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Accurate determination of dielectronic recombination resonances with lithiumlike argon

W. Zong, R. Schuch, E. Lindroth, H. Gao, D. R. DeWitt, and S. Asp
Department of Atomic Physics, Stockholm University, S-104 05 Stockholm, Sweden

H. Danared
Manne Siegbahn Laboratory, S-104 05 Stockholm, Sweden

~Received 17 January 1997!

A highly accurate measurement ofDn50 dielectronic recombination~DR! resonances with Ar151 has been
carried out at the ion storage ring CRYRING. The absolute energies of the DR resonances were determined by
a method that uses the Schottky frequency and the knowledge of the length of the beam orbit in the ring. The
accuracy in the absolute energy achieved in this experiment was;1%. Positions and widths of doubly excited
states of Ar141, as well as the DR cross sections, were calculated with relativistic many-body perturbation
theory in an all-order formulation. Radiative corrections and mass polarization were needed to obtain good
agreement with the experimental results.@S1050-2947~97!08906-3#

PACS number~s!: 34.80.Lx, 31.15.Ar, 31.30.Jv
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I. INTRODUCTION

In electron-ion collisions, a free electron may be captu
by an ion having bound electrons under simultaneous e
tation. This inverse Auger process creates a doubly exc
state. If the intermediate state decays radiatively, dielectro
recombination~DR! is completed. DR is a fundamental re
combination process. In addition to its application in ast
physics and fusion plasmas@1–3#, it is important for studies
of the structure and decay channels of atomic doubly exc
states. For such studies it is essential that the energy re
tion is sufficiently high so that resonances due to differ
doubly excited states are resolved. Doubly excited states
highly correlated systems which in general cannot be w
described without an accurate treatment of electron corr
tion. If measurements of these states are to provide a s
gent test of methods to treat correlation, a high precision
the absolute determination of the energy positions is cruc

Storage rings with electron-cooling devices provi
unique instruments for studies of the DR process. By ad
batic expansion of the electron beam, an ultracold beam
obtained@4#, which is the key feature to obtain high resol
tion. However, in order to determine the absolute resona
energy, a knowledge of the laboratory energy of the elect
beam is needed. This information can be obtained from
electron acceleration potential, albeit a careful correction
space-charge effects is required. The space charge o
electron beam may be partially screened by the positive
that are formed by ionization of the residual gas atoms,
subsequently trapped in the interaction region by the sp
charge potential. Usually this effect is included by simp
assuming that the contribution from the positive ions is p
portional to the electron density. In reality the effects due
the space charge are more complicated, and the system
error from the inability to correct for it properly accounts f
the major part of the uncertainty in the absolute determi
tion of the resonance energies. To overcome this problem
alternative calibration method was suggested@5#. The idea is
to choose the maxima of several resonance peaks of a
spectrum as calibration points and determine their ener
561050-2947/97/56~1!/386~9!/$10.00
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from the measurement of the Schottky frequency and
knowledge of the length of the beam orbit in the ring. T
energy values of these maxima are then used to calibrate
energy scale for the whole DR spectrum. The important
vantage of this method is that corrections for the sp
charge and other effects are no longer needed.

Lithiumlike systems are well suited for a comparison
ab initio calculations with experimental studies of the D
process due to the relatively simple structure of both
Li-like initial ion and the Be-like recombined ion which
makes them within reach of an accurate theoretical tre
ment. In earlier measurements ofDn50 DR of Ar151 @6#,
the resolution was in the eV region due to a rather h
temperature of the electron beam and the use of a single-
technique. Here we present a DR measurement for the s
system with nearly two orders of magnitude improvement
the resolution as well as of the absolute energy accuracy.
better accuracy is due not only to the use of an expan
electron beam in a storage ring but also due to a calibra
method which allows a determination of the resonance p
tions with a precision of around 10 meV.

In a recent article by Gorczycaet al. @7#, several calcula-
tions schemes were compared for the case of Ar151, the
agreement with Ref.@6# is good in all cases. When compare
to the present measurement, however, there are differe
between the calculated and measured energy positions w
are clearly outside the experimental error bars@8#. The dif-
ferences fluctuate, and cannot be accounted for by a sim
shift of the theoretical spectrum. The differences also
crease with decreasingl values of the outermost electron i
the recombined ion. That the agreement with the more ac
rate experiment is not perfect is not surprising, since th
calculation schemes treat correlation and relativistic effe
in low order, and do not consider radiative corrections.
match the experimental accuracy, a more careful theore
treatment is necessary.

Here we compare the experimental data with the resul
a fully relativistic calculation which also accounts for corr
lation to high orders. The contributions to the energy po
tions from QED corrections as well as from the Breit inte
386 © 1997 The American Physical Society
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56 387ACCURATE DETERMINATION OF DIELECTRONIC . . .
action are 100–200 meV. Correlation contributions from
inner electrons (1s22l ) are of the same size, and for th
low-energy DR resonances even the detailed interaction
tween the outer electron~with n> 10! and the inner elec-
trons reaches the size of nearly 100 meV in some cases.
agreement between theory and experiment for the energy
sitions is, with the exception of one resonance, within
experimental error bars. For the rate coefficient, the ag
ment is within 15%, and thus also within the experimen
error bars. The experimental method is described in Sec
and the theoretical treatment in Sec. III. The results are
cussed in Sec. IV.

II. EXPERIMENT

A. Measurement

The experiment was carried out with CRYRING at t
Manne Siegbahn Laboratory@9# in Stockholm. The Ar151

beam was produced in an electron beam ion sou
~CRYSIS!, and injected into the ring after preacceleration
a radio-frequency quadrupole accelerator to the injection
ergy of 300 keV/amu. Acceleration of the circulating io
beam to the designed energy was done by a radio frequ
driven drift tube@10#. The average number of ions stored
the ring was determined to be 1.33105, from measurements
of the ion beam current using a beam current transform
The uncertainty in the ion number determination w
;30%. The ion and electron beam currents were 0.3mA and
96 mA, respectively. The recombined Ar141 ions were sepa-
rated from the circulating beam by the first dipole mag
after the cooler and detected by a surface barrier dete
~SBD!.

We started the DR measurement at the ion energy o
MeV/amu by scanning the electron energy over a ra
which covered allDn50 DR resonances. The scan start
after cooling of the ion beam for 3 s. The cathode volta
went first up, then down from its maximum, crossing t
cooling voltage to the minimum and back to the cooli
voltage again. The total time of this sawtooth voltage sc
was 4 s and the scan covered the energy region of app
mately 0–40 eV in the center of mass~c.m.! frame four
times, twice when the electron velocity was higher than
ion velocity, and twice when the electron velocity was low
than the ion velocity. After each injection of a new ion bea
the cycle started again. The data were taken in 1720 c
plete cycles. Each recorded event consisted of the SBD p
height, the cathode voltage, and a time ramp digitized
3000 steps. More details of this scanning method can
found in Ref.@11#. The data recorded contained four com
plete DR spectra. They were then, after transformation to
c.m. frame, calibrated by our method.

The calibration method can be explained briefly as f
lows. For each of the calibration points~usually the maxima
of the prominent resonance peaks! chosen in the DR spec
trum, the corresponding cathode voltage of the cooler is
recorded. The cathode voltage is then set to each reco
value, and the ion energy is adjusted until new cooling
reached. Under cooling condition, the velocity of the ele
tron beam matches the velocity of the ion beam, tha
ve5v i , whereve andv i denote the electron velocity and io
velocity at cooling, respectively. Since the latter can be
e
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rived from the Schottky frequencyf s by v i5 f sL, whereL is
the length of the stored beam closed orbit, the velocity a
the energy of the electrons can be readily deduced. It sho
be pointed out that the electron energy deduced in this
proach is the absolute one; the effect of the space charg
automatically included, and need not be corrected for.

In more detail, the absolute energy measurement of
calibration points was performed here in the following ste

~i! The maxima of the five highest resonance peaks in
region of interest were chosen as calibration points. Th
points were well defined and close to the relevant DR re
nances.

~ii ! The cathode voltage for each chosen calibration po
has to be precisely determined. However, this cannot be d
by a smooth voltage scan over the calibration point beca
of a time delay in the response of the power supply feedi
Instead, the cathode voltage was set to a certain value
sharp drop from cooling in each scan step. The recomb
tion rate was recorded both at cooling and at the set cath
voltage. The value for the cathode voltage at the calibrat
point should be taken as that where the DR rate has a l
maximum. Two factors that may affect the DR rate we
taken into account in order to find the true maximum. Fir
since the rate is proportional to the ion beam intensity, wh
may fluctuate at different scan steps, the rate at cooling
used to normalize the DR rate recorded at the scan s
Second, since the ion energy changed while the cathode
age was at the set cathode voltage due to the drag forc
time window was set to ensure that the DR rate was recor
at the same and well-known ion energy in all scan ste
Also the Schottky frequency (f s1) was measured in the sam
time window so that it reflected the ion velocity when th
cathode voltage was at the calibration point. Figure 1 sho
schematically the method used to determine the cathode

FIG. 1. The main part schematically shows the cathode volt
as a function of time. The lines numbered 1, 2, and 3 indicate th
scan steps. For each step, the recombination rate was record
the time window indicated by the dotted vertical lines. As the i
energy shifts due to the drag force, the changing Schottky
quency~shown schematically in the upper part of the figure! was
measured in the same time window. The normalized rate spec
obtained by the scan is displayed in the right part of the figure. T
cathode voltage where the rate has a maximum is taken as
calibration point.



ob
io
or
t

hi
e

n
ro

. A

se
to

d,

e-
.
is

o
s
ce
ti

he
fo
m
ce
o
e

h
th
t
ut
cm

th

on
th
to
tk

har-

ly
ge

the
ition
en-
as
g to

in
s-
m
38
tal

-
1.2
so-
in

st
hat

rgy
her
ima
his
ibra-
he
ach
bin
er-

the
n
are

a

9
6
5
3

388 56W. ZONG et al.
age for one of the calibration points.
~iii ! The cathode voltage of the cooler was set to the

tained values successively. At each energy value, the
energy was adjusted until cooling was reached once m
and then the Schottky frequency was measured again. As
electron velocity matches the ion velocity under cooling, t
Schottky frequency (f s2), reveals the electron velocity at th
calibration point.

With this procedure a pair of Schottky frequencies (f s1
and f s2) were obtained for each calibration point. The io
and electron energies at each point were then derived f
the Schottky frequenciesf s1 and f s2, respectively. This pro-
cedure was repeated for each chosen calibration point
pointed out above, the electron energies obtained are thereal
energies which include all corrections. They can be u
directly in the transformation from the laboratory frame
the c.m. frame.

B. Data analysis and error estimation

The calculation of the relative velocityv r and the c.m.
energyE for each calibration point is rather straightforwar

v r5
~ f s12 f s2!L

12 f s1f s2L
2/c2

, E5S 1

A12~v r /c!2
21D mc2,

~1!

where f s1 and f s2 constitute the measured Schottky fr
quency pair, andm5memi /(me1mi) is the reduced mass
L is the orbit length of the ion beam in the ring, and
estimated from

L5L012pr shift , ~2!

whereL0 stands for the length of the nominal closed orbit
the ion beam, andr shift is the offset of the beam from thi
closed orbit. In this measurement a beam offset was ne
sary because of the small separation between the circula
beam~Ar 151) and the recombined beam~Ar 141). If the de-
tector had been placed where Ar141 could be detected, the
circulating Ar151 beam would be blocked because of t
large beam size before cooling. The detector was there
positioned at a place where it did not block the ion bea
allowing it to be cooled in the nominal closed orbit. On
cooled and shrunk in size, the ion beam was shifted t
larger orbit byr shift , so that the recombined ions could b
detected. The distancer shift was 1.560.3 cm. It was mea-
sured by probing the beam position before and after the s
of the ion beam. The obtained value was checked by
estimated space-charge potential difference between the
positions. The error inr shift corresponds to an error of abo
2 cm inL, and was added to the uncertainty, of around 4
@12#, caused by using the ring length along its axis~5163 cm!
as the length of the nominal orbitL0. The total uncertainty of
L was thus estimated to beDL'6 cm.

The measured Schottky peaks were around 9 MHz, wi
width of approximately 300 Hz. We useds5125 Hz for an
estimate of the uncertainty in the frequency determinati
This might be an overestimate, but it does not affect
ultimate accuracy very much due to its small contribution
the total uncertainty. The uncertainty of the ground Schot
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frequencies were estimated to beD f s512 Hz from the fact
that the measured Schottky frequencies were the tenth
monic.

Because of the difficulty to bring the ion beam precise
back to its original position for new cooling after the chan
of the cathode voltage, the Schottky frequenciesf s2 were
measured by an indirect method. Instead of trying to put
beam back precisely, we moved the beam to some pos
close to the original one and recorded the Schottky frequ
cies as a function of the beam position. An interpolation w
then used to derive the Schottky frequency correspondin
the original beam position, which is needed by Eq.~1!, used
in the transformation to the c.m. frame. The uncertainty
the Schottky frequencyf s2 caused by this approach was e
timated as follows: An uncertainty of 1.0 mm in the bea
position corresponds to an uncertainty of approximately
Hz in the Schottky frequency in the interpolation. The to
uncertainty of the Schottky frequencyf s2 is thus estimated as
D f s25A(45)21(12)2 Hz'46 Hz, where 45 Hz is the fre
quency uncertainty corresponding to the uncertainty of
mm in the beam position determination. The derived ab
lute energies and the error caused by the uncertaintiesL
and f s1, f s2 are listed in Table I.

For the calibration of the whole DR spectra, it was fir
transformed to the c.m. frame by a procedure similar to t
used in our previous DR experiments@11#, and the calibra-
tion points were then aligned to the corresponding ene
values calculated from the Schottky frequency pairs. Anot
error which has been considered is that the true local max
in the DR spectrum might lie between scan steps. T
causes an error in the energy calibration because the cal
tion points are then not aligned with correct points in t
spectrum. Since the scan was performed only once for e
peak, this error was estimated to be half of the energy
size of the scan step. This error is converted into c.m. en
gies and listed together with the other errors in Table I.

TABLE I. Experimental energies and estimated errors of
calibration points. TheEc’s are the energies of the five calibratio
points derived from the Schottky frequency measurement. They
used in the calibration of the DR spectrum.DEc is the total uncer-
tainty in Ec measurements. The total uncertainty (DEtotal) is the
sum of theDEc and the uncertainty in determination of the maxim
energy,DEmax.

Calibration points 1 2 3 4 5

Ec ~eV! 1.217 4.365 6.503 9.613 13.644

DEfs1 ~eV! 0.0024 0.0045 0.0054 0.0066 0.007
DEfs2 ~eV! 0.0089 0.0167 0.0204 0.0248 0.029
DEL ~eV! 0.0030 0.0107 0.0159 0.0234 0.033
DEc ~eV! 0.0097 0.0203 0.0264 0.0347 0.045

DEmax ~eV! 0.0052 0.010 0.012 0.015 0.018

DEtotal ~eV! 0.015 0.030 0.038 0.050 0.063
DEtotal /Ec 1.2 % 0.69% 0.59% 0.52% 0.46%
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TABLE II. The contributions to the splittings between the 1s22s1/2, 1s
22p1/2, and 1s22p3/2 states in

Ar 151.

2p1/2-2s1/2 ~eV! 2p3/2-2s1/2 ~eV! 2p3/2-2p1/2 ~eV!

Dirac-Fock 32.017 35.349 3.332
D Dirac-Fock-Breit 0.152 -0.026 -0.178
Retardation beyond Breit 0.000 -0.002 -0.001
Coulomb correlation -0.164 -0.155 0.009
Breit correlation 0.002 0.003 0.001
Radiative correctionsa -0.130 -0.122 0.008
Mass polarization -0.008 -0.008 0.000

Total 31.868 35.040 3.171
Present experiment 3.1660.02
Experimentb 31.86660.001 35.03760.001 3.17160.001

aScreened self-energy and vacuum polarization, Blundell 1993, Ref.@16#.
bAstrophysical observation by Widing and Purcell 1976, Ref.@17#.
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In order to determine resonance strengths from the s
tra, the counts of the DR spectra were converted to rate
efficients by the formula

a~Ec!5
Ncg

2

NcycdtNinel /L
, ~3!

where theEc is the energy corresponding to channelc and
Nc the number of counts in that channel.Ncyc is the number
of measuring cycles, anddt is the time interval per channe
The Lorentz factor is denoted byg, ne(Ec) stands for the
electron density at the energyEc , Ni is the number of ions
stored, andl is the interaction length. The uncertainty of th
rate coefficient was estimated to be 30%, determined ma
by the uncertainty inNi .

III. THEORETICAL TREATMENT

In the calculation we consider electrons recombining w
Ar151 into doubly excited states of Ar141, which then decay
c-
o-

ly

radiatively to states below the ionization threshold. There
two main channels

Ar151~1s22s!1e2→Ar141~1s22pjnl j 8! ~4!

→Ar141~1s22snl j 9!1hn ~5!

and

→Ar141~1s22pjn8l 8 j-!1hn, ~6!

wheren8 should be low enough that the recombined ion
below the ionization limit. The latter channel is by far th
most important, being 10–100 times stronger than the fi
channel for all the calculated doubly excited states. T
dominance of the latter channel was also found in a rec
study by Gorczycaet al. @7#. The DR resonances are foun
for electron energies

«e25E„Ar141** ~1s22pjnl j 8!…2E„Ar151~1s22s!…. ~7!
the
TABLE III. A breakdown of the contributions involving the outer electron to the positions of
Ar 141 2p1/210pj resonances.

2p1/210p1/2 ~eV! 2p1/210p3/2 ~eV!

(2p1/2-2s1/2)
a 1

Dirac-Fock description of 10pj 0.922 0.933
D Dirac-Fock-Breit for 10pj 0.014 0.021
polarization of 1s2 by 10pj -0.001 -0.001

J50 J51 J51 J52

2p1/210pj correlation 0.093 -0.036 0.012 0.025

Total 1.028 0.898 0.965 0.977

aThe 2p1/2-2s1/2 splitting includes correlation and relativistic effects as listed in Table II.
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390 56W. ZONG et al.
Since, in Ar151, the splitting is 33.87 between the 1s22s1/2
and 1s22p1/2 states and 35.04 eV between the 1s22s1/2 and
1s22p3/2 states, the first resonances are readily estimate
appear forn510. As can be seen from Table II, a caref
inclusion of correlation as well as of relativistic and radiati
effects is necessary to reproduce these splittings.

Our calculation is done with a method which combin
relativistic many-body perturbation theory in an all-ord
formulation, described for three- and four-electron ions
Ref. @13#, with complex rotation. Complex rotation is em
ployed in order to deal with autoionizing states, and the c
culation directly gives the widths together with the ener
positions. The combination with many-body perturbati
theory is, for the nonrelativistic case, described in R
@14,15#.

For the inner electrons (n51 and 2) correlation is in-
cluded due to the Coulomb as well as Breit interactions. T
most important radiative effects, self-energy and vacuum
larization, have been calculated for lithiumlike systems w
a high accuracy by Blundell@16#, and his results have bee
added to our calculation; the sizes of the different contri
tions are shown in Table II. The outern510 electron is first
described as moving in the Dirac-Fock-Breit potential fro
the 1s2 core, and a spherical symmetric potential account
for the main screening effects from the inner 2p electron.
The polarization of the closed 1s2 core by the outer electron
is included, although it is a small contribution when the lat
is in such a high-n state liken510. A breakdown of the
contributions involving the outer electron is shown for a fe
resonances in Table III. Radiative effects scale as 1/n3 and
are thus less important for high-n states. Finally the detailed
Coulomb interaction between the outer electron and thep
electron is considered. This contribution is quite different
states coupled to different totalJ, as can be seen on th
fourth line of Table III. For some of then510 and low-l
configurations, the different totalJ states are separate
enough that they can be distinguished in the experime
spectrum, see Fig. 2.

The integrated cross section, or resonance strengthSd ,
can be written as

Sd5
\p2

k2
gd
gi

Ai→d
a (

s
Ad→s
rad

Ai→d
a 1(

s
Ad→s
rad

, ~8!

where the multiplicity of the intermediate doubly excite
state is given bygd and that of the initial target state b
gi ; heregi52, andk5p/\ is the electron wave numbe
Ai→d
a is the transition rate into the doubly excited stated.

Here this rate equals the autoionization rate from the dou
excited state in the time-reversed process. The rate is
tained from the autoionization width asAa5G/\. Ad→s

rad is
the radiative transition rate from stated to a states, below
the ionization threshold. For the doubly excited sta
(1s22p10l ) with a low l value, up tol 5 f at least, we
haveAa@Ar and the resonance strength is completely do
nated by the radiative rate. This applies then to all resol
resonances in the experimental data. However, for the h
estl values someJ symmetries show a clear deviation fro
to

l-

f.
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this rule. The radiative rate dominates in these cases ove
autoionization rate, and the magnitude of the rate coefficie
close to the series limit decreases accordingly. The ra
Arad are calculated within the dipole approximation, and w
have only considered one-photon–one-electron transitio
The only approximation which is of any importance is t
neglect of two-electron transitions, which gives an unc
tainty in the resonance strengths of 10–20 %. This is, ho
ever, in the same order of uncertainty with which the ra
coefficients can be absolutely determined experimenta
Table IV shows calculated positions, widths, and resona
strengths for a few of the resonances due to
(1s22p1/210l j )J states. The resonance strengths from
resonances, 38 from the 2p1/210l j and 72 from the
2p3/210l j , were folded with the electron beam temperatu
to obtain the theoretical curves as discussed in Sec. IV.

IV. RESULTS AND DISCUSSION

In Table I, the absolute energies of the five calibrati
points ~maxima of the resonance peaks! Ec are listed. The
errors due to the uncertainties in the length of the beam o
(DEL), the Schottky measurements (DEfs1 ,DEfs2), and the
maxima determination (DEmax), are listed individually to
show their contribution to the total uncertainty. As shown
the table, an accuracy of;1% has been achieved. The a
solute energy uncertainty in the present measurement
mainly caused by the offset of the ion beam from its nomi
orbit, which resulted in an extra uncertainty in the orb
length and a larger error in thef s2 measurement. The unce
tainty in the f s2, despite still being apparently sma
(D f s2 / f s2;1025), accounts for the major error in the en
ergy determination, especially when the energy of the c
bration point is low, because it is the frequency differen
D( f s22 f s1)/( f s22 f s1) that determines the energy acc
racy. In the higher-energy region, the uncertainty in the be

FIG. 2. Contributions from individual DR resonances to the
tal 1s22p1/210l resonance peak. The calculated strengths of the
resonances were folded with the temperatureskT'520 meV and
kTi50.13 meV and displayed individually by thin dotted lines. T
energy positions of the calculated resonances are indicated in
figure. Due to the difference inT' andTi, the resonance peaks hav
an asymmetric shape and the resonance energies are situated
the maximum of each peak. The dot-dashed line is the sum of
38 DR resonances and the solid line is the data represented by
curve.



s due
also

wellian
tion of
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TABLE IV. Comparison between theory and experiment for the positions of a few of the resonance
to doubly excited states in Ar141. The calculated autoionization width and strength of the resonances are
listed. The experimental positions are obtained from a fit of the peaks in the spectrum to flattened Max
line profiles. The error bars show the goodness of the fit. In Sec. II it is discussed how the identifica
calculated resonance positions with peak positions obtained from the fit is done.

Resonance position~eV! Width ~eV! Strength
~10220 cm2 eV!

Theory Experiment Theory Theory

2p1/210s1/2 J50 0.652 0.002 6.4
J51 0.667 0.66660.007 0.009 20.7

2p1/210p1/2 J50 1.028 0.014 8.9
J51 0.898 0.87460.016 0.002 29.9

2p1/210p3/2 J51 0.965 0.007 28.5
J52 0.977 0.97660.011 0.001 45.3

2p1/210d3/2 J51 1.202 0.004 47.7
J52 1.092 1.08660.011 0.000 30.5

2p1/210d5/2 J52 1.153 0.004 70.1
J53 1.166 1.17060.010 0.002 95.7
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orbit length becomes more important and may ultimat
limit the achievable accuracy. The accuracy could be
proved if the offset of the beam from the nominal clos
orbit was not necessary. Then all measurements could
made with the ion beam in the optimal orbit, obtained
minimizing the Schottky frequency. Another major unce
tainty comes from the determination of the cathode volta
of the maxima, which may be improved by making seve
fine voltage scans to reduce the statistical error.

A. High-energy resonances and series limits

Figure 3 shows the calibrated DR spectrum correspond
to the first part of the energy scan, from cooling to volta
maximum. Because of the good beam quality after cooli
this data set is of highest quality, and is chosen to repre
the experimental result. The other three data sets are ma

FIG. 3. The calibratedDn50 DR spectrum of Ar151. The
maxima of the left five peaks were aligned to the energies obta
by the Schottky measurement. The spectrum shows clearly
2p1/2nl and 2p3/2nl resonance series. The two bumps at the hi
energy side are the two separated series limits. The 2p1/2nl and
2p3/2nl pairs which can be well identified are indicated. The fi
two groups of resonances, from 2p1/210l and 2p3/210l , are dis-
played in more detail in Fig. 4.
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used for consistency checks. As expected, the 1s22p1/2nl
and 1s22p3/2nl DR resonance series start withn510, and
are clearly seen with two separated series limits. T
1s22p1/2nl and 1s22p3/2nl pairs, resonances with the sam
n but belonging to different series, can be identified up
n518. The resonance peaks belonging to the 1s22p3/2nl
series can be identified even further, up ton523, with the
help of calculations@8#, while the 1s22p1/2nl series are not
visible due to the lower DR rates.

The electron energy at a DR resonance corresponding
state 1s22pjnl , with high-n and -l values, can be approxi
mately described by the formula

«e2'E~1s22pj !2E~1s22s1/2!2
Z2

n2
Ry, ~9!

whereZ is the charge of the ion core; hereZ515, and 1
Ry513.605 698 eV. These energies can be estimated wit
error of less then 10 meV for the highestl values and
n.15, as there exist a spectroscopic measurement from
astrophysical observation, with an accuracy of 1 meV,
the 1s22pjnl - 1s22s1/2nl splitting @17#. This uncertainty
of 10 meV is much smaller than our experimental error
this energy region, which is around 100 meV. As a check
the uncertainty over the whole energy range, our measu
energies of then515–23 resonances were compared w
the values predicted by Eq.~9!, and all deviations were
found to be within the experimental error bars.

For high-n states, the loosely bound electrons may
stripped off by the motional field of the dipole magnet. On
the ions in the statesn,ncut, wherencut is the highestn state
which is not field ionized, can be detected. Herencut is esti-
mated to be 43. However, states withn.ncut have the pos-
sibility to decay to states belowncut before entering the di-
pole magnet, and thus become detectable. This, together
the possible influence of the external field in the interact
region, complicates the analysis of the series limits. We t
did not try to make a detailed analysis of them.
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The energy differences between the 1s22p1/2nl and
1s22p3/2nl pairs can be derived from the data up
n518. They should in principle converge to th
1s22p1/221s22p3/2 fine-structure splitting asn→`. How-
ever, the values derived from these pairs fluctuate and s
no visible tendency. Deriving the energy splitting by e
trapolation from them was thus not a reliable method.
stead we used the fact that the most prominent resonance
each 1s22p1/2nl and 1s22p3/2nl pair are due to the state
with high l . In these states the interactions between
outer nl electron and the inner core of 1s22p1/2 and
1s22p3/2 differ only to a minor extent. Our theoretical est
mate indicates that this difference is already forn510 and
l 59, within a few meV and is expected to be smaller f
higher nl . The energy differences between the resona
pairs are thus a good approximation, within 20 meV, for
splitting between 1s22p1/2 and 1s

22p3/2. The result obtained
by a weighted average of the values derived from
n510–18 pairs is included in Table II. It agrees with th
value obtained by the astrophysical observation@17#.

B. Low-energy resonances

The parts of the spectrum containing the 1s22p1/210l and
1s22p3/210l pair are displayed in Fig. 4~a!. The resonances
with different l j are partially resolved. The energy resol
tion achieved was in the order of 1022 eV full width at half
maximum~FWHM!. In order to determine the energy pos

FIG. 4. A detailed DR spectrum of the low energy region whi
contains the 1s22p1/210l and 1s22p3/210l peaks. The resolution is
in the order of 1022 eV FWHM. The fine structure is partly re
solved. In~a! the solid lines are obtained from a fit of the data
flattened Maxwellian line profiles. The obtained energy positio
for the resonances belonging to 1s22p1/210l are listed in Table IV.
~b! Comparison between the measurement and calculation for
1s22p1/210l and 1s22p3/210l peaks. The experimental curve
were generated by a convolution of the fit resonances with the t
peratures obtained by the fits. The theoretical curves include all
resonances involved, 38 and 72, respectively, and are folded
the temperatureskT'520 meV andkTi50.13 meV. The curves
were scaled by a factor of 1.2 to match the height of the data cur
w

-
for

e

r
e
e

e

tions of the resonances, fits of the resonance peaks to
tened Maxwellian line profiles were performed. We chose
assign only one resonance line to each of the resolved
partially resolved features of the peaks, since it was not
alistic to obtain energy positions for all overlapping reso
nances. The fit curves are also displayed in the figure
show the quality of the fits. The energy positions of the res
nances obtained by the fit to the 2p1/210l peaks are listed in
Table IV. The error bars are the standard deviations of t
values from fits to the same resonance peaks in the four d
sets, see Fig. 5.

Electron-beam temperatures were checked as free par
eters in the fit to the lowest-energy resonance
1s22p1/210l , which yielded a longitudinal temperature o
kTi50.13 meV and a transverse temperature ofkT'530
meV. While the value of the longitudinal temperature wa
reasonable, the transverse temperature was higher than
pected~around 10 meV!. It was also higher than what was
obtained in our earlier DR experiment@11#, with the same
cooler setting. This was probably caused by unresolved re
nances. The accumulation of resonances, with slightly diffe

s

he

-
R
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FIG. 5. Comparison of the theory to all four data sets obtain
in the present experiment. The four spectra exhibit the same f
tures except around 0.9 eV, where the data show some scatter
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ent energies, might have broadened the shape of the pea
that the temperature obtained by the fit appeared higher
it actually was. Since the shape of the resonances is d
mined mainly by the transverse temperature in the lo
energy region, only this temperature was affected. W
knowledge of the temperatures obtained in other experim
with the same cooler setting,kT'520 meV is a reasonabl
estimate. This is supported by the good agreement betw
the data and the theoretical curve folded withkT'520 meV,
displayed in Fig. 4~b!, and discussed below.

C. Comparison with the calculation

A comparison of the data with the calculation is shown
Fig. 4~b!. In the figure, the data are represented by the
curves. To obtain the theoretical curves, all 38 resonance
the case of (1s22p1/210l j )J and 72 in the case o
(1s22p3/210l j )J were calculated, as discussed in Sec.
and the theoretical strengths were folded with the electr
beam temperatureskT'520 meV andkTi50.13 meV. The
experimental rate coefficients are higher than the theore
values and the theoretical curves were scaled by a facto
1.2 to match the data curves. The discrepancy in the
coefficient is within the experimental uncertainty of 30%
The agreement between theory and experiment is in gen
very good, as shown in the figure. A detailed comparis
shows that the theoretical peak at 0.9 eV might be sligh
shifted to higher energies compared to the experimental r
nance. Although the theoretical position is outside the
perimental error bars~see Table IV!, it is clear from the four
subsequent scans presented in Fig. 5 that the experim
determination of this peak is somewhat uncertain. Anot
place where the agreement is not perfect is the low-ene
side of the large peak, around 1.15 eV, where the calcula
indicates some structure which might not be resolved in
experiment. In addition there is a shoulder at the low-ene
side of the largest (1s22p1/210l ) peak around 1.04 eV
which is more pronounced in the experimental than in
theoretical curve and there is a similar situation for the la
est (1s22p3/210l ) peak. The four subsequent scans in Fig
show, however, that the exact sizes of these shoulders
somewhat uncertain. Finally, the theoretical series limit
slightly higher in energy than the experimental ones, but
difference is clearly within the uncertainty in the absolu
energy determination.

To reveal the origin of the resonances found in the exp
mental data, the calculated resonances of
(1s22p1/210l j )J states were folded individually and dis
played as dashed lines in Fig. 2. It is clear that the stron
J51 resonance in the (1s22p1/210s1/2) configuration is seen
in the experimental data. The (1s22p1/210p1/2)J51 state is
the only calculated state which can explain the experime
i-
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peak at 0.87 eV. TheJ50 state of the same configuration
higher in energy, and much weaker, and does not give ris
any pronounced structure. For the (1s22p1/210p3/2) configu-
ration theJ51 and 2 states are too closely situated to
distinguishable, but the experimental peak maximum pr
ably corresponds to the position of the strongerJ52 state,
although the unresolvedJ51 resonance shifts the total pea
slightly to the left. There are two shoulders on the left side
the large peak, and there are only three candidates w
have energy positions such that they can be responsible
these features. The (1s22p1/210d3/2)J52 state is actually the
only candidate for the first shoulder. The second shoul
covers the positions of both theJ52 and 3 states of the
1s22p1/210d5/2 configuration. In the theoretical curve th
shoulder is more structured and the peak of this structur
due to the strongerJ53 state. It is likely that this resonanc
dominates the shoulder in the experimental spectrum
1.17060.010; see also Table IV. All states belonging
higher l configurations have energy positions above 1.2
eV. They are not resolved, and build together the high
peak in the experimental data.

V. CONCLUSION

DR resonances withDn50 in Li-like argon have been
measured with high accuracy. The absolute energies of
DR resonances were determined with a precision of;1% by
measuring revolution frequencies of the ions and their o
in the ring. Further improvements to increase the accur
are possible. Ultimately it will probably be limited by th
uncertainty in the length of the beam orbit, which would gi
a limit of approximately 0.1%.

The splitting between the 1s22p1/2 and 1s
22p3/2 states in

Ar 151 was derived with an uncertainty of approximately 2
meV. This result agrees with that obtained in a more accu
astrophysical observation.

Calculations of the positions and widths of doubly excit
states of Ar141, as well as of the DR rate coefficients, we
performed with a method based on relativistic many-bo
perturbation theory. The agreement between theory and
periment is very good, and it is clear that the relativis
treatment and the inclusion of high-order correlation as w
as radiative effects are crucial for the agreement.
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