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Accurate determination of dielectronic recombination resonances with lithiumlike argon
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A highly accurate measurement&h=0 dielectronic recombinatiofDR) resonances with AP 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 experimentul&. Positions and widths of doubly excited
states of At*", 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 resuf81050-294{@7)08906-3

PACS numbds): 34.80.Lx, 31.15.Ar, 31.30.Jv

[. INTRODUCTION from the measurement of the Schottky frequency and the
knowledge of the length of the beam orbit in the ring. The
In electron-ion collisions, a free electron may be capturecenergy values of these maxima are then used to calibrate the
by an ion having bound electrons under simultaneous excienergy scale for the whole DR spectrum. The important ad-
tation. This inverse Auger process creates a doubly excitedantage of this method is that corrections for the space
state. If the intermediate state decays radiatively, dielectronicharge and other effects are no longer needed.
recombination(DR) is completed. DR is a fundamental re-  Lithiumlike systems are well suited for a comparison of
combination process. In addition to its application in astro-ab initio calculations with experimental studies of the DR
physics and fusion plasm$—3], it is important for studies process due to the relatively simple structure of both the
of the structure and decay channels of atomic doubly excitedli-like initial ion and the Be-like recombined ion which
states. For such studies it is essential that the energy resolomtakes them within reach of an accurate theoretical treat-
tion is sufficiently high so that resonances due to differentment. In earlier measurements &i=0 DR of Ar'®* [6],
doubly excited states are resolved. Doubly excited states atbe resolution was in the eV region due to a rather high
highly correlated systems which in general cannot be weltemperature of the electron beam and the use of a single-pass
described without an accurate treatment of electron correldechnique. Here we present a DR measurement for the same
tion. If measurements of these states are to provide a strirsystem with nearly two orders of magnitude improvement of
gent test of methods to treat correlation, a high precision irthe resolution as well as of the absolute energy accuracy. The
the absolute determination of the energy positions is cruciabetter accuracy is due not only to the use of an expanded
Storage rings with electron-cooling devices provideelectron beam in a storage ring but also due to a calibration
unique instruments for studies of the DR process. By adiamethod which allows a determination of the resonance posi-
batic expansion of the electron beam, an ultracold beam igons with a precision of around 10 meV.
obtained[4], which is the key feature to obtain high resolu- In a recent article by Gorczycet al.[7], several calcula-
tion. However, in order to determine the absolute resonancgons schemes were compared for the case of°Arthe
energy, a knowledge of the laboratory energy of the electromgreement with Ref6] is good in all cases. When compared
beam is needed. This information can be obtained from thé&o the present measurement, however, there are differences
electron acceleration potential, albeit a careful correction fobetween the calculated and measured energy positions which
space-charge effects is required. The space charge of tle clearly outside the experimental error b@@k The dif-
electron beam may be partially screened by the positive ionferences fluctuate, and cannot be accounted for by a simple
that are formed by ionization of the residual gas atoms, anghift of the theoretical spectrum. The differences also in-
subsequently trapped in the interaction region by the spacerease with decreasing values of the outermost electron in
charge potential. Usually this effect is included by simplythe recombined ion. That the agreement with the more accu-
assuming that the contribution from the positive ions is pro+ate experiment is not perfect is not surprising, since these
portional to the electron density. In reality the effects due tocalculation schemes treat correlation and relativistic effects
the space charge are more complicated, and the systemaiiclow order, and do not consider radiative corrections. To
error from the inability to correct for it properly accounts for match the experimental accuracy, a more careful theoretical
the major part of the uncertainty in the absolute determinatreatment is necessary.
tion of the resonance energies. To overcome this problem, an Here we compare the experimental data with the result of
alternative calibration method was suggegteld The idea is  a fully relativistic calculation which also accounts for corre-
to choose the maxima of several resonance peaks of a DRtion to high orders. The contributions to the energy posi-
spectrum as calibration points and determine their energieions from QED corrections as well as from the Breit inter-
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action are 100—200 meV. Correlation contributions from the 970.4

inner electrons (4°2/) are of the same size, and for the 2 oo I\\

low-energy DR resonances even the detailed interaction be- el -

tween the outer electrofwith n= 10) and the inner elec- ~— o

trons reaches the size of nearly 100 meV in some cases. The 73827 Cooling

agreement between theory and experiment for the energy po- § 7 g |

sitions is, with the exception of one resonance, within the el

experimental error bars. For the rate coefficient, the agree- § 70109 I i

ment is within 15%, and thus also within the experimental 3 7057 ; I ]

error bars. The experimental method is described in Sec. I, £ 7000 1 T, T 1

and the theoretical treatment in Sec. Ill. The results are dis- © 6995 s 1

cussed in Sec. V. 6.990 | b2 T § .
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IIl. EXPERIMENT O 8B ez DR e

Time (s)
A. Measurement
FIG. 1. The main part schematically shows the cathode voltage

) . 5 as a function of time. The lines numbered 1, 2, and 3 indicate three
Manne Siegbahn Laboratof] in Stockholm. The At scan steps. For each step, the recombination rate was recorded in

beam was pr_oc_iuced nan _electron beam ion SOUrCHe time window indicated by the dotted vertical lines. As the ion
(CRY_SIS’ and injected into the ring after preacce_lgratl_on byenergy shifts due to the drag force, the changing Schottky fre-
a radio-frequency quadrupole acgelerator to the |nje.ct|or_1 eNquency(shown schematically in the upper part of the figunes
ergy of 300 keV/amu. Acceleration of the circulating ion measured in the same time window. The normalized rate spectrum
beam to the designed energy was done by a radio frequengptained by the scan is displayed in the right part of the figure. The
driven drift tube[10]. The average number of ions stored in cathode voltage where the rate has a maximum is taken as the
the ring was determined to be X30°, from measurements calibration point.

of the ion beam current using a beam current transformer.

The uncertainty in the ion number determination was . _ .
~30%. The ion and electron beam currents werg:® Zand rived from the Schottky frequendy by v;=f.L, whereL is

96 mA, respectively. The recombined %# ions were sepa- the length of the stored beam closed o_rbit, the velocity and
rated from the circulating beam by the first dipole magne he energy of the electrons can be readily deduced_. It ghould
after the cooler and detected by a surface barrier detectde Peinted out that the electron energy deduced in this ap-
(SBD). proach is the gbsolute one; the effect of the space charge is
We started the DR measurement at the ion energy of 1@utomatically included, and need not be corrected for.
MeV/amu by Scanning the electron energy over a range In more detail, the absolute energy measurement of the
which covered allAn=0 DR resonances. The scan Startedcalibration pOintS was performed here in the fO”OWing Steps.
after cooling of the ion beam for 3 s. The cathode voltage (i) The maxima of the five highest resonance peaks in the
went first up, then down from its maximum, crossing theregion of interest were chosen as calibration points. Those
cooling voltage to the minimum and back to the coolingpoints were well defined and close to the relevant DR reso-
voltage again. The total time of this sawtooth voltage scamances.
was 4 s and the scan covered the energy region of approxi- (ii) The cathode voltage for each chosen calibration point
mately 0—40 eV in the center of mass.m) frame four  has to be precisely determined. However, this cannot be done
times, twice when the electron velocity was higher than théoy a smooth voltage scan over the calibration point because
ion velocity, and twice when the electron velocity was lowerof a time delay in the response of the power supply feeding.
than the ion velocity. After each injection of a new ion beamInstead, the cathode voltage was set to a certain value by a
the cycle started again. The data were taken in 1720 consharp drop from cooling in each scan step. The recombina-
plete cycles. Each recorded event consisted of the SBD puld®n rate was recorded both at cooling and at the set cathode
height, the cathode voltage, and a time ramp digitized irvoltage. The value for the cathode voltage at the calibration
3000 steps. More details of this scanning method can bpoint should be taken as that where the DR rate has a local
found in Ref.[11]. The data recorded contained four com- maximum. Two factors that may affect the DR rate were
plete DR spectra. They were then, after transformation to théaken into account in order to find the true maximum. First,
c.m. frame, calibrated by our method. since the rate is proportional to the ion beam intensity, which
The calibration method can be explained briefly as fol-may fluctuate at different scan steps, the rate at cooling was
lows. For each of the calibration pointigsually the maxima used to normalize the DR rate recorded at the scan step.
of the prominent resonance peak$osen in the DR spec- Second, since the ion energy changed while the cathode volt-
trum, the corresponding cathode voltage of the cooler is firsage was at the set cathode voltage due to the drag force, a
recorded. The cathode voltage is then set to each recordditne window was set to ensure that the DR rate was recorded
value, and the ion energy is adjusted until new cooling isat the same and well-known ion energy in all scan steps.
reached. Under cooling condition, the velocity of the elec-Also the Schottky frequencyf{;) was measured in the same
tron beam matches the velocity of the ion beam, that igime window so that it reflected the ion velocity when the
ve=0;, Wherev, andv; denote the electron velocity and ion cathode voltage was at the calibration point. Figure 1 shows
velocity at cooling, respectively. Since the latter can be deschematically the method used to determine the cathode volt-

The experiment was carried out with CRYRING at the
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age for one of the calibration points. TABLE I. Experimental energies and estimated errors of the
(i) The cathode voltage of the cooler was set to the obcalibration points. Thé.'s are the energies of the five calibration

tained values successively. At each energy value, the iopoints derived from the Schottky frequency measurement. They are

energy was adjusted until cooling was reached once moréised in the calibration of the DR spectrui, is the total uncer-

and then the Schottky frequency was measured again. As tf@ainty in Ec measurements. The total uncertainyH.) is the

electron velocity matches the ion velocity under cooling, thisSUm of theAE. and the uncertainty in determination of the maxima

Schottky frequencyf(,), reveals the electron velocity at the €M€79Y:AEmax-
calibration point.

With this procedure a pair of Schottky frequencidg; ( o ,
and f.,) were obtained for each calibration point. The jon C2iPration points 1 2 3 4 >
and electron energies at each point were then derived from_ (ev) 1217 4365 6503 9.613 13.644
the Schottky frequenciefs; andf,, respectively. This pro-
cedure was repeated for each chosen calibration point. ASg__ (ev) 0.0024 0.0045 00054 0.0066 0.0079
pointed out above, the electron energies obtained anetie AE,, (eV) 0.0089 00167 00204 00248 0.0296
energies which include all corrections. They can be us;e(lEL eV) 0.0030 0.0107 0.0159 00234 0.0335

directly in the transformation from the laboratory frame to AE, (eV)

0.0097 0.0203 0.0264 0.0347 0.0453
the c.m. frame.

) o AE ax (8Y) 0.0052 0.010 0.012 0.015 0.018
B. Data analysis and error estimation
The calculation of the relative velocity, and the c.m. AEy, (eV) 0.015 0.030 0.038 0.050 0.063
energyE for each calibration point is rather straightforward, AE . /E. 1.2% 0.69% 059% 0.52% 0.46%
(fa—fs2)L 1 1| ue?
v :—1 = T— L . .
T 1-fgfel®/c? -, 102 " frequencies were estimated to hé,=12 Hz from the fact

(1) that the measured Schottky frequencies were the tenth har-
monic.
where fg; and fg, constitute the measured Schottky fre- Because of the difficulty to bring the ion beam precisely
quency pair, angw=mm;/(me+m;) is the reduced mass. back to its original position for new cooling after the change
L is the orbit length of the ion beam in the ring, and is of the cathode voltage, the Schottky frequencigs were
estimated from measured by an indirect method. Instead of trying to put the
beam back precisely, we moved the beam to some position
L=Lo+ 27T ghit, (2)  close to the original one and recorded the Schottky frequen-
cies as a function of the beam position. An interpolation was
whereL, stands for the length of the nominal closed orbit of then used to derive the Schottky frequency corresponding to
the ion beam, andg is the offset of the beam from this the original beam position, which is needed by Ex), used
closed orbit. In this measurement a beam offset was neceg; the transformation to the c.m. frame. The uncertainty in

sary beca;tsjfe of the small separation betvi/ﬁen the circulatinge Schottky frequencys, caused by this approach was es-
beam(Ar*>") and the recomblnliqr beafAr ). If the de-  imated as follows: An uncertainty of 1.0 mm in the beam
tector had been placed where At could be detected, the ,ition corresponds to an uncertainty of approximately 38

i i 15+
g:;lélat:glgmAsrize Eg%rpe V(\:’gg:ﬁ] gbeTE:ao?jﬁgc?oerc\il/:ssethoefré?grgZ in the Schottky frequency in the interpolation. The total
positioned at a place where it did not block the ion beam ncertainty of the Schottky frequentgy; is thus estimated as

allowing it to be cooled in the nominal closed orbit. OnceAfSZ: V(45) +(.12) Hz~46 HZ.’ where 45 Hz is .the fre-
cooled and shrunk in size, the ion beam was shifted to &Y€N¢Y uncertainty cprrespondmg to. the uncerta'lnty of 1.2
larger orbit byr ., S0 that the recombined ions could be MM N the- beam position determination. The derlv_eo! abgo-
detected. The distancgy,; was 1.5-0.3 cm. It was mea- lute energies an_d the. error caused by the uncertaintiés in
sured by probing the beam position before and after the shifNd fs1, fs; are listed in Table .
of the ion beam. The obtained value was checked by the For the calibration of the whole DR spectra, it was first
estimated space-charge potential difference between the twitansformed to the c.m. frame by a procedure similar to that
positions. The error img, corresponds to an error of about used in our previous DR experimerjtsl], and the calibra-
2 cminL, and was added to the uncertainty, of around 4 cniion points were then aligned to the corresponding energy
[12], caused by using the ring length along its a%i$63 cnm)  values calculated from the Schottky frequency pairs. Another
as the length of the nominal orhit. The total uncertainty of error which has been considered is that the true local maxima
L was thus estimated to heL~6 cm. in the DR spectrum might lie between scan steps. This
The measured Schottky peaks were around 9 MHz, with @auses an error in the energy calibration because the calibra-
width of approximately 300 Hz. We uset= 125 Hz for an  tion points are then not aligned with correct points in the
estimate of the uncertainty in the frequency determinationspectrum. Since the scan was performed only once for each
This might be an overestimate, but it does not affect thepeak, this error was estimated to be half of the energy bin
ultimate accuracy very much due to its small contribution tosize of the scan step. This error is converted into c.m. ener-
the total uncertainty. The uncertainty of the ground Schottkygies and listed together with the other errors in Table I.
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TABLE II. The contributions to the splittings between the?2s,,,, 1s?2p;,,, and 1s*2ps, states in

389

Ar 15+.

21723y, (8VY) 2323y, (BV) 2p3r2py; (8Y)
Dirac-Fock 32.017 35.349 3.332
A 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 correction8 -0.130 -0.122 0.008
Mass polarization -0.008 -0.008 0.000
Total 31.868 35.040 3.171
Present experiment 3.160.02
Experimentb 31.866+0.001 35.03%0.001 3.1710.001

aScreened self-energy and vacuum polarization, Blundell 1993,[ R&}.
bAstrophysical observation by Widing and Purcell 1976, R&7].

In order to determine resonance strengths from the specadiatively to states below the ionization threshold. There are
tra, the counts of the DR spectra were converted to rate cdwo main channels
efficients by the formula
, Ar'S*(1s22s)+ e~ — Art** (1s%2p;n/j’) 4
Ncy

()= NeyeOtN;l/L’

3 A (182250/7) + hy (5)
where theE, is the energy corresponding to chanoeind and
N the number of counts in that channhl,. is the number
of measuring cycles, anét is the time interval per channel.
The Lorentz factor is denoted by, n.(E.) stands for the
electron density at the enerds;, N; is the number of ions wheren’ should be low enough that the recombined ion is
stored, and is the interaction length. The uncertainty of the below the ionization limit. The latter channel is by far the
rate coefficient was estimated to be 30%, determined mainlynost important, being 10-100 times stronger than the first
by the uncertainty irN; . channel for all the calculated doubly excited states. This
dominance of the latter channel was also found in a recent
study by Gorczycat al. [7]. The DR resonances are found
for electron energies

In the calculation we consider electrons recombining with
Ar'** into doubly excited states of A", which then decay e =E(Ar'*"** (1s?22p;n/j’))—E(Ar'>*(1s?2s)).  (7)

—Art*(1s?2p;n’ /" ")+ hv, (6)

Ill. THEORETICAL TREATMENT

TABLE lll. A breakdown of the contributions involving the outer electron to the positions of the
Ar'#* 2p,,,10p; resonances.

2p1;,10p4 (€V) 2p1;,10p3); (€V)

(2p1z2sy) * +

Dirac-Fock description of 1) 0.922 0.933

A Dirac-Fock-Breit for 1; 0.014 0.021

polarization of &2 by 10p; -0.001 -0.001

J=0 J=1 J=1 J=2

2p4,10p; correlation 0.093 -0.036 0.012 0.025
Total 1.028 0.898 0.965 0.977

&The 2p,- 25y, splitting includes correlation and relativistic effects as listed in Table I1.
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Since, in Ar®* | the splitting is 33.87 between thes?Rs,,, 7000
and 1s?2p,, states and 35.04 eV between th&?ds,,, and ]
1s22p4,, states, the first resonances are readily estimated t¢ 6000 ~ o~ - ,a S &N
appear forn=10. As can be seen from Table Il, a careful = 84 S & 8BS
inclusion of correlation as well as of relativistic and radiative % %% ] E
effects is necessary to reproduce these splittings. -
Our calculation is done with a method which combines
relativistic many-body perturbation theory in an all-order
formulation, described for three- and four-electron ions in
Ref. [13], with complex rotation. Complex rotation is em-
ployed in order to deal with autoionizing states, and the cal-
culation directly gives the widths together with the energy 1000 ]
positions. The combination with many-body perturbation ]
theory is, for the nonrelativistic case, described in Ref. 0 = /\ = : ‘
[14'15_ 0.4 0.6 0.8 1.0 1.2 1.4
For the inner electronsn=1 and 2) correlation is in- Energy (eV)
cluded due to the Coulomb as well as Breit interactions. The o o
most important radiative effects, self-energy and vacuum po- FIS—:‘. 2. Contributions from individual DR resonances to the to-
larization, have been calculated for lithiumiike systems witht@! 15°2P1,10/ resonance peak. The calculated strengths of the 38
a high accuracy by BlundellL6], and his results have been resonances were folded with the temperat@s=20 meV and

added to our calculation; the sizes of the different contribuX I~ 0-13 meV and displayed individually by thin dotted lines. The

. . - ner itions of th lcul r nan re indicated in th
tions are shown in Table Il. The outee= 10 electron is first energy positions of the calculated resonances are indicated €

d ibed ing in the Di Fock-Breit potential f figure. Due to the difference ifi, andT), the resonance peaks have
escribed as moving In he Dirac-rock-bréit potential from, o asymmetric shape and the resonance energies are situated above

2 . . . .
the 1s” core, and a spherical symmetric potential accountmqhe maximum of each peak. The dot-dashed line is the sum of the

for the main screening effects from the innep 2lectron.  3g pR resonances and the solid line is the data represented by a fit
The polarization of the closedsi core by the outer electron ¢;pe.

is included, although it is a small contribution when the latter

is in such a highm state liken=10. A breakdown of the this rule. The radiative rate dominates in these cases over the
contributions involving the outer electron is shown for a fewautoionization rate, and the magnitude of the rate coefficients
resonances in Table Ill. Radiative effects scale a8 ahd close to the series limit decreases accordingly. The rates
are thus less important for highstates. Finally the detailed A" are calculated within the dipole approximation, and we
Coulomb interaction between the outer electron and the 2 N2ve only considered one-photon—one-electron transitions.

electron is considered. This contribution is quite different forIQSI:crzlyofaltav?/goéllrenc?g: tvrvfrr:(:iliclysn:f V%ﬂ%;]m;?/ggn;ﬁ :angé?
states coupled to different totdl, as can be seen on the . .2 ~= ) 90 o '_
fourth line of Table IIl. For some of tha=10 and lows’ tainty in the resonance strengths of 10-20 %. This is, how

. i , ever, in the same order of uncertainty with which the rate
configurations, the different total states are separated y

SN , : oefficients can be absolutely determined experimentally.
enough that they can be distinguished in the experimentatgpie |\ shows calculated positions, widths, and resonance

4000 ‘

— Data curve
— " Theoty total
~ Theory individual

3000

Rate Coefficient (10™2cm

2000

spectrum, see Fig. 2. . strengths for a few of the resonances due to the
The integrated cross section, or resonance streBgth (1s?2py,107)), states. The resonance strengths from all

can be written as resonances, 38 from the pg,10/; and 72 from the
2p3,107;, were folded with the electron beam temperatures

A2 E Arad to obtain the theoretical curves as discussed in Sec. IV.

ﬁﬂ'z Jg i—d S d—s
S4=—>3 g— , (8 IV. RESULTS AND DISCUSSION

Aiaﬂddl_ZS A In Table I, the absolute energies of the five calibration

points (maxima of the resonance peaks. are listed. The
where the multiplicity of the intermediate doubly excited errors due to the uncertainties in the length of the beam orbit
state is given bygy and that of the initial target state by (~.CL): the Schottky measurementss;,AEys), and the

i 9 Wad . 9 Y maxima determination XE, ., are listed individually to
gi: hereg;=2, andk=p/# is the electron wave number. g\ their contribution to the total uncertainty. As shown by
A_q is the transition rate into the doubly excited state the taple. an accuracy of 1% has been achieved. The ab-
Here this rate equals the autoionization rate from the doubl%c)'ute energy uncertainty in the present measurement was
excited state in the time-reversed process. The rate is OBnainly caused by the offset of the ion beam from its nominal
tained from the autoionization width @&=T"/4. A??_is  orbit, which resulted in an extra uncertainty in the orbit
the radiative transition rate from stateto a states, below  length and a larger error in tHe, measurement. The uncer-
the ionization threshold. For the doubly excited stategainty in the fs,, despite still being apparently small
(1s?2p10/) with a low / value, up to/=f at least, we (Afs,/fs,~10 ), accounts for the major error in the en-
haveA,> A, and the resonance strength is completely domiergy determination, especially when the energy of the cali-
nated by the radiative rate. This applies then to all resolvediration point is low, because it is the frequency difference
resonances in the experimental data. However, for the highA(fs,—fs;)/(fs,—fs;) that determines the energy accu-
est/ values somd symmetries show a clear deviation from racy. In the higher-energy region, the uncertainty in the beam
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TABLE IV. Comparison between theory and experiment for the positions of a few of the resonances due
to doubly excited states in Af". The calculated autoionization width and strength of the resonances are also
listed. The experimental positions are obtained from a fit of the peaks in the spectrum to flattened Maxwellian
line profiles. The error bars show the goodness of the fit. In Sec. Il it is discussed how the identification of
calculated resonance positions with peak positions obtained from the fit is done.

Resonance positioeV) Width (eV) Strength
(107 cm? eV)
Theory Experiment Theory Theory
2p1210s4), J=0 0.652 0.002 6.4
J=1 0.667 0.666:0.007 0.009 20.7
2p1/210p1/2 J= 0 1028 0014 89
J=1 0.898 0.8740.016 0.002 29.9
2p4,10p3), J=1 0.965 0.007 28.5
J=2 0.977 0.976:0.011 0.001 45.3
2p110d5,, J=1 1.202 0.004 47.7
J=2 1.092 1.086:0.011 0.000 30.5
2p1,10ds), J=2 1.153 0.004 70.1
J=3 1.166 1.176:0.010 0.002 95.7

orbit length becomes more important and may ultimatelyused for consistency checks. As expected, te&2f,,,n/
limit the achievable accuracy. The accuracy could be imand 1s?2p,,n/ DR resonance series start with=10, and
proved if the offset of the beam from the nominal closedare clearly seen with two separated series limits. The
orbit was not necessary. Then all measurements could bes?2p,..n/ and 1s?2p5,n/ pairs, resonances with the same
made with the ion beam in the optimal orbit, obtained byn but belonging to different series, can be identified up to
minimizing the Schottky frequency. Another major uncer-n=18. The resonance peaks belonging to te82ps;n/
tainty comes from the determination of the cathode voltag&eries can be identified even further, upnte 23, with the

of the maxima, which may be improved by making severalelp of calculation$8], while the 1s?2p,,,n/ series are not
fine voltage scans to reduce the statistical error. visible due to the lower DR rates.

The electron energy at a DR resonance corresponding to a
A. High-energy resonances and series limits state &°2p;n/, with highn and " values, can be approxi-

Figure 3 shows the calibrated DR spectrum correspondin{:;nately described by the formula

to the first part of the energy scan, from cooling to voltage zZ2
maximum. Because of the good beam quality after cooling, ee-~E(15%2p))— E(132251/2)—? Ry, 9
this data set is of highest quality, and is chosen to represent
the experimental result. The other three data sets are mainly
where Z is the charge of the ion core; hepe=15, and 1
Ry=13.605 698 eV. These energies can be estimated with an
error of less then 10 meV for the highest values and
n>15, as there exist a spectroscopic measurement from an
astrophysical observation, with an accuracy of 1 meV, for
the 1s?2p;n/" - 1s?2s,,n/ splitting [17]. This uncertainty
of 10 meV is much smaller than our experimental error in
this energy region, which is around 100 meV. As a check of
the uncertainty over the whole energy range, our measured
energies of then=15-23 resonances were compared with
the values predicted by Eq9), and all deviations were
Ol ik found to be within the experimental error bars.
e 5 0520 BN For highn states, the loosely bound electrons may be
Energy (V) stripped off by the motional field of the dipole magnet. Only
FIG. 3. The calibratedAn=0 DR spectrum of AI*. The the.ion-s in the_ states<ncy, wheren is the highesp state
maxima of the left five peaks were aligned to the energies obtaine?ﬂvhICh is not field ionized, can be defteCted' Hetg; is esti-
by the Schottky measurement. The spectrum shows clearly thElated to be 43. However, states it n., have the pos-
2D,/ and 2,0/ resonance series. The two bumps at the high-Sibility to decay to states below,, before entering the di-
energy side are the two separated series limits. T2~ and  Pole magnet, and thus become detectable. This, together with
2ps;n/ pairs which can be well identified are indicated. The firstthe possible influence of the external field in the interaction
two groups of resonances, fronpg,10/ and 23,107, are dis-  region, complicates the analysis of the series limits. We thus
played in more detail in Fig. 4. did not try to make a detailed analysis of them.

~ @
T 3
L

(=2}
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2p,,10/
2p,, 10/
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FIG. 4. A detailed DR spectrum of the low energy region which 4000
contains the $22p,,107 and 1s?2p;,10/ peaks. The resolution is

in the order of 102 eV FWHM. The fine structure is partly re- 2000
solved. In(a) the solid lines are obtained from a fit of the data to » >
flattened Maxwellian line profiles. The obtained energy positions 0 ' ' '

for the resonances belonging te’2p,,,107 are listed in Table IV.

(b) Comparison between the measurement and calculation for th 6000
1s22p,,107 and 1s?2p,,107° peaks. The experimental curves @)
were generated by a convolution of the fit resonances with the terr 4000
peratures obtained by the fits. The theoretical curves include all DF
resonances involved, 38 and 72, respectively, and are folded wit 2000

the temperaturekT, =20 meV andkT;=0.13 meV. The curves BN NSO
were scaled by a factor of 1.2 to match the height of the data curve: Y : :
0.4 06 08 1.0 1.2 1.4
The energy differences between the?2p,,n/ and Energy (eV)

1s22pgon/ pairs can be derived from the data up to

n=18. They should in principle converge to the FIG. 5. Comparis_on of the theory to all four dgtg sets obtained
1822p1/2— 1822p3/2 fine-structure splitting as— . How- in the present experiment. The four spectra exhibit the same f_ea-
ever, the values derived from these pairs fluctuate and shofijéS €xcept around 0.9 eV, where the data show some scattering.
no visible tendency. Deriving the energy splitting by ex-

trapolation from them was thus not a reliable method. In-tions of the resonances, fits of the resonance peaks to flat-
stead we used the fact that the most prominent resonances fi@hed Maxwellian line profiles were performed. We chose to
each ¥?2py,n/ and 1s?2pg,n/ pair are due to the states assign only one resonance line to each of the resolved or
with high /. In these states the interactions between theartially resolved features of the peaks, since it was not re-
outer n/ electron and the inner core ofs¥2p,, and alistic to obtain energy positions for all overlapping reso-
1s°2pg, differ only to a minor extent. Our theoretical esti- nances. The fit curves are also displayed in the figure to
mate indicates that this difference is already fier 10 and  show the quality of the fits. The energy positions of the reso-
/=9, within a few meV and is expected to be smaller foryances obtained by the fit to th@ 2,107 peaks are listed in
highern/. The energy differences between the resonancgaple |v. The error bars are the standard deviations of the

pairs are thus a good approximation, within 20 meV, for the,5jyes from fits to the same resonance peaks in the four data
splitting between $°2p,,, and 1s°2p5,. The result obtained sets, see Fig. 5.

by_ a we|ght(_ed average of_the values derived frpm the Electron-beam temperatures were checked as free param-
Ca_l Jg;é?aiﬂzgsb';t;}”:';gﬁgpﬁy;gg:eoélé;:vgggfs UL eters in the fit to the lowest-energy resonances,

' 1s%2p,,107, which yielded a longitudinal temperature of
kT;=0.13 meV and a transverse temperaturekdf =30
meV. While the value of the longitudinal temperature was

The parts of the spectrum containing th&#2p,,,10~ and  reasonable, the transverse temperature was higher than ex-
1s22p4,107 pair are displayed in Fig.(d). The resonances pected(around 10 meY. It was also higher than what was
with different /; are partially resolved. The energy resolu- obtained in our earlier DR experimefit1], with the same
tion achieved was in the order of 10 eV full width at half  cooler setting. This was probably caused by unresolved reso-
maximum (FWHM). In order to determine the energy posi- nances. The accumulation of resonances, with slightly differ-

B. Low-energy resonances
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ent energies, might have broadened the shape of the peakss®ak at 0.87 eV. Th@=0 state of the same configuration is
that the temperature obtained by the fit appeared higher thérigher in energy, and much weaker, and does not give rise to
it actually was. Since the shape of the resonances is deteany pronounced structure. For thesf2p;,,10p3),) configu-
mined mainly by the transverse temperature in the lowration theJ=1 and 2 states are too closely situated to be
energy region, only this temperature was affected. Withdistinguishable, but the experimental peak maximum prob-
knowledge of the temperatures obtained in other experimentsbly corresponds to the position of the stronger2 state,
with the same cooler setting,T, =20 meV is a reasonable although the unresolved=1 resonance shifts the total peak
estimate. This is supported by the good agreement betwesstightly to the left. There are two shoulders on the left side of
the data and the theoretical curve folded with, =20 meV, the large peak, and there are only three candidates which

displayed in Fig. &), and discussed below. have energy positions such that they can be responsible for
these features. The §12p;,,10d5,,);_, State is actually the
C. Comparison with the calculation only candidate for the first shoulder. The second shoulder

A comparison of the data with the calculation is shown in%ye '~ the positions of both the=2 and 3 states of the
P 1s%2p,,10d5,, configuration. In the theoretical curve the

Fig. 4(b). In the figure, the data are represented by the fit ; . .
curves. To obtain the theoretical curves, all 38 resonances %houlder is more structured and the peak of this structure is

the case of ($22p1/210/j)3 and 72 in the case of due to the strongel=3 state. It is likely that this resonance

(1322p3,210/j)J were calculated, as discussed in Sec. ”Ldomlnates the shoulder in the experimental spectrum at

and the theoretical strengths were folded with the electron—1'170to'010; see also Table IV. All states belonging to

besm lemperaurdeT, 20 meV andkT|- 013 mev. The 19" Confauratons naye encroy postions aboue 1200
experimental rate coefficients are higher than the theoreticdl .k ; 3;] . | d, 9 9
values and the theoretical curves were scaled by a factor gieaxn the experimental data.

1.2 to match the data curves. The discrepancy in the rate

coefficient is within the experimental uncertainty of 30%. V. CONCLUSION

The agreement between theory and experiment is in general pr resonances withn=0 in Li-like argon have been
very good, as shown in the figure. A detailed comparisonmeasured with high accuracy. The absolute energies of the
shows that the theoretical peak at 0.9 eV might be slightlypRr resonances were determined with a precision 886 by
shifted to higher energies compared to the experimental resgneasuring revolution frequencies of the ions and their orbit
nance. Although the theoretical position is outside the exin the ring. Further improvements to increase the accuracy
perimental error baresee Table IV, it is clear from the four  gre possible. Ultimately it will probably be limited by the
subsequent scans presented in Fig. 5 that the experiment@certainty in the length of the beam orbit, which would give
determination of this peak is somewhat uncertain. Anotheg |imit of approximately 0.1%.
place where the agreement is not perfect is the low-energy The splitting between thest2p,,, and 1s?2p5, states in
side of the large peak, around 1.15 eV, where the calculatioRp, 15+ \y45 derived with an uncertainty of approximately 20
indicates some structure which might not be resolved in thenev/, This result agrees with that obtained in a more accurate
experiment. In addition there is a shoulder at the '°W'energ)éstrophysical observation
side of the largest (§2p;,10/) peak around 1.04 eV,  calculations of the positions and widths of doubly excited
which is more pronounced in the experimental than in thesiates of AR as well as of the DR rate coefficients. were
theoretical curve and there is a similar situation for the 'arg‘performed with a method based on relativistic many-body
2 ,/ . . )
est (1s°2p;,107) peak. The four subsequent scans in Fig. Spertyrbation theory. The agreement between theory and ex-
show, however, that the exact sizes of these shoulders afriment is very good, and it is clear that the relativistic
somewhat uncertain. Finally, the theoretical series limit argreatment and the inclusion of high-order correlation as well

slightly higher in energy than the experimental ones, but thig,s radiative effects are crucial for the agreement.
difference is clearly within the uncertainty in the absolute

energy determination.
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