 2p,,
Sitl* experiment of Bartsclet al.[12]. (i) The angled be- = f .
tween the electron beam and ion beam explicitly enters thez 100 4
formula for the transformation from the laboratory systemto £ || & | ¢
the c. m. system, which is easily derived from the conserva-ig sort & f
tion of 4 momentum. It reads et . !
: 60 r 40 50 60 70
b= _ 1n=12 113 114 115
E |:m'C2(1+,LL) \/1+ 2:“’ (F_l)_l (9) g 40- In=14 115 116 17 | | 1201 1111
e (1+p)? ’ 5 I
£ 20F
- = N
with the mass ratigu=m./m;, g P L | ){ A s a ﬁ —n
@ 0 5 10 15 20 25 30 35

I'=vive= V(¥ —1)(ye—1)coso, (10

andy,=1+E./m.c?; E, denotes the electron laboratory en-
ergy. It is obvious that the cooling conditié),=0 can only

Relative energy (eV)

FIG. 2. Absolute recombination rate coefficient measured for
340-MeV NFP®' ions. The sharp peak at zero relative energy is due

be reached fory; =y and =0, i.e., forI'=1. In regular g Energetic positions of thepg,,nl and 23, nl resonances
field-free measurements a scheme of intermittent cooling iSccording to the Rydberg formula are indicated.

used during data taking, i.e. after each measured energy a

cooling interval €,=0) is inserted. For DRF measure-

ments this would require a rapid switching frof0 to e” +Ni®" (1s°2sy)))

cooling with #=0. It turned out that such a procedure oAt a2

heavily distorts the electron beam, mainly because of the —NiZ"(1s%2p;nl)

slow response of the power supplies controlling the steering Ni?4* (1s%2s,,nl)+hv  (type I)

coils. Under such conditions useful measurements could not = oa a2 L ,

be performed. Therefore, we omitted the intermittent cooling NI (1s72p;n’l") +hv'  (type II).

and reference measurement intervals, thereby losing resolu-

tion. After each injection into the ring and an appropriate _ )

cooling time, the correction coils were set to produce a deThe lowest Rydberg states which are energetically allowed

finedE, , and the cathode voltage was ramped very quicklyare n=13 and 11 for 3y,—2py;; and 2,—2pz, core

through a preset range with a dwell time of only 1 ms peréxcitations, respectively.

measurement point. In such a manner a spectrum foEgne ~ The NFP°"(1s?2s,,) recombination spectrum has been

setting was collected within only 4 s. After termination of the measured for & |E,,<131.5 eV. The result is shown in

voltage ramp the correction coils were set backte0, and  Fig. 2. AtE,=0, a sharp rise of the recombination rate due

the whole cycle started again with the injection of ions intoto RR is observed. At higher energies DR resonances due to

the ring. In subsequent cycles a range of typically 30 preseAn=0 2s,,—2p; transitions occur. Individual @ nl reso-

E, values was scanned. Each spectrum was measured @aances are resolved for<32. Their resonance strengths

many times as needed for reaching a satisfying level of stehave been extracted from the measured spectrum by first

tistical errors. This whole procedure was repeated for differsuptracting the theoretical recombination rate coefficient due

ent settings of the guiding field streng#; . to RR(cf. Sec. Il A), where the c. m. velocity spread can be
In order to compare only contributions from DR to the peglected sinc€, is very large compared toT, and KTj.

measured spectra, we subtracted an empirical background principle the resulting rate coefficient should be zero at

function  agg(Ee) =29+ a1Et+as/(1+asE o+ aAErZeI)’ off-resonance energies. However, we find that, probably due

with the coefficientsa; determined by fittingagg(Er) t0  to our approximate treatment of RRf. Eq. (8)], small non-

those parts of the spectrum which do not exhibit DR resozero rate coefficients remain after subtraction of the calcu-

nances. One should note that a proper calculation of the RRited RR rate coefficient. These are removed by further sub-

rate coefficient is hampered by the fact that ##0 the tracting a smooth background before the observed DR

electron velocity distribution probed by the ion beam cannotesonance structures are fitted by Gaussiéstails of the

11

be described by Eq5). observed smooth RR rate were not further investigated in the
present work. The resulting values for resonance positions
lll. RESULTS AND DISCUSSION and strengths are listed in Table I. Thp;213 and 205,111
A. Recombination at zero electric field resonances at about 2.5 and 4.5 eV, respectively, exhibit a
_ splitting due to the interaction of thel Rydberg electron
1. DR cross section with the 1s22p; core. For highen resonances this splitting

For theAn=0 DR channels of Li-like N®", i.e., for DR  decreases, and cannot be observed because of the finite ex-

involving excitations which do not change the main quantunperimental energy spread which increases/Bg,. The 2p;
number of any electron in thesi2s core, Eq.(1) reads, Rydberg series limit&., are obtained from a fit of the reso-
more explicitly, nance positiong,, with n=16 to the Rydberg formula,
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TABLE I. Strengths of the individually resolvedpnl reso-

PHYSICAL REVIEW A 62 022708

TABLE Il. Parameters obtained from fits of DR resonance po-

nances as obtained from fits of Gaussians to the experimentallsitions and strengths. The series limis, and their uncertainties
observed resonance structures. The errors given are statistical ordyd quantum defects, result from a fit of the experimental reso-
(one standard deviatipnSystematic uncertainties amount to less nance positions to the Rydberg form{ig. (12)]. The total experi-
than = 15% for the resonance strengths, and less than 0.6% for theental uncertainty oE., is of the order of+0.5 eV. The spectro-

resonance positions.

Resonance position Resonance strength Designation
Eq (eV) 4 (107 eV en?)
2.079+ 0.002 2.42+ 0.12 1,135
2.267 = 0.003 3.25+ 0.22 201,,13p
2.383+ 0.001 9.53+ 0.26 21,13
2.625+ 0.003 94.2+ 5.7 201,13 (1>2)
9.590+ 0.003 22.7+ 0.71 24,14
15.21+ 0.001 11.1+ 0.12 21,15
19.81+ 0.002 6.78+ 0.083 2,16
23.63= 0.002 4.85+ 0.077 24,17
26.83+ 0.003 3.71+ 0.072 24,18
29.54+ 0.003 2.77+ 0.057 24,19
33.84+ 0.004 1.98+ 0.046 24,21
35.57+ 0.004 1.72= 0.045 24,22
38.40+ 0.005 1.32+ 0.044 201,24
39.55+ 0.009 1.13+ 0.065 204,25
40.63+ 0.006 1.02= 0.040 204,26l
41.53+ 0.024 1.13+ 0.10 201,27
42.35+ 0.023 0.935+ 0.14 201,28
43.09+ 0.008 0.857+ 0.042 204,29
43.75+ 0.012 0.739+ 0.051 21,30
4435+ 0.014 0.744+ 0.063 P31
44.91+ 0.013 0.727+ 0.063 24,32
3.777+ 0.002 471+ 0.13 203211s
4.190+ 0.001 17.9+ 0.17 205,11p
4.673+ 0.001 163.3+ 2.1 2p312(1>1)
15.96+ 0.001 40.4+ 0.61 203,12
24.73+ 0.002 20.04+ 0.66 23,13
31.74+ 0.001 15.2+ 0.14 20112200, 2p5,14
37.34+ 0.004 10.33+ 0.30 201/,23,2p5,15
41.95+ 0.003 6.61*+ 0.20 23,16
45.77 + 0.002 5.38+ 0.047 D317
48.97 + 0.002 4.45+ 0.045 23,18
51.70+ 0.003 4.01+ 0.17 23,19
54.00+ 0.003 2.68+ 0.039 23220
55.99+ 0.003 2.32+ 0.038 23,21
57.73+ 0.004 2.02+ 0.038 23,22
59.22+ 0.004 1.88+ 0.037 203,23
60.56+ 0.004 1.75+ 0.035 203,24
61.72= 0.005 1.61= 0.036 203,25
62.75= 0.005 1.46+ 0.034 203,26l
63.68+ 0.005 1.40+ 0.035 203,27
64.49~ 0.005 1.30+ 0.037 23228
65.27 = 0.008 1.23+ 0.040 203,29
65.93+ 0.009 1.16+ 0.040 23,300
66.52+ 0.01 1.11+ 0.041 205,31

scopic values listed for comparison are taken from Rz9]. In the

fit of Eg. (13) to the measured DR resonance strengths, the core
radiative ratesA!) and the Auger rated, (as listed have been
taken from atomic structure calculatiof32]. S, and AE") result
from the fit. |, has been calculated frof.

Series D1 2p3p
E.. (eV), spectroscopic 52.95 74.96
E.. (eV), this experiment 53.1¢ 0.01 75.34= 0.01
o 0.031=* 0.005 0.030x 0.001
A, (10¥®s™h) 0.4 1.2
A (1 s7Y) 2.0 5.8
AV (10571 41+ 0.6 6.7+ 0.5
S (102" eV2cen? 9) 1.19+ 0.09 1.12+ 0.03
I max 145+ 0.6 9.5+ 0.2
2
E,=E.—R i) (12
noT n—-4¢) "’

with the quantum defecf as a second fit parameter. The fit
results are listed in Table Il, where spectroscopic val2é%

for the series limits are also given. Our values agree with the
spectroscopic values within 0.6%, i.e., within the experimen-
tal uncertainty of the energy scdl20]. The result that the
fitted quantum defects are almost zero reflects the fact that
the interaction between the core electrons and the Rydberg
electron is weak.

The measured DR rate decreases already below phg 2
and p5, series limits, as obtained from the fit to the peak
positions(cf. Fig. 2). This discrepancy results from field ion-
ization of high Rydberg states withn>n;~(3.2
X 10°V/cmg3/E i)Y in the charge-analyzing dipole magnet
(see Sec. )l with magnetic-field strengttBg;,=0.71 T,
where the moving ion experiences the motional electric field
Egip=viBgpp (n¢ is the classical field ionization limit A
more realistic value for the cutoff has to account for Stark
splitting and tunneling effects. In Ref13] an approximate
value ne,~(7.3x 10V/icmg®/Eqp) ¥ was found. For the
calculation of the actual cutoff quantum numloegy, relevant
in this experiment, one has to take into account that on the
way from the cooler to the dipole magnet states withn;
may radiatively decay to states below. An approximate
calculation of this effecf30] yieldsn.,= 150 for the present
case.

An estimate of the DR line strength escaping detection
because of field ionization can be made by extrapolating the
measured DR line strength to=, employing then™* scal-
ing of the autoionization and the typeflif. Eq.(11)] radia-
tive rates[31]. For autoionization rates we make the ansatz
A (nl)=A,/n3 for 0<I<I, and A,(N1)=0 for | <I
<n. Rates for the sum of type-I and -Il radiative transitions
we represent a8, (nl)=A"+A{"/n3. The same represen-
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FIG. 3. Product of strength and resonance energy of thel2 FIG. 4. Comparison between measur@tbsed symbolsand

DR resonances for=1/2 (closed symbolsandj=3/2 (open sym-  extrapolated recombination spectfsee text The extrapolations
bols), as extracted from the experimental recombination spectrumextend ton= 150 (dashed lingandn=>500 (full line), where con-
Statistical error bars are mostly smaller than the symbol size. Thegergence is achieved.

strengths of the @;,14 and 23,15 resonances have been ob-

tained by subtracting interpolated values for thpy200 and  series is more than a factor of 2 higher thag for the
2p1223 resonance strengths from the measured peak areas at 31251/2n| series. A factor of 2 would just correspond to the
and 37.3 eV, respectively. The thick full curves represent fits aCtatio of statistical weights.

cording to Eq.(13) with the fit parameters listed in Table . Inserting the fit parameters listed in Table Il into EGE)

and (13) now allows an extrapolation of the DR resonance
Positions and strengths, respectively, to be obtained for arbi-
trarily high n. In order to check the quality of the extrapola-
tion we have convoluted the extrapolated DR cross section
with the experimental electron energy distribution using the
electron-beam temperaturdgT;=0.25 meV andkgT,

=10 meV. After adding the semiclassically calculated RR
rate coefficient—as described above—the resulting extrapo-
lated DR+RR recombination rate coefficient is plotted in
With Sy=2.475(2 o+ 1) (It 1)2X 1073 cn? eVs. For F_ig. 4 together with thg experimental one. Despitg th.e very
the statistical weights in Eq4), we have usedj=2 and simple model gssumptlons, the calculated recombma‘glon rate
94=2(21+1)(2j.+1). Here,j. is the total angular momen- also agrees with the measured one over the energy intervals

tum quantum number of the core excited state, jg&=1/2 covered b.y thg Binl resonances witn>>31, which are not
and 3/2 in the present case. The first step of the extrapolatiorr‘?s'OIVGd individually and therefore have not been used for

. . . + 2
procedure consists of adjusting the model parameters suéH_e fits. Deviations from the Ri*(1s?2pspnl) resonances
that Eq.(13) fits the measured DR line strengths. Here theW'th n<19 stem from the fact that for these resonances the

Coster-Kronig decay channels to i(1s?2p,,) are
closed, whereas the fit has been made to resonances where
they are open. At energies close to the series limits, slight
deviations from the model rate occur even when the expected

tations of the relevant rates were already used by Kilgu
et al. [20] in a recombination study of isoelectronic ¥l
ions. After summation over allsubstates, Eq4) simplifies

to

— AL[AD +n=3A00]
ag = y
T AL +nRAD 4 A

13

values forA!" have been taken from atomic structure calcu-
lations [32] while Sy, A,, andA!") were allowed to vary
during the fit. It turned out that the fit is not very sensitive to

large variations of the Auger ratds,. In this situation we value ofn,= 150 is inserted into the modéhe dashed line

also kept the Auger rates fixed at values which have been] Fig. 4). The origin of this discrepancy probably has to be

inferred from atomic struct_ure calc_ulatlons, and Wh.'Ch Ar€searched for in the approximations made in both the field
meant to be order of magnitude estimates only. In Fig. 3 we

; o onization model and in the model rate descriptions, in par-
plot the measured and fitted resonance stren@t_nﬂtlphed ticluar regarding the dependence of the angular momehtum
by the resonance enernggs a function of the main quantum

number. The actual parameters used for drawing the f hich may be affected by even the small residual electric

curves are listed in Table Il. The fit has been restricted to elds in the interaction region.

n= 20 for both the 4, and 25, series, because additional ) .

Coster-Kronig decay channelspg,nl— 2p;.el’ open up 2. Maxwellian plasma rate coefficient

whenE,, crosses the |2;, series limit. A corresponding dis- The comparison between the measured data and the cal-
continuous decrease of theZ.nl DR resonance strength culated extrapolation to—c (the full line in Fig. 4 sug-

can be clearly discerned in Fig. 3. Since the additional augests that only a minor part of the total?Rii An=0 DR
toionizing channels are included for thegnl series of resonance strength has not been measured. This enables us to
resonances but not for theg.nl series A, for the 2p;,nl derive the N#°" DR rate coefficient in a plasma from our
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TABLE lIl. Ni 2" An=0 plasma DR rate coefficient fit param-
etersc; andE; according to Eq(14). The fit to the full line in Fig.
5 is accurate to better than 0.5% for 1.0 ekgT.. The total

uncertainty in the rate coefficient is 20%.

N i Ci E;
(1072 cms™1K®? (eV)
—_— \

e AN 1 0.417 2.91
v/l N T e 2 0.683 5.60
S X 3 1.483 19.10
) \\i\\g 4 3.184 44.54
! NN 5 2.928 71.97

10

keT, (8V) Burgess formuld33], overestimates our experimental result

by up to a factor of~5. At lower temperatures the experi-
mental result is underestimated by factors up to 10. Above an
electron temperature of 30 eV, Romanik’s theoretical result

(dashed ling Romanik[35] (dash-dotted ling and Tenget al. [36] agrees W'th c_)uﬂnzo DR rate_ coefficient to within 15%'
(dash-dot-dotted line At temperaturesksT>100 eV, two DR  Which is within the 20% experimental accuracy. In this en-
rates by Romanik are shown, with the upper one additionally con€'9y range the interpolation result of Tergal. underesti-
taining An=1 DR contributions. The RR rate coefficiefthin ful ~ mates the experimental rate coefficient by 20-30%. It
line) has been calculated from the RR cross section given by Eqshould be noted that neither the calculation of Romanik nor
(8), with g=25 andn,,,=150. that of Tenget al. covers temperatures below 10 eV. When
compared with our RR calculatiofthe thin full line in Fig.

measurement. To this end the experimental DR rate coeffs), our experimental result shows that in the temperature
cient is substituted by the extrapolated one at energi8s range of 1-10 eV, where Rfi" ions may exist in photoion-
eV below the series limits. Compared to using the experiized plasmas, DR is still significant. The importance of DR
mental result without extrapolation, this results in a correcin low-temperature plasmas was recently pointed out by
tion of the plasma rate coefficient of at most 5%. The ex-Savin et al. [38], who measured DR of fluorinelike Fé
perimental DR rate coefficient, including the high ions. At higher temperatures Romanik’s calculafi8B] sug-
extrapolation, is convoluted by an isotropic Maxwellian elec-gests that above 100 e¥n=1 DR contributions become
tron velocity distribution characterized by the electron tem-significant(the upper dash-dotted line in Fig).5
peratureTl .. The resultingAn=0 DR plasma rate coefficient
is displayed in Fig. Fthick full line). Summing experimental
and extrapolation errors, the total uncertainty of the DR rate
coefficient in plasmas determined in this work amounts to
+20%.

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

FIG. 5. N> An=0 DR plasma rate coefficient as derived
from our measurementhick full line, estimated error-20% as
indicated. Also shown are theoretical results of Meweal. [34]

B. DRF measurements

Figure 6 shows a series of Wi recombination spectra
measured in the presence of external electric fiEldsang-

a(Te)=To ¥ ¢exp —E; /kgTe). (14)

This has the same functional dependence on the plasma ele
tron temperature as the widely used Burgess fornp88,
where the coefficientg; and E; are related to oscillator
strengths and excitation energies, respectively. The result
for the fit to the experimental Ki* An=0 DR rate coeffi-
cient in a plasmdthe thick full line in Fig. 5 are summa-
rized in Table Ill. The fitted curve cannot be distinguished
from the experimental plasma rate coefficient in a plot, as  ©°#
presented in Fig. 5.

In Fig. 5 we also compare our results with theoretical
results forAn=0 DR by Meweet al. [34] (dashed ling FIG. 6. NP°* DR spectra for 28 external electric fields O
Romanik[35] (dash-dotted ling and Tenget al.[36] (dash-  <g <270 vicm and|cos¢|=1. Spectra with¢=0° and ¢
dot-dotted ling who interpolated DR calculations performed =180° are interleaved. Adjacent spectra differ o, =10 V/cm.
by Chen[37] for selected lithiumlike ions. At temperatures The magnetic field on the axis of the electron cooler has IBen
kgTe>1 eV, the rate of Mewet al., which is based on the =80 mT. The fitted smooth RR contribution has been subtracted.

N

DR rate coefficient (10° cm®/s)

Relative energy (eV)
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FIG. 7. NP> DR spectra for four external electric fields of 0, § 26 | /><1/2
110, 190, and 270 V/cm, clearly showing the DR rate enhancemen 5 - o8 . m
with increasing electric-field strength close to the;2 and 25, T 4| ueSgmgutEpSmnsggta o e N
series limits. Ranges for the determination of integrated rate coef- g
ficients are indicated by horizontal arrows. The magnetic field on =
the axis of the electron cooler B,=80 mT. The fitted smooth RR 2
contribution has been subtracted.
2.0 | 00502000400 ,000000 Ogo.. Co o)
. L . 0900 (ehdelartel fo! 0..0~,0%0
ing from 0 to 270 V/cm. The magnetic field on the axis of I o ~T00 "FoPor o
the cooler has been set &,=80 mT. Due to the altered 18 b
measurement scheme that leaves out the intermittent coolin I
of the ion bear_n, t_hg energy resolution is reduced comparet e L “.o00..oo.o.o...o.og.o..o0...o..o.
to Fig. 2. Now individual 2;nl DR resonances are resolved Tl L L L L L .
only up ton=21. Two features in the series of spectra are to 0 30 60 90 120 150 180
be noted. First, the strength of the DR resonances occurring Azimuthal angle (deg)

below 47 eV does not depend &n . Second, the strength of FIG. 8. Intearated binati ‘ Hicierits (full
the unresolved high-DR resonances increases with increas- - 8. Integrated recombination rate coefficierits (fu
ing field strength. This can been seen more clearly from thé’quare}; | 12 (full circles), and,; (open circlesfor the integration

| din Fia. 7. At . f than 10 ve\nges defined |n_the text as a function of electric fiefgber panel,
closeup presentg In F1g. /. At energies ot more than € ¢=0°) and of azimuthal angldower panelE, =100 V/cm). The
below the 2; series limits, the different DR spectra lie per- magnetic guiding field is 80 mT in both cases.
fectly on top of each other, whereas at higher energjies
n>30) an increase of the DR intensities by up to a factor ofelectron beam. The maximum anglg,,, to which the over-
1.5 atE, =270 V/cm is observed. The degraded resolutionlap of the electron beam with the ion beam is ensured over
of the DR spectrum does not allow us to resolvievels in  the full interaction lengthL, is given by tam,.=(de
the range of the electric-field enhancement. In order to quan-d;)/L. With the geometrical values given above, one ob-
tify this DR rate enhancement we consider integrated recomeains 6,,,,~1°. Apart from the highesE, at ¢=180° and at
bination rates, with the integration intervals chosen ashe lowest magnetic guiding field, i.e., Bt=41.8 mT, the
marked in Fig. 7. condition < 6, Was always met. This is exemplified in the

The integration intervals 44.0-53.5 and 66.2—-76.0 eV in-upper panel of Fig. 8, wherg), 1, andl ., are shown for

clude all 2ojnl resonances witm=31 for j=1/2 and 3/2, —270 V/cm<E, <220 V/cm. There, a positivénegative
respectively. In the following we denote the resulting inte-field strength indicateg=0° (¢=180°). Whilel ,, andl 3/,
grals byl andls,. The energy range 44.0-53.5 eV also clearly exhibit a field effect which is nearly symmetric about
contains Pgnl resonances with ¥n<19. These reso- E =0 V/cm, |, is independent oE, .
nances, however, are not affected by the electric-field The fact that the increase of the integrated recombination
strengths used in our experiment. Consequently, any changgte coefficient is independent of the sign of the electric-field
in the magnitude of 1, as a function off, we attribute to  vector is expected from the cylindrical symmetry of the
field effects on P,,,nl resonances. As a check of the propermerged-beam arrangement in the electron cooler. However,
normalization of the DR spectra, we additionally monitor thefor the entire experimental setup this symmetry is broken by
integral |o:f§8ef/VaDR(Ere|)dEre| which comprises the the charge-analyzing dipole magnet with an electric-field
strengths of the @311, 2p3,12, and 20,0l DR reso-  vector lying in the bending planghe x-y plane of the coor-
nances with 1&n=<15. Since these low- resonances are dinate frame defined in the interaction regiohhis, in prin-
not affected byE, , we expect, to be constant. Any devia- ciple, could lead to a redistribution of population between
tion of |, from a constant value would indicate a reduction of different m substates in the dipole magri&9] and a result-
the beam overlap due to too large a tilting anglef the ing field ionization probability depending on the azimuthal
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angle¢ of the motional electric-field vector in the cooler. In S E @
order to clarify this question we took a series of DRF spectra B =418mT —
with ¢ ranging from 5° to 175°. At the same time the elec- 14
tric and magnetic fields were kept fixed &t =100 V/cm
andB,=80 mT. A scan around a full circle was prohibited
by the limited output of the power supplies used for steering 12
the electron beam in the particular arrangement of this ex-
periment. As shown in the lower panel of Fig. 8, no signifi-
cant dependence of the integrated recombination rates on thg 1,
azimuthal anglep was found. s
As a measure for the magnitude of the field enhancement
we introduce the field enhancement factor

fa

ent

= B,=60.0mT

B li(EL,By)
rj(ELrBz)_Cj(Bz)m (15

for j=1/2 or 3/2, and the consta@(B,), chosen such that
r;(0,B,)=1.0(see below Plots of enhancement factors as a
function ofE, are shown in Fig. 9 for different values Bf,.
Since the field effect is independent of the orientation of the
electric field in thex-y plane, data points fop=0° and ¢
=180° are plotted together. The enhancement factor exhibits
a linear dependence on the electric field. Exceptions occul 1.3
for B,=41.8 mT and¢$=180° atE, values, whered be-
comes maximal, and arourtif =0 V/cm. In the former case
the complete overlap of the ion beam and the electron bean 4
over the full length of the interaction region is lost. This is

Recombination rate enhancem

- B,=80.1mT

indicated by a reduction df,, and apparently a consistent Voo . . . L
normalization cannot be carried out. In the latter case re- 0 50 100 150 200 250 300
sidual electric- and magnetic-field components resulting, Electric field (V/cm)

e.g., from a nonperfect alignment of the beams, prevent us o )
from reachingE, =0 eV. After excluding all data points FIG. 9 Recomblnatlon ra_te enhancemer_lt fgctors as a function
with E, <10 V/cm and those witkp=180°, E, =200 V/cm of electric flt_ald E, for three dlff_erent magnetic field8,. The en-

for B,=41.8 mT, we were able to fit straight lines to the hancement is larger for the series .qj322n| resonanceeope_n sym-
measured field enhancement factors as a functids ofThe bols), as compared to thepd,nl series(closed symbols Triangles

. pointing upward(downward mark data points measured at=0°
;ggztztnr%é?ﬁ)nleg E%Igl(% (hg \ée)b_ef% chosen such that the(d): 180°). The data points whictfor experimental reasons, see
j Dz)— L.U.

text) have been excluded from the linear fitill curves are

As a measure for the electric-field enhancement of the DRgnarked additionally by crosses. Included and excluded data points
rate enhancement, we now consider the slopes for B,=41.8 mT andE, =200 V/cm correspond tep=0° and ¢
. =180°, respectively.
dr{™(E, ,B,)

(16) values scattering around 1.5, indicating a somewhat reduced

number of states available for field mixing within the series

of the fitted straight lines, which are displayed as a functiorof Ni?** (1s?2pg,nl) DR resonances. In calculations for Li-
of the magnetic-field strength in Fig. 10. The error bars cordike Si*'" and C* ions, ratios of even less than 1 have been
respond to statistical errors only. Systematic uncertaintiefpund [7,40]. This was attributed to the electrostatic
e.g., due to residual fields, are difficult to estimate. Neverquadrupole-quadrupole interaction between the ghd nl
theless, their order of magnitude can be judged from thé&kydberg electron in the intermediate doubly excited state,
~10% difference between the two data point8at 80 mT  which more effectively lifts the degeneracy between the
which have been measured with different cooler settings. 2ps.nl levels than between the 2nl levels. Another reason

For all magnetic fields used, the electric-field dependencéor the reduced number of @2,nl states participating in
of the rate enhancement factor is steeper for thg,8l se- DRF might be the existence of additional Coster-Kronig de-
ries of Rydberg resonances than that for thpg, 21| series. cay channels for these resonances witte=20 to
This can be understood from the fact that the multiplicity of Ni*>* (1s?2p,,,) (cf. Sec. Il A).
states—and, consequently, the number of states which can be Slopes for the relative electric-field enhancement accord-
mixed—is two times higher foj=3/2 than forj=1/2. Fol-  ing to Eq.(16) were previously determined in measurements
lowing this argument one would expect a ratio of 2 for theby Bartsch and co-workers for the lighter isoelectronic ions
respective incremental integrated recombination ratesi''*, CI*#*, and T® [12,8,10. The present results are
I;(E, ,B,)—1;(0,B,). From our measurements we find lower compared with these previous data in Fig. 11. It should be
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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 an
integrated DR rate coefficient which comprises the resonance

o D\ o strengths of p;nl DR resonances with i, <SN<nNp,y, Wheren,,

- 14E Q,/C E is the approximate cutoff quantum number due to field ionization in
the charge-analyzing dipole magnet. It depends on the ion beam
energy and the ion’s charge st489].

-
o
T

!

Slope of enhancement factor (10° cm/V)
> o
/.
M\
L]

-
o
T
1

-
o
T

!

lon Reference  lon beam energy Nmin Nimax
0.6 F E (Mevlu) 2Py 2P3p
o4t 1 clat [8] 7.1 23 18 79
0.2F : Titot [10] 4.6 27 27 115
0.0 b - - - ! Ni?®*  [this work] 5.9 31 31 150

40 50 60 70 80
Magnetic guiding field (mT)

FIG. 10. Slopes of the enhancement factors as a function of ththe radiative decay rate&, decreasexZ for type-| transi-
magnetic fieldB, for the 2ps.nl (open symbols and 2py,nl tions [see Eq.(11)] and «(Z—23)* for type-ll transitions,
(closed symbolsseries of Rydberg resonances witk 31. while the autoionization rates are rather independent.of

This shifts the range where the Idwautoionization rates are
noted that the comparison is only semiquantitative, becaus@rger than the radiative stabilization ratéise condition for
the choice of integration ranges for the calculation of theDR enhancement blymixing to occur{5]) down to states of
integrated recombination coefficients is somewhat arbitrarylower principal quantum numben for increasingZ. For
and different cutoff quantum numbens, exist for the dif- Ni*®* the degree of mixing reached by the typical experi-
ferent ions(cf. Table IV). Clearly, the relative enhancement mental field strengths appears to be much reduced as com-
for a given electric-field strength is much lower for?Ki pared to lighter ions. In addition, a clear dependence of the
than for the lighter ions studied so far, with the reduction for€lectric field enhancement on the magnetic field strength is
the step from lithiumlike titanium Z=22) to nickel ¢ o longer observed for Ki*. To clarify the reason for the
=28), apparently much larger than the step from, e.g., chloStrong reduction of both the electric and additional magnetic-
rine (Z=17) toZ=22. As a general trend with increasidg  field effects in the heavy system studied here, detailed quan-
titative calculations are desirable.

External electric and magnetic fields are ubiquitous in as-
§ trophysical or fusion plasmas. Therefore, it is of interest to

look into the implications of the field enhancement effect for
the Ni?®" An=0 DR rate coefficient in a plasma. As an
example, in Fig. 12 we show the ratio of rate coefficients
ok derived from two measurements with and without an exter-
nal electric field. As compared to zero electric field, the re-
combination coefficient at our highest experimental electric-

Slope of enhancement factor (10° cm/V)

= 1.10
. . —
£
0 ! 1 ! 1 1 ! 1 8
20 30 40 50 60 70 80 >1.08
o
Magnetic guiding field (mT) =
~1.06

magnetic fieldB, for the 2p;nl resonances of Li-like &t (open §
circle) [12], C*** (diamonds [8], Ti'®" (full circles) [10], and o
Ni%>" ions (square (this work). The lines are drawn to guide the &
eye. For Tt%" and NP®*, where the field effects on thepg,, and

2pa3y, series of DR resonances have been determined separately, tf
corresponding slopes have been averaged. Clearly the effects ¢ 1-00

10 100
external electric and magnetic fields on DR decrease with increas k,T, (eV)

ing nuclear charge. It should be noted that thé’Tislopes pub-

lished in Ref.[10] are higher because they result from a nonlinear FIG. 12. Ratio of N¥*" An=0 DR plasma rate coefficients with
fit to the measured enhancement factors. For the comparison prée, =270 V/cm and without €, ~0 V/cm) external electric field.
sented in this figure, a linear fit has been consistently applied for allThe magnetic field wa8,=80 mT. An experimental error bar of
ions under consideration. +19%, as indicated, is estimated for the ratio of the rate coefficient.
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field strength E, =270 V/cm atB,=80 mT) is enhanced by field, as observed for &" and T#®" ions, has not been
up to 11%. This value only represents a lower limit for thedetectable in the present investigation.

enhancement at the given field strength, as we observe DR Experimental limitations prevented us from obtaining an
resonances due to i (1s?2p;nl) intermediate states only energy resolution in our DRF measurements comparable to
up to ng,~150. It should also be noted that in our experi- that achieved in the field-free measurement. Consequently,
ments we did not reach an electric-field strength where thgve could not resolve a Rﬁ*(lszzpjnl) DR resonance with

DR rate enhancement saturates. a value ofn high enough to exhibit a field effect. Such an
observation would have facilitated a direct comparison with
IV. SUMMARY AND CONCLUSIONS ab initio calculations, which, due to the large numbendin

states to be considered, presently can only treat a simgle

The recombination of lithiumlike NP* ions has been ex- . . -
perimentally studied in detail. Spectroscopic information Onrpanlfold of Rydberg states in the presence of croésesid

individual DR resonances associated witﬁ“N(lsZijnl) B fields[7]. Improvements of this situ_ation can be expectgd
intermediate states, which have been experimentally resolvefl the near future from the steady increase of computing
up ton=32, has been extracted and tha=0 DR plasma Power on the theoretical side, and on the experimental side
rate coefficient has been derived. Our experimental result {§om a dedicated electron target which is presently being
calculated rate coefficients. At plasma temperatures above 1gpoler operating at the same time, we will be able to perform
eV, results of detailed theoretical calculations are availabl@RF measurements with continuously cooled ion beams,
[35] which agree well with the experiment. At lower tem- Yielding DRF spectra with increased resolution.
peratures, where Ki* ions may exist in photoionized plas-
;nve;‘s”,ar;)clmedata for the DR rate coefficient have been previously ACKNOWLEDGMENTS
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