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Channel-specific dielectronic recombination of highly charged krypton
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We have measured the channel-specific cross sections for dielectronic recombination~DR! via the
KLn (n52, . . . ,5)resonance series of He-, Li-, and Be-like krypton ions. The measurements were made with
an electron beam ion trap, and the DR cross sections were determined relative to the cross section for
nonresonant radiative recombination. In the present electron-beam ion-trap experiment, up to five charge states
~He- to C-like krypton! were detected in the trap. A fit procedure was used to compare the experimental data
with theoretical calculations. The results agree well with the predictions. Additionally, the radiative relaxation
mechanism following the stabilization transition in the dielectronic-recombination process was analyzed. The
experimental approach used for measuring the DR excitation function opens up a spectroscopic method for the
determination of the relative abundance of the highly charged ions.@S1050-2947~98!01512-1#

PACS number~s!: 34.80.Kw, 34.80.Dp, 52.25.Nr
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I. INTRODUCTION

Dielectronic recombination~DR! is an important atomic
process in high-temperature laboratory and astrophys
plasmas and has initiated many theoretical and experime
studies. In the usual two-step schematic picture, dielectro
recombination is described as the resonant capture of a
electron by an ion, thereby forming a doubly excited int
mediate state. If the intermediate state thus created deca
a nonautoionizing state by the emission of a stabilizing p
ton, the DR process is complete. Schematically, for a He-
ground-state target ion, dielectronic recombination is giv
as

1s21e→1snln8l 8
↗ 1s2nl1hn1

↘ 1s2n8l 81hn2 .
~1!

It is essential for the present channel-specific investiga
that the intermediate state 1snln8l 8 has, for n,n8, two
channels available to which it can decay. For theKLM reso-
nance (n52, n853), for example, the DR capture give
rise to radiativestabilizing transitions wheren5221 or n
5321 x rays are emitted. If electron capture into theN shell
and concurrent excitation of the 1s electron to the L shell~or
vice versa! takes place (KLN resonance!, the recombined
ion can stabilize vian5221 or n5421 transitions, etc. In
addition, if an5221 transition has occurred for theKLN
resonance, the subsequent decay of the spectatorN-shell
electron leads torelaxationtransitions, which produce eithe
n5422 or n5423 andn5322 x rays, depending on th
branching ratio of the ion under consideration.

From x-ray spectroscopic measurements of the DR p
cess~1! which distinguish between the different stabilizin
transitions, channel-specific dielectronic recombination cr
sections can be obtained. Channel-specific measuremen
veal more details of the dielectronic resonances and indi
what fraction of radiative stabilization proceeds via which
the competing decay channels. It is also important to st
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that, when compared to calculations, such measurement
sult in a more stringent test of theoretical predictions than
measurements of total cross sections.

In this paper, we report on a measurement of the DR cr
sections for theKLL, KLM , KLN, andKLO resonances of
highly charged krypton ions that is channel specific. O
measurement was performed at the Berlin electron beam
trap ~EBIT! facility @1# using EBIT’s capability to scan the
electron-beam energy linearly through the dielectron
recombination resonances. The experimental cross sec
were obtained from the characteristic x rays emitted in
DR process following the procedure described in Ref.@2# for
comparing the observed dielectronic-excitation function
theory. For this comparison, theoretical values of t
dielectronic-resonance strengths and the radiat
recombination~RR! cross sections are required. We ha
evaluated these data from atomic-structure calculations u
the HULLAC computer code package@3#.

Krypton was chosen since it has been recently propo
as a coolant for the plasma edge region of future tokama
such as the International Thermonuclear Experimental Re
tor ~ITER! @4#. In addition, for ITER plasmas, krypton is th
most likely candidate for Doppler broadening measureme
to determine the central ion temperature@5,6#. In order to
predict the effect of injected krypton on the ITER perfo
mance and explore its benefit for diagnostic applications,
curate atomic physics data will be needed, including tran
tion energies and line intensities as well as cross sections
ionization and recombination.

II. EXPERIMENT

The EBIT technique @7# employs a monoenergeti
70-mm-diameter electron beam, which is formed by accel
ating and guiding electrons from an electron gun into
trap.The trap consists of an assembly with three drift tub
Atoms or low-charged ions injected into the trap are ioniz
by multiple electron collisions and radially confined by th
4518 © 1998 The American Physical Society



pr
d-
th
io
f

a

at
e.
a

-

ro
b

nic
e

e
e
W

e

ga
he
r

th
io

en
ed
e
i-
a
LM
ft
m
lu
es
he

o
e
e
v
g

in
t
io

er

y
ep
th

he
t
o

he

ge

the

rgy
n
to

ex-

e

the

t
x-

n-
so-
-
ecay
ti-
the
it-
of

x-
ics
hly

ig.

nel

gy
tec-

un-
n
otal
e

ur
sed
ic-

con-
on

y

c-

PRA 58 4519CHANNEL-SPECIFIC DIELECTRONIC RECOMBINATION . . .
space charge of the electron beam. Axial confinement is
vided within a 2-cm-long trapping region by the two en
drift tubes, which are biased positive with respect to
center-drift tube. For the present dielectronic-recombinat
measurements, neutral krypton atoms were continuously
into the trap from a differentially pumped gas injector~pres-
sure in the gas injector: 2.531026 Pa). In order to limit the
beam-energy spread to approximately 50 eV full width
half maximum ~FWHM!, a moderate beam current (I beam
570 mA) was applied. The high end of the charge st
distribution is limited by the voltage applied to the drift tub
In order to optimize the run conditions of EBIT towards
high ratio of He-like to Li-like krypton ions, modeling cal
culations have been performed using the methods of Ref.@8#.
From these calculations, appropriate values for the elect
beam energy, ionization time, and axial trap depth could
derived. However, by analyzing the measured dielectro
excitation function, we inferred that the abundance of H
like krypton was no more than 40250% of all the Kr ions at
best. This is less than predicted by the model, and we w
not able to improve this percentage by choosing a differ
beam energy, trap depth, or pressure in the gas injector.
attribute these limitations to the effect of the neutral gas d
sity, which, in fact, is difficult to control in EBIT due to the
additional gas load from stray atoms in the halo of the
flow from the gas injector. Neutral krypton atoms affect t
population of the higher ion stages via charge-exchange
combination, and if the background gas pressure is high
can result in a dramatic shift of the steady-state ionizat
balance as was confirmed by our numerical studies.

To measure the characteristic DR lines from the differ
groups ofKLn resonances, the following scheme was us
The electron-beam energy was first set to the ionization
ergy well away from the excitation energies for the ind
vidual resonances, which are around 9.0, 11.3, 12.1,
12.4 keV, respectively. For example, to measure the K
resonance, the ionization energy was set to 11.7 keV. A
the ionization phase~which extended up to 2 s), the bea
energy was switched from the ionization energy to a va
just below the resonance under investigation. For each r
nance, we have then performed linear energy sweeps w
the beam energy was ramped through about 500 eV~sweep
rate: 102100 eV/ms, depending on the particular res
nance!. This switch-sweep procedure was repeated ev
150 ms for about 1.5 s, after which the trap was dump
and refilled with fresh ions. During the sweeps, we ha
measured the x rays emitted from the trapped ions usin
solid-state detector. The detector~active diameter 6 mm;
energy resolution: 135 eV at 5.9 keV) was mounted beh
a 12.5-mm beryllium window resulting in a lower cutoff a
about 1-keV x-ray energy steeply reducing the transmiss
within a small energy range. Data from the detector w
stored in an analog-to-digital converter~ADC! and fed into a
multichannel scaler~MCS!. The MCS scan was triggered b
an appropriate pulse generated at the start of each swe
the beam energy. During the scan, the MCS recorded
event time for the measured x rays; the resolution~dwell
time! was 5250 ms, depending on the sweep rate. T
dump-sweep cycle was repeated numerous times, with
data from each scan being added to the previous scans. C
bining the pulse-height spectrum from the ADC with t
o-
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MCS data and using the wave form of the drift-tube volta
~which was recorded during each sweep!, we could produce
a plot of x-ray energy versus electron beam energy for
events observed.

A typical scatter plot taken with the electron-beam ene
swept through theKLN dielectronic resonance is given i
Fig. 1~a!. The bright traces in the upper part correspond
the stabilizing transitions wheren5421 and n5221 x
rays are emitted in the DR process, respectively. As
pected, then5221 stabilizing transition involving theL-
shell electron dominates theKLN resonance. It produces th
x rays at about 13 keV while the alternativen5421 chan-
nel produces the x rays at about 16 keV. The traces in
lower part of Fig. 1~a! are associated with then5322 tran-
sitions at about 2 keV and then5422 transitions at abou
3 keV. They arise from direct excitation as well as rela
ation transitions of theN-shell spectator electron.

Figures 1~b! and 1~c! show the dielectronic-excitation
functions for then5421 andn5221 x rays, respectively.
The excitation functions are different in magnitude and e
ergy dependence, reflecting the distribution of the DR re
nance states from the 1s2l4l 8 configurations and the differ
ent rates for the two channels to which these states can d
by stabilizing transitions. A particular aspect of our inves
gation is to observe not only the emission generated by
stabilizing part of the dielectronic-recombination process
self, but also the emission from the ion-relaxation process
the singly excited ion remaining thereafter. This ion rela
ation is of importance in many respects to plasma phys
and atomic theory and has been analyzed recently for hig
charged barium@9#. Figures 1~d! and 1~e! show the excita-
tion functions for then5422 andn5322 relaxation tran-
sitions generated from the respective cuts marked in F
1~a!. The fraction of counts measured for then5422 tran-
sition with respect to then5221 counts is 81%, showing
that most of the ion relaxation following ann5221 transi-
tion proceeds in one step. The alternative relaxation chan
is when then54 population is shifted to then52 level via
n542322 radiative cascades. The relatively low-ener
n5423 x rays could not be observed here due to the de
tor cutoff at about 1 keV; however, then5322 relaxation
transitions are observed and could be separated from the
derlying collisionally excited krypton spectra. The fractio
of counts measured for these transitions is 13%, i.e., a t
of 94% of then5221 DR counts is detected also in th
relaxation transitions.

In Sec. IV we present a more detailed analysis of o
experimental results for the DR resonances, which is ba
on a theory-experiment comparison in terms of dielectron
resonance strengths.

III. THEORY AND CALCULATION

The DR processes studied in the present experiment
sist of a free electron captured by a highly ionized krypt
atom~e.g., He-like! in the initial ground-state leveli (1s2) to
form a ~Li-like ! ion in an intermediate autoionizing doubl
excited leveld (1s2ln8l 8) followed by a radiative stabiliza-
tion to a final levelf (1s2n8l 8 or 1s22l ) lying below the first
ionization limit (i ). For He-like target ions, these DR rea
tions are schematically represented by Eq.~1!. In the light of
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4520 PRA 58FUCHS, BIEDERMANN, RADTKE, BEHAR, AND DORON
the experimental difficulties to isolate the He-like krypto
ions from ions in adjacent charge states, the investigatio
the DR cross section for Li- and Be-like krypton ions
essential here as well. For these ions the analogous DR
actions are

FIG. 1. Dielectronic-recombination spectrum and excitat
functions for theKLN resonance of krypton.~a! Scatter plot of
x-ray energy vs electron-beam energy. The values for the b
energy correspond to the drift-tube voltage corrected for the sp
charge in the trap. The broad trace at about 5 keV x-ray ene
originates from an unavoidable minor barium background in
trap.~b!–~e! Excitation functions corresponding to the cutsA, B, C,
and D, respectively. For the projections~b! and ~c!, representing
n5421 andn5221 transitions, respectively, we have subtract
the detected background from nonresonant radiative recombina
events. The projections~d! and ~e! representn5422 and n53
22 relaxation transitions of theN-shell spectator electron following
radiative stabilization.~d! and ~e! were generated from the respe
tive cutsC and D by subtracting the events from the collisional
excited background. Note that we have swept the beam en
through about 500 eV, which more than covers theKLN resonance;
in this way, we could record and identify the direct excitation a
radiative recombination counts, which appear in the resona
spectrum@see respective cutsA to D in ~a!# as background.
of

re-

1s22s1e→1s2s2ln8l 8
↗ 1s22s2l 1hn1

↘ 1s22sn8l 81hn2
~2!

and

1s22s21e→1s2s22pn8l 8
↗ 1s22s22p1hn1

↘ 1s22s2n8l 81hn2 ,
~3!

respectively. Here,hn1 andhn2 are the energies of the x-ra
photons to be detected in the stabilizing radiative transiti
In order to fit the high-energy end of the DR cross section
the KLL resonance, it was necessary to include the B- a
C-like krypton ions as well. The ground-state configurati
of these ions are 1s22s22p and 1s22s22p2, respectively.
Compared to He-, Li-, or Be-like ions, dielectronic recomb
nation onto these systems involves many more doubly
cited levels with the result that the DR spectrum is mu
more complex.

The natural width of the cross sections id f
DR(E) for DR

from the initial leveli through the intermediate leveld to the
final levelf is about two orders of magnitude smaller than t
beam-energy width of 50 eV FWHM. Thus, instead
working with the theoretical narrow profiled DR cross se
tion, it is justified to characterize each DR resonance by
resonance strength, which is the cross section integrated
all energies. The resonance strengthSid f for DR from i
throughd to f is defined by

Sid f5E
0

`

s id f
DR~E!dE5

h3

8pmeEdi

gdAdi
a

2gi

3
Ad f

(
i 8

Adi8
a

1(
f 8

Ad f81(
d8

Add8

~4!

whereEdi is the capture-resonance energy,gd andgi are the
multiplicities of levelsd and i, respectively.Ad f is the Ein-
stein coefficient for spontaneous emission from leveld to
level f, and Adi

a is the coefficient for autoionization from
level d, to level i. h is the Planck constant andme is the
electron mass. The sums in the denominator of Eq.~4! are
taken over all possible autoionization and radiative tran
tions from leveld, including radiative cascades to lower do
bly excited levelsd8. More details on the methods for ca
culating DR cross sections and DR rate coefficients can
found in Ref.@10#.

All the atomic data used in the present calculations
obtained by employing the multiconfiguration relativist
Hebrew University Lawrence Livermore Atomic Cod
~HULLAC! developed by Bar-Shalomet al. @3#. The
intermediate-coupling detailed level energies are calcula
using the relativistic version of the parametric potent
method @11#, including full configuration mixing. The
radiative-decay and autoionization-rate coefficients are
plicitly calculated from first-order perturbation theory. Th
autoionization coefficients are calculated in the distort
wave approximation, implementing the highly efficie
factorization-interpolation method@12#. As a preliminary
step, the presently calculated total autoionization and ra
tive coefficients are compared to previously calculated d
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TABLE I. The presently calculated~HULLAC! rate coefficients for autoinization and total rate coefficie
for radiative decay from the 1s2ln8l 8 (n852,3) doubly excited levels, compared to the~MCDF! results of
Ref. @13#. The coefficients are given for the strongest DR channels only.X@Y# stands forX•10Y.

Config. and term Adi
a (s21) (Ad f81(Add8 (s21)

HULLAC MCDF HULLAC MCDF

1s2s2 2S1/2 1.46@14# 1.59@14# 5.05@13# 5.11@13#

1s2s(3S)2p2P1/2 7.85@13# 9.74@13# 6.80@14# 7.40@14#

1s2s(1S)2p2P1/2 4.89@13# 4.58@13# 1.07@15# 9.79@14#

1s2s(1S)2p2P3/2 1.10@14# 1.11@14# 1.84@13# 2.96@13#

1s2p2 4P5/2 7.11@13# 7.08@13# 3.50@14# 3.87@14#

1s2p2 2D3/2 1.23@14# 1.19@14# 1.45@15# 1.46@15#

1s2p2 2D5/2 9.91@13# 9.89@13# 5.26@14# 5.09@14#

1s2p2 2P3/2 4.75@13# 4.11@13# 2.08@15# 1.97@15#

1s2p2 2S1/2 3.13@13# 3.06@13# 1.00@15# 9.60@14#

1s2s(1S)3p2P3/2 1.90@13# 1.90@13# 1.86@14# 1.82@14#

1s2p(3P)3s2P1/2 4.61@13# 5.75@13# 3.31@14# 3.29@14#

1s2p(3P)3s2P3/2 3.02@13# 3.18@13# 8.22@13# 9.41@13#

1s2p(3P)3p4D5/2 1.13@13# 1.17@13# 3.15@14# 3.70@14#

1s2p(3P)3p4P5/2 1.87@13# 1.91@13# 1.29@14# 1.41@14#

1s2p(1P)3p2D3/2 3.58@13# 3.54@13# 1.58@15# 1.53@15#

1s2p(3P)3p2D5/2 2.57@13# 2.81@13# 3.66@14# 3.30@14#

1s2p(1P)3p2D5/2 1.95@13# 1.76@13# 1.63@15# 1.57@15#

1s2p(1P)3p2P3/2 2.18@13# 1.86@13# 1.57@15# 1.51@15#

1s2p(1P)3d2F7/2 1.28@13# 1.26@13# 1.36@15# 1.34@15#
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published by Chen in a paper on dielectronic satellite spe
for He-like ions@13#. This paper includes only the relativel
low-lying doubly excited Li-like levels 1s2ln8l 8 (n8
52, 3). The data in Ref.@13# were obtained by using th
multiconfiguration Dirac-Fock~MCDF! method, which is
very different from the presentHULLAC method. In Table I,
the autoionization coefficientsAdi

a and the total radiative co
efficients (Ad f81(Add8 @appearing in Eq.~4!# calculated
separately by both codes are given for the strong
1s2ln8l 8 (n852, 3) DR resonances. The configuration a
term of each doubly excited level~d! are given in the first
column. It is interesting to note that the 1s2s2 2S1/2 level
given in the first line in Table I has allowed radiative deca
and thus is a significant DR channel only due to the mix
with the 1s2p2 configuration. It should also be pointed o
that the only energetically allowed autoionization proce
from the 1s2ln8l 8 (n852, 3) Li-like levels is the autoion-
ization to the 1s2 He-like ground state.

It can be seen from Table I that in almost all cases,
agreement between the results obtained using theHULLAC
code and those obtained using the MCDF code is wit
about 15%. For the predominant transitions (Adi

a

.1014 s21, (Ad f.1015 s21), the discrepancies are eve
as small as a few percent only. It is important to point o
that neither of the two codes gives consistently higher
lower coefficients with respect to the other one. Con
quently, the agreement between the total DR effects ca
lated separately by both codes is found to be even better
the agreement between the results for particular transiti
such as those shown in Table I.

IV. ANALYSIS AND RESULTS

The procedure to obtain experimental DR resona
strengths is based on a comparison of measured and
ra

st

s
g

s

e
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-
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s,

e
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dicted dielectronic-excitation functions, determining th
beam-energy resolution and the ionization balance simu
neously@2#. The observed dielectronic-recombination spe
tra were all normalized to then52 radiative-recombination
photons, which were acquired when the electron-beam
ergy was swept through the off-resonance energies. With
procedure we determined the resonance strengths relativ
the cross section for radiative recombinationsRR. Values for
sRR were obtained with the methods of Ref.@3#, and we
mention here that these data are deemed to be accu
within a 3% error limit@14#.

In comparing the experimental results with theory, o
has to account for the fact that radiation from EBIT is
general anisotropic. The reason is that collisions within t
electron beam occur in a preferred direction, inducing
uneven population of the magnetic sublevels. As a result,
ensemble of the radiating ions has some degree of ani
ropy, and intensities are then a function of the angle betwe
the beam axis and the direction of observation@15#. In the
present experiment we have observed the x rays at 90° to
beam direction. For electric-dipole radiation emitted durin
dielectronic recombination through leveld to level f and ob-
served at this particular angle, the angular correction fac
Wd f that accounts for the anisotropy is

Wd f~90°!5
3

32P
, ~5!

where P is the degree of linear polarization@16#. Since
electric-dipole radiation overwhelmingly dominates the D
process, we rely on this formula to determine the effect
angular distribution.P in Eq. ~5! can be positive or negative
depending on the angular momentaJi of the levels involved
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4522 PRA 58FUCHS, BIEDERMANN, RADTKE, BEHAR, AND DORON
in the transition. We have calculatedWd f for a large number
of individual resonances occurring in He- and Be-like kry
ton ions. ForP we used the theoretical values obtained
Ref. @17# where the linear polarization was calculated f
various typical DR lines. From our results, we infer that t
stabilizing transitions withDJ5Jd2Jf51 contribute more
than 60270% to the total strength of each of the resonan
groups. The size of linear polarization associated w
DJ51 transitions is at the 0.520.6 level according to Ref
@17#, which, in turn, givesWd f(90°)51.20 and 1.25, respec
tively. Thus, for the largest contribution to the dielectron
recombination spectrum, we expect the x-ray emission in
sity measured at 90° to be about 20225% stronger than in
the case of isotropic emission. The majority of the remain
resonances with intermediate and small strengths prod
x-ray lines that have negative polarizations or are unpo
ized; the latter case corresponds to isotropic radiation.
average of the angular distribution correctionWd f(90°) for
these lines is typically at the 0.9 level. Accordingly, for th
30240% fraction of the DR spectrum we expect the em
sion intensity to be reduced~relative to isotropic emission!
by about 10%.

For radiative recombination~RR! of ions and electrons
from a beam, it was established in recent theoretical ca
lations ~see, e.g., Refs.@14# and @18#! that the cross section
for the emission of x rays at 90° to the incident electr
beam is generally larger than the spherical average. The
gular factors that account for the anisotropic behavior of
total cross sections show major variations as a function
the electron energy, but are nearly independent of the
species as demonstrated by Scofield@14# for He-like nickel
and Ne-like barium. We have used the results of Ref.@14# to
correct the RR cross sections obtained from theHULLAC code
for the effect of angular distribution. For electrons in t
10–20 keV range, we assign a 23% correction for the
cross section. This value is very close to the 20–25% int
sity increase due to angular corrections predicted for
largest part of the dielectronic-recombination spectru
Thus, if we normalize the DR x rays to the intensity of t
photons emitted by RR ton52, one can expect that th
angular effects do largely compensate each other. Altho
the polarized and nonisotropic x-ray emission is an import
feature of EBIT, the impact of the effect on the normaliz
tion procedure seems to be less significant. In fact, a m
detailed estimate shows that neglecting it would add an
certainty in the determination of the DR cross sectio
which is no more than 7–10%. Since this value is relativ
small, we decided to suppress any angular corrections in
fit procedure for the dielectronic-excitation functions.

The experimental data were fitted to the following fun
tion predicting the intensity ratio ofI DR, the number of pho-
tons remaining after the nonresonant background is s
tracted from the observed dielectronic-excitation spectru
and I RR(2) , the number of photons from radiative recomb
nation ton52:

I DR

I RR~2!
5

(
q

xqs i
DR~q,E!

(
q

xqsRR~2!~q,E!

. ~6!
-

e
h

n-

g
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Here, xq is the fraction of the ions in charge stateq,
sRR(2)(q,E) is the RR cross section for recombination ton
52, and

s i
DR~q,E!5(

d
(

f
Sid fG~E2Edi! ~7!

is the total cross section for dielectronic recombination
Krq1 target ions from the initial leveli. Sid f are the indi-
vidual resonance strengths Eq.~4! andG(E2Edi) is the nor-
malized Gaussian that has to be convoluted withSid f for
comparison of Eq.~6! to the experimental data. The sum
over the intermediate levelsd and over the final levelsf in
Eq. ~7! are taken according to the experimental chann
specific cut under investigation. For example, in order
analyze the excitation function for then5221 x rays of the
KLM resonance, the sums are taken over all the 1s2l3l 8
levelsd and over all the 1s23l 8 levels f. In determining the
best fit between the experimental and theoreti
dielectronic-excitation functions, the relative charge-st
balancexq and the energy width ofG(E2Edi) correspond-
ing to the electron-beam energy width have been treate
independent parameters in Eqs.~6! and ~7!. In addition, the
energy axis was adjusted during the fit procedure to cor
for the space charge of the electron beam. The most prob
model parameters were found using Poisson statistics and
method of maximum likelihood for the fit of the model to th
experimental data@19,20#. As an example, Figs. 2 and
show the observed and fitted DR excitation functions for
KLL and KLO resonances, respectively. The backgrou

FIG. 2. ~a! Experimental and theoretical DR cross sections
the KLL resonance of krypton target ions. The signatures of
He-, Li-, Be-, B-, and C-like charge states in the spectrum
marked. The relative charge-state balance determined through
fitting process isxHe50.25, xLi50.30, xBe50.22, xB50.14, and
xC50.09. The width of the Gaussian electron-beam profile that p
vides a match to the observed dielectronic-excitation function
50 eV. The area of the fit ((Sid f53.8310219 cm2 eV) equals the
area of the experimental spectrum to within 2%. Shown in~b! are
the theoretical DR cross sections for the He-like to C-like cha
states; the curves were obtained by applying a 50-eV FWH
Gaussian to the resonance strengthsSid f calculated from Eq.~4!.
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under the dielectronic-recombination resonances from
RR photons was subtracted in each case. For theKLL reso-
nance, excellent agreement between experiment and th
can be stated. Note that DR features of B- and C-like ions
observed in addition to the higher charge states. The shap
the KLL excitation function is very sensitive to the ioniz
tion balance because the resonances for the different ch
states@Fig. 2~b!# are well separated from each other. It
worth mentioning that this particular property offers a sp
troscopic method for the determination of the charge-s
distribution that does not demand analysis of extracted io
The magnitude of the DR cross section, on the other han
quite insensitive to the ionization balance because the c
sections for radiative recombination vary only slightly as
function of the ionization state. While for theKLL resonance
only the n5221 x rays occur, for theKLO resonance
shown in Fig. 3, then5221 as well as then5521 x rays
are observed. For the conditions of Fig. 3, the two branc
for theKLO resonance approximately differ by a factor of
Compared with theKLL resonance, the ionization balanc
for the KLO resonance was found to be shifted to high
charge states. This is due to the fact that the fraction of i
that recombine when the beam energy is ramped over
resonance is larger forKLL than forKLO.

From the comparison of the experimental and theoret
excitation functions around theKLL, KLM , KLN, and
KLO resonances, we were able to assess the reliability o
dielectronic-recombination data used in the fit procedure.
the experimental excitation functions, we estimate a typ
uncertainty~counting statistics! of 5–10%, depending on th
resonance under investigation. The principal source of e
in calculating the intensity ratioI DR/I RR(2) is composed of
the theoretical uncertainty in the calculation of the RR cr

FIG. 3. Comparison between experiment and theory for
channel-specific dielectronic-excitation functions of theKLO reso-
nance of highly ionized krypton. Different from theKLL reso-
nance, for theKLO resonance only the He-, Li-, and Be-like ion
were included in the fit procedure. The relative charge-state bal
we obtained isxHe50.53, xLi50.37, andxBe50.10. ~a! and ~b!,
respectively, correspond to then5221 and n5521 x rays at
about 13.0 and 16.6 keV. The inset illustrates an energy-level
gram of the stabilizing transition in a He-like ion.
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sections (3% error! and the uncertainty introduced in Eq.~6!
due to the fact that we have suppressed the angular co
tions ~7–10% error!. Taking these errors as a basis, for t
comparison between experiment and theory, we get an
certainty interval of 11–16%. Within this limit, there is goo
overall agreement between the results of the experiment
of the calculation, confirming the dielectronic-recombinati
data used in the present analysis. Table II displays, for
He-, Li-, and Be-like charge states, the total theoretical D
resonance strengths. It should be noted that the agree
between experiment and theory for theKLL andKLM reso-
nances is almost perfect. For the weaker resonances, re
ing from dielectronic capture into high-n levels, the agree-
ment becomes somewhat worse, as is apparent for theKLO
resonance shown in Fig. 3. A plausible explanation is
limited sensitivity of our measurements, but it is also like
that adding the DR resonances of the B- and C-like ions m
reduce the discrepancy.

In Fig. 4, we present, for several different elements,
total dielectronic-recombination resonance strengths for
He-like KLn (n52, . . . ,5) resonance groups. Our resul

e

ce

a-

TABLE II. Total theoretical DR resonance strengths of He-, L
and Be-like krypton ions in units of 10220 cm2 eV. For reso-
nances higher thanKLL, the channel-specific strengths are give

Resonance Decay Resonance strength

group channel Kr341 Kr331 Kr321

KLL 2→1 54.2 43.9 36.1
KLM 2→1 21.7 15.2 15.2

3→1 8.7 6.9 4.3
KLN 2→1 8.9 7.1 5.9

4→1 3.4 2.0 1.2
KLO 2→1 4.4 3.5 2.9

5→1 1.7 0.9 0.4

FIG. 4. Total dielectronic-recombination resonance strengths
the KLn (n52, . . . ,5) resonance groups of He-like ions. The r
sults for krypton (Kr341) are acquired in the present investigatio
The values for nickel (Ni261), molybdenum (Mo401), and barium
(Ba541) are from previously reported EBIT experiments@2#. The
iron result (Fe241) is from another EBIT experiment@21# where
individual DR resonance strengths were measured using h
resolution x-ray spectroscopy. The value for theKLL resonance
strength of iron was obtained by summing over the individu
strengths using the data from Tables I and II in Ref.@21#. With the
exception of the result for iron, all of the data presented are
tained from a fit procedure of experimental and theoretical DR
citation functions.
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for krypton (Kr341) compare well with the trend predicte
by the previously reported data for nickel (Ni261) and mo-
lybdenum (Mo401). Also displayed in Fig. 4 are results fo
the KLL resonance of He-like iron (Fe241) and barium
(Ba541). It is important to note that the results for iron we
obtained with a quite different experimental method allowi
to distinguish individual-level resonances. Although th
high-resolution technique adds a further level of complex
when compared to the solid-state detector measurements
data point for iron agrees well with the general trend for
KLL resonance strengths.

It remains to discuss the relaxation spectrum, which
generated by the decay of the spectator electron after thn
5221 stabilizing transition has completed the DR proce
With the exception of theKLL group, each resonance grou
produces a corresponding relaxation spectrum with x-
lines extending over a large energy range. Table III summ
rizes, for theKLM , KLN, andKLO resonances, the mea
sured intensities of the respectiven5322, 422, and 522
transitions normalized to the stabilizingn5221 transition.
It is obvious that the relaxation transitions under consid
ation can be the result of both direct and multistep decay
the spectator electron to then52 shell. The data in Table III
show that most of the ion relaxation proceeds in one s
taking the excited ion directly to the ground state. The x-
lines originating from these transitions span the energy ra
from 2 to 3.5 keV. Additionally, it follows from Table III
that the total number of counts detected in the relaxa
transitions is always less than the intensity of the relaten
5221 stabilizing transition. We attribute this result to th
nonisotropic x-ray emission in EBIT. A closer look at th
individual dielectronic-recombination resonances shows
many of the stabilizing transitions populate~singly excited!
states of total angular momentumJf5

1
2 . The emission from

Jf5
1
2 levels, however, is in any case isotropic independ

of the final state and the type of transition. Thus, to
extent thatJf5

1
2 levels are populated in the DR process, w

TABLE III. Fraction ~in %! of counts measured forn5322,
422, and 522 transitions of the spectator electron, normalized
the n5221 counts of the stabilizing transition.

Resonance Spectator Transition

group shell n53-2 n54-2 n55-2 (

KLM 3 96 96
KLN 4 13 81 94
KLO 5 10 20 66 96
ys
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expect the effect of the directionality for the relaxation tra
sitions to be less significant than for the stabilizing on
Therefore, the emission intensity actually measured in
relaxation spectrum should be somewhat smaller compa
to the n5221 dielectronic-recombination line. A resul
which is also observed in the experiment.

V. CONCLUSIONS

We have investigated the channel-specific dielectronic
combination cross section for theKLn (n52, . . . ,5) series
of He-, Li-, and Be-like krypton ions. The measuremen
employ a technique where the dielectronic recombination
observed by detecting the characteristic x rays emitted in
process. The x-ray data were normalized to then52
radiative-recombination photons and compared to theo
For this comparison, theoretical values of the DR resona
strengths and the RR cross sections are evaluated
atomic-structure calculations using theHULLAC computer
code package. The experimental data were fitted to predi
dielectronic-recombination functions, determining the bea
energy resolution and the ionization balance simultaneou
The agreement between the x-ray data and the mod
dielectronic-excitation functions is better than the estima
uncertainty interval of 11216%.

The experimental approach used for measuring
dielectronic-excitation function opens a way of determini
in situ by spectroscopic methods the relative charge-s
distribution. It appears that the strongKLL resonance is ide-
ally suited for this purpose. In the present experiment,
example, up to five charge states~He- to C-like krypton ions!
were resolved in the dielectronic-recombination spectrum
this resonance.

The total dielectronic recombination resonance streng
for He-like krypton Kr341 have been compared to previous
reported results on Fe241, Ni261, Mo401, and Ba541 show-
ing excellent agreement with the He-like isoelectronic
quence. In addition, our results clearly demonstrate that
decay of a dielectronically excited ion via the higher-ener
stabilizing transition is an important process, even if a hig
n state is populated in the DR reaction.

A particular aspect of our investigation was the obser
tion of the x-ray emission spectrum from the ion relaxati
following an n5221 stabilizing transition in the
dielectronic-recombination process.
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