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Determination of the 2s-2p excitation energy of lithiumlike scandium using dielectronic
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High-resolution spectroscopy of doubly excited states produced by dielectronic recombifi2fiprof
lithiumlike Sc'8* ions was performed by employing the electron-ion merged-beam technique at the heavy-ion
storage ring TSR. The experimental procedure for measuring DR resonances with high precision is thoroughly
described with an emphasis on the uncertainties of the experimental energy scale. Absolute measurements of
recombination rate coefficients were carried out over the center-of-mass energy range 0—50 eV that comprises
all DR resonances associated with ,2— 2py, 3/, €xcitations. At relative energies below 300 meV resonances
due to DR via St (1s? 2pg), 10l;)) intermediate states were found. Their positions could be measured with an
uncertainty of only £1.8 meV. The results are compared with theoretical calculations within the framework of
relativistic many-body perturbation theory. By combining the precision of the experimental and theoretical
results we derive a value for thes;2,— 2pg;, excitation energy, 44.31079) eV, which is by more than an
order of magnitude more accurate than the hitherto most precise value obtained from optical spectroscopy.
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[. INTRODUCTION where many-body, relativistic, and QEBuantum electrody-
. N . . namica) effects have to be included in a theoretical descrip-
Electron-ion recombination experiments employing the,

. . . .~ “tion [4—8] that tries to match the available experimental pre-
m.erged—beam technique at h_eavy—lon storage rings equibpetlin,  The relative importance of relativistic and QED
with electron coolers are particularly sensitive to dielectronic

bination(DR i 4 widths in th effects increases with increasing nuclear chage order to
recomoina |on(. ) resonance energies and widihs In €. oiate-of-the-art electron-ion recombination and atomic
region of matching electron and ion velocities, i.e., near zer

. ) Rtructure theory, it is therefore of interest to study a high-
reI?tlvtg lefnerg_y[rl],ZJ. Tlh?_se expe?ments, thfe;efotgle, beg: 3lithium|ike system that exhibits DR resonances at very low
potential for nigh-resolution Spectroscopy of doubly exCite energies, where the experimental resolution is the highest. So

- . tf%\r, the lowest-lying DR resonance that has been individually
DR resonances at very low energies. In this type of SPeClOSLsolved was found in lithiumlike & at about 10 me\[3].
copy the binding energy of a Rydberg electron serves as a A simple calculation of DR resonance energswith
high-accuracy probe for inner-electron excitation energiest

: : the Bohr formula

Here we explore the experimental and theoretical prerequi-

sites of such a technique, aiming at a precision determination 2

of excitation energies in highly charged few-electron systems En=Egp- R(‘) 1)

with accuracies of the order of 1 meV over a wide range of n

ion charges as an alternative to optical spectroscopy. In pafor Rydberg binding energies predicts the existence of low-

ticular, we consider the determination of the2p excitation  energy St'* (12 2p,, 10)) resonances. With thesg,

energy in lithiumlike iqns. A favorable case with very low- — 2Dy, excitation energyEZ,=44.31 eV[9], the Rydberg

lying DR resonances is the systeml‘?;c . constantR =13.606 eV, the initial ion chargg=18, and the

DR of lithiumlike ions is especially attractive since the Rydberg quantum numben=10, Eq. (1) vyields Ej,

atomic structure on one hand is relatively simple so that the. o3 gy

doubly excited berylliumlike DR resonance states can stillbe g55ed on this expectation, the goal of the present study, in

identified. On the other hand, they present an interesting casggition to the measurement of DR rate coefficients fdé'Sc
ions, is  high-resolution  spectroscopy of the
Sc'7*(1s? 2p3;, 101)) DR resonances and comparison of the

*Present address: Department of Physics,University of Floridagxperimental results with calculations in the framework of

Tallahassee, FL, USA. relativistic many-body perturbation theo(RMBPT) in all-
"Permanent address: Department of Physics and Astronomy, Unirder formulation and taking into account radiative QED cor-
versity of Manitoba, Winnipeg, MB, Canada R3T 2N2. rections to the lowest order. The treatment of radiative ef-
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&/ A Collector
‘; \ FIG. 1. Schematic picture of
cathode the electron cooler in the Heidel-
berg storage ring TSR. The mag-
netic field that guides the electron
beam is generated by five solenoid
(markedl1,2,...,5 and two tor-
oid (marked A,B magnets. Addi-
tional dipole coils on top of the
solenoid magnets allow for an ex-
act positioning of the electron
beam.

correction dipoles

fects, such as self-energy and vacuum polarization, in &éies up to almost 8@A at an energy of 3.9 MeV/u were
many-electron environment is a field that is still in a devel-obtained. The ion beam was cooled by the interaction with a
opment phase. From this point of view the presémegion,  velocity-matched cold beam of magnetically confined elec-
where both many-body and QED effects are important, is ofrons in the cooling device. In order to satisfy the velocity-
special interest. RMBPT calculations have already successnatching condition an electron beam laboratory energy of
fully described the low-energy resonances found in DR oftyfjl| the velocity matching condition an electron beam labo-

the light lithiumlike ions C? [4] and F°* [5] as well as inthe  ratory energy of 2.152 keV was required. In the following
heavy copperlike ion P8* [10] and have also been used to this energy is referred to as the “cooling enerdg.

. h >2 The electrons in the cooling devigelectron cooler, Fig.
higher energies where the experimental resolution is Iowei) were emitted from a thermal cathode at temperaflye
and where correlation effects are thus less critical for the

. = 1200 K and then accelerated to the desired energy. As a
comparison. : .

: . . result of the acceleration the longitudinal electron energy

The present work is particularly devoted to a systematlcs read. i.e. the enerav spread in beam direction. was larael

assessment of the potential of storage-ring recombination exP T gy sp ' gely

periments as an alternative spectroscopic approach in co ?duced. tl)n prder to prevenrt] the ellectrqn Ibf(_ealzjn.from being
petition with optical techniques. In the course of investigat-2' " UP Dy its own space-charge electrical field it was mag-

ing and further developing this potential we use pRNetically guided on its entire path through the electron
resonance spectroscopy to find a new value for thg, 2 cooler. The transverse electron energy spread was reduced by
. 2ps,, excitation energy in the lithiumlike $% ion. This is adiabatically passing the iorj$2—14 from an initial region

done by combining the high-accuracy measurement of res@f high magnetic field.~1 T to a region of lower magnetic

nance positions with a calculation of the binding energy of'€!d B=Bc/{. In the present experiment the factorwas
aried from 9.6 up to 25. The magnetic guiding fi@dvas

the captured electron. The fact that the outer electron is in ‘é .
high-n state allows for a calculation of its binding energy ept constant throughout the remaining part of the electron

relative to the excited target that is precise enough not t§©°l€r, including the toroidal merging and demerging sec-
influence the overall accuracy in the,2—2ps;, energy de- tions, as well as the straight section where electron and ion
termination at the present level of experimental accuracy. 2€ams _%verlap. _The electron density wag=1.21

The paper is organized as follows. A discussion of the’X 10" cm™ at cooling energy and varied proportionally to
experimental procedure focusing especially on the accuracie €lectron energy.
of the experimental energy scale is presented in Sec. II. The SPecial care was taken to center the two beams correctly
theoretical RMBPT treatment is detailed in Sec. Ill. The ex-With respect to each other over the entire interaction length

perimental and theoretical results are presented and di€Y Steering the electron beam with the aid of dipole field
cussed in Sec. IV. Summarizing conclusions are given ir{;ons mounted inside each of the electron cooler’s solenoids.

Sec. V. Due to its much larger rigidity the ion beam is nearly unaf-
fected by the steering. With both beams well centered, elec-
tric fields in the frame of the ions originating from the space-

N charge and motionaly X B) fields are estimated to be less
The beam of**Sc*® ions was supplied by the tandem- than 10 V/cm[15].
booster facility of the Max-Planck-Institut fir Kernphysik in  In the first dipole bending magnet downstream from the
Heidelberg, Germany. The ions were accelerated to an erelectron cooler the recombined ‘3t ions were separated
ergy of 176.4 MeV and passed through a stripper foil to obfrom the parent S€* beam and detected with a single-
tain the required ion charge state 18. Subsequently, they particle scintillation countegwith nearly 100% detection ef-
were injected into the storage ring. The ion current in theficiency) [16]. Normalization on both the electron density
storage ring was enhanced by using multiturn injection anénd the numbeN; of ions in the storage ring yields the rate
ecool stacking11]. With this technique beams with intensi- coefficient on an absolute scale:

Il. EXPERIMENT
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R C Measurement periods are interleaved with electron cooling
a:mf%z- 2 intervals, characterized by the electron enerfgy The

ne electron-ion interaction forces the ions to an enekigy
where R is the background-correctgd 7] counting rate of =(m/my)E.. If the ensuing measurement period is suffi-
the recombined S€* ions, 7=1.013.53 is the detector effi- ciently short,E; does not change significanthe validity of
ciency,C=55.4 m is the circumference of the storage ring,this assumption is discussed bejoun fact we can rewrite
L=1.5 m is the length of the interaction zone, and the factoiEq. (5) asE,q~ (VE.+ AE-VE,)? and forAE<E, we arrive
yiz originates from the relativistic transformation between thegt
laboratory frame and the rest frame of the ions. The system-
atic error for the measured absolute rate coefficient is +15% (AE)?
[18]. It stems from uncertainties of the detector efficiency,

4E,
the ion and electron current measurement, and the beam. ) .
overlap. It is much simpler to measure the voltage jup=AE/e

of the electron cooler between cooling and measuring peri-
ods than to determine ion and electron energies separately.
A. Accuracy of the energy scale SinceE, enters Eq(6) as a factor, any uncertainty &, has
a vanishing influence on the uncertainty of the relative en-
ergy scalgand, correspondingly, a small influenceBy) as
long asE, is small. E; can be stabilized to % 10* and
hence[according to Eq(6)] E, has similar relative accu-
racy. It should be noted that this kind of self-calibration of

nearly unchanged during these periods due to the large ine?’t|e system stems from the principle of (_alectron coolmg_ and

tia of the ions. This enables us to measure recombination ratg & tremendou§ adYaF‘tage_ of storage ring work aver single-
coefficients at well-defined values &f,,. In order to deter- pass schemes,. variations in the ion energy caused by the
mine E,e, which is defined in the electron-ion c:enter—of—massacce'eraltor during a measurement cancel completely.

(c.m) frame, a relativistic transformation of the laboratory In the following we W'l.l discuss the influence of sgvgral
frame is performed according to effects on the determination &, and AE. The emphasis is

on the lowest-energy resonance observed in the experiment
=M1 +m[\1+2u(1+w)%G-1)~1] (3) atabout70 mev.

(6)

Erei =

The accurate determination of the electron-ion collision
energyE, is crucial for comparisons between experiment
and theory. Experimentall,¢ # 0 is achieved by periodi-
cally shifting the electron energy, away from the cooling
energy, which defines the ion enerBy In turn, E; remains

with the (electron-ion mass ratiou=m./m; and with 1. Space-charge of the electron beam
G = %ye— COSON(2 - 1)(7/5 -1), (4) Experimentally, one measures the negative potential of

) the cathode where the electrons are created. The merged-
where % =1+E/mc? and ye=1+E./mec? 6 is the labora-  peam section is contained in a grounded beam pipe. The ion
tory angle between the electron and the ion beam, Bnd peam is much smaller in diameter than the electron beam and
(Ee) andm; (me) are the kinetic energy and the rest mass ofis traveling along the axis of the latter. As the surrounding
the ions(electrong, respectively. While this form is used in glectrons produce a space charge, the ions interact with elec-
the actual data reduction, the nonrelativistic eXpreSSion trons of diminished energy, and a Space_charge correction

2 has to be applied to obtaiB, from the measured cathode
”_kEi) (5) potential. In the present experiment the potential difference
i between the grounded beam pipe and the axis of the electron

is much more intuitive and sufficiently accurate for a generafP®aMm is 233 V at cooling energy, about 10% of the cathode
discussion of errors in the energy calibration. potential. Furthermore, as the electron density varies with the

The knowledge of the masses andm, of ions and elec- cathode voltage, the space-charge correction also is a weak

trons, respectively, poses no problem, and the determinatichiynction of AE. The correc_tion is readily calculable frpm the
of the collision energy boils down to controllir, E;, and n_weasurgd qathod_e pot_entlal and electron current using a den-
9 in the laboratory frame. Before discussing the systematiS!ty Profile in an iterative procedure described by Kilgas

uncertainties connected with these quantities, some remari@s [171- Again, the origin of the c.m. energy scale is unaf-
about the peculiarities of the merged-beam method witHected by uncertainties in the space-charge correction, but a

electron-cooled ions are in order to illustrate the precisiorstrétching of the energy scale will occur at the level of the

and robustness of dielectronic recombination measurementdncertainty of the space-charge correction compared to the
particularly at IOWE,, cooling energy. We estimate a 5% accuracy of the correction,

At a first glance, Eq(5) implies that working at small which leads to an uncertainty 051072 of the relative en-

relative energies involves an unappealing procedure, the suff9Y Scale in the present case. This uncertainty is further
traction of two very similar, large numbers. However, under€duced later by a recalibration procedure.

the present experimental conditions the determinatioB,gf
can be reduced to the precise knowledge of the difference
AE=E.—-E; which results from an additional acceleratian In principle the space-charge potential can be lowered by
deceleration of the electrons beyond the cooling energy.the presence of slow positive ions in the electron beam pro-

Ee(0=0) = <\’Ee -

2. Space-charge compensation by slow ions
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duced by ionization of residual gas components. In order to TABLE I. Breakdown of the uncertainties in the corrected ex-
extract these ions from the electron beam “clearing” elecperimental energy scale in the electron-ion c.m frameEgat
trodes are mounted at the entrance and the exit of the merg-70 meV. The contributions are added quadratically at the end. The
ing section. They are kept on a negative potential of aboustraight sum of all uncertainties is 2.66 meV.

1 keV. However, one has to be aware of the fact that this

extraction is not instantaneous because of the limited ion Angp") (meV)
drift velocity. Consequently, one has to expect small devia-= )
tions of the potential on the electron beam axis from the on&€am alignmen(0.2 mrad 0.10
expected for a homogeneous electron density distributiorfRemaining uncertainty from drag force 17
However, the remaining uncertainties in the space-charge pd&nergy calibration 0.03
tential determinatiorj17] are negligible in the present con- Fitted resonance position 0.30
text. Uncertainty at zero c.m. energy 0.28
3. Influence of the toroidal cooler sections Transverse temperatue0.5 me\) 0.25
In the toroidal sections of the electron cooler the angleTOtaI 18

between the electron beam and the ion beam increases with

the distance from the straight overlap section. Therefore, the L , .
measured rate coefficient at a fixed relative energy contain§€ctron velocity is changed to achieve a desigxd The

contributions of higher relative energig&q. (3)]. In the ex- Coulomb interaction between the electrons and ions now ex-
perimental setup at the TSR the electron and the ion beaffts & drag or friction force on the ions trying to pull them to

paths through the electron cooler are well known as is théhe current electro_n velocity. This force varies_with time
spatial distribution of the magnetic fields. This facilitates anSINc€ 0N one hand it depends on {eeternally manipulated

accurate calculation of the toroidal sections’ contributions td€ative velocity(ve) between electrons and ions and on the
the measured rate coefficient. The subtraction of these cofther hand it influence@p. The instantaneous ion velocity
tributions results in a corrected rate coefficigd8] with ~ vi(t) at any time of the experiment can be calculated by
slightly modified DR resonance line shapes. The accompaiumerical integration of the differential equation

nying shift in the resonance energies is much less than the

uncertainty in the determination of the resonance positions. dv;  Feool

The corresponding contribution to the uncertainty of the rela- m = mc (7)

tive energy scale is therefore negligible. '

4. Angle between electron and ion beam The cooling force to be inserted into E@) is known from

When setting up the ion and electron beams one aims aheasurements carried out at the TER] and depends on
minimizing the angled between the two beams. To this end the relative ion-electron velocity. Since the detuning of the
the fact is exploited that the cooling forces exerted by theelectron energy away from the val& at cooling lasts only
electron beam on the ion beam are most efficient when both few millisecondgsee belowafter which the conditions are
beams are properly centered coaxially on top of each otherestored, the much more inert ions are not dragged very far
Moreover, due to the space-charge effects discussed abofrem E.. As a result from solving Eq(7) we find that the
the electron velocity is smallest in the center of the electrortooling force produces a shift of the relative energy scale of
beam. Therefore, an ion beam of a diameter of a few milli-at most 3.5 meV under the conditions of the present experi-
meters centered in the electron beam with a diameter of ment. The energy-dependent shift is applied as a correction
few centimeters is dragged to a somewhat lower velocity aso the relative energy scale. It is estimated to be accurate
compared to an ion beam that traverses the electron beam aoffithin 50% (Table ).

center.

Changes in the ion velocity can be sensitively monitored 6. Slew rates of power supplies
by measuring the distribution of the ion revolution frequen- _ o o
cies via an analysis of the Schottky noigg generated by This rather technical issue turns out to be the most limit-

the ion beam. The center of the frequency distribution acing systematic in the present experiment. For measuring the
quires a minimal value when both beams are centered. At theécombination rate coefficient as a function of relative en-
same time the ion beam diameter should become smalle/gy, the electr_on enerdy, is scanned over a range of preset
too. At the TSR the ion beam diameter is measured online byalues by varying the electron cooler’s cathode voltage on a
beam profi]e monitors based on residual gas ionizg{ﬂ_@]]_ millisecond time scale. In detail, the following energy scan
With these diagnostic tools at hand a beam alignment ofcheme was applied in our measurements. In between two
6=0+0.2 mrad is routinely achieved. The 0.2 mrad uncermeasurement steps of 5 ms duration at different nonzero
tainty in the angle translates via Eq®) and (4) into an  relative energies, the relative energy is first set to zero for a

uncertainty of the relative energy scale of 0.1 m@uble ). 30 ms cooling period in order to maintain the ion beam qual-
ity. Then the recombination rate is monitored for 5 ms at a

5. Drag force effects “reference” energy that is chosen such that the measured
Nonlinear distortions of the energy scale are introducedreference” rate coefficient can essentially be interpreted as a
by drag effects[20]. During the measurement period the background due to charge transfer in collisions of the ions
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& S T 25 i
E H N =12 13 14 15 2p,_ series
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_ § _ g % 20 O R | .
: — g 15} O IR R .
Time Time & nd11 12 13 14 2p,, series
FIG. 2. Schematic picture of the two different data taking modes § or
that were used in the present experiment; the right panel show5§
mode 1 “Cool-Ref-Meas,” indicating the sequence and the duration 95
of scan energies: cooling ener@30 m9, reference energ{s ms9,
and measurement enerd$ mg. The left panel shows mode 2 0.0

10 20 30 40 50

“Cool-Meas-Ref.” After each voltage jump a time period of 1.5 ms Energy (eV)

(gray shaded arepsvas allowed for the power supplies to settle in
on the new condition before data taking was started. While the F|G. 3. Absolute St* photorecombination rate coefficients
voltages in the “Cool” and “Ref” phases of a measurement are fixegneasured as a function of relative energy. The vertical bars indicate

the voltage in the “Meas” phase is ramped up or down during &he calculatedEq. (1)] 2p;n DR resonance positions.
cycle that typically comprises a thousand “Meas” voltages.

mental energy scale has to be calibrated with the aid of spec-
tral features.

In practice the energy-dependent data were first corrected
space-charge effectSecs. Il A1 and Il A 2, toroid con-

. tributions (Sec. 1l A 3, and the influence of drag forces on
The fast variation of the cooler cathode voltage makes th e ion beam velocitySec. Il A 5. Then the experimental

slew rate of the power supplies an issue. The actual cathoGg,ergy scale was calibrated with the following procedure. In
voltage is provided by two power supplies, one slow devic&yger to fix E,=0 in the c.m. frame the maximum of the
providing the voltage at cooling and a second, fast, bipolagontinuous radiative recombinatigRR) is used as calibra-
high-voltage amplifier taking care of the fast jumps. Time-tion point. A measurement symmetric to the RR peak pro-
resolved measurements of the voltages have revealed thgies identical spectral features foE,s<0" (i.e., the elec-
while the fast supply carries out a voltage jump as orderedyon velocity is less than the ion velocjtgnd ‘E ;> 0” (i.e.,

the slow supply “sags” by an amount roughly proportional tothe electron velocity is greater than the ion velogitJhe
the size and the direction of the jump. The recovery time isvalue for the cooling energl. is chosen such that identical
well beyond the 1.5 ms settling time allowed in the experi-peak structures appear at the same absolute values of energy.
ment. Waiting, however, at the measuring energy for a mucfhe resulting cooling energg. is accurate to 2.5 107>,
longer time is prohibited by the friction force which imme- translating to an uncertainty of 0.28 meV Bf,=70 meV
diately starts pulling the ion beam velocity toward the elec-(Table ). Two further calibration points are provided by the
tron velocity. The incomplete recovery of the power supplyS¢® 2s;,— 2py, and Z,,— 2pg, excitation energies. In
effectively diminishes the size of the voltage jump by a con-our experimental recombination spectrgfig. 3) these two
stant factor. The mismatch either increases or decreases wigiCitation energies correspond to the series limits 525
increasing relative energy depending on whether the mod&®€ —15? 2py 2 320l DR capture series. The series limits
“Cool-Meas-Ref" or the mode “Cool-Ref-MeagFig. 2, re- cannot be dlrectly obser_ve_o!, as they correspond_to capture of
spectively, has been chosen for setting up the voltage ramff€ fré€ electron into a fictitious Rydberg state with principal
This effect also leads in good approximation to a Iinearsgggugsneﬂyat;ﬁ)"nﬁoio‘C';ﬁlgb'gg;?'m‘;nggetTg?nﬁive_re'
stretching of the c.m. energy scale. This is consistent with th L cu '

above m%ntioned behaviogryof the power supplies. While th %ver, individually resolved members of the twp;gnl and

. . ) - 2p30onl series of Rydberg resonances can be used instead.
origin of this problem is understood, the amount of saggingdsaussians were fitted to the= 11 Rydberg resonances to
(up to several percent df,) depends on the exact cooler

. ) - determine their resonance positions. Due to the linear
settings and a robust correction dqes not appear feaSIbI‘§tretching of the experimental energy sc@ec. Il A 6), the
Instead, we use an experimental calibration of the spectru

Mitted resonance positions have to be corrected with a factor
that is determined as follows. For sufficiently high principal
quantum numbers the resonance positions of the Rydberg
resonances are well described by Et). and spacings be-

Most of the above discussed effects can be corrected fdWeen consecutive resonances are easy to calculate:

with the remaining errors being small apart from the effect of 1 1

the finite slew rate of the cathode voltage power supply. In a(E,—Eng) = 22R< 12 —2>- (8)

the future a fast feedback system will be implemented at the (n+17 n

TSR electron cooler for regulating the cathode voltage to the\ least squares fitting method determines the scaling factor

desired value withinr~1 ms. For the time being the experi- a, which makes the measured spacings coincide with the

with residual gas moleculesee, e.g.[15] for detailg. As
shown in Fig. 2 the order of measurement and referenc?Or
steps may be interchanged.

B. Calibration of the experimental energy scale
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e T Together with the natural linewidth the total measured
i [ squared sum of errors ] full width at half maximum of a resonance amountq2p

AE = \(kgT In2)? + 16k T|E,qIN2 + T2, (10

Evidently, the experimental energy spread is lowest at low

%: relative energies and amounts tkgT In2 for Eg
E 0 pr { =kg(In2)T?/(16T), i.e., AE=5 meV atE,=<13.5 meV
w® for the above temperatures of Fhe present experiment._Reso-
< I — ] nance energies can be determined within a small fraction of
0.01 | 4 the energy spread when the shape of the resonance is known
F e ] and the measurement has good statistics. In order to exploit
] this potential the low-energy range of the'Screcombina-
N N R tion rate coefficient was particularly scrutinized. It should be
1E-3 0.01 0.1 1 noted that resonances at energigs> kB(In2)Ti/(16 T)
B (8V) where the second term in the square root of @) domi-

nates the experimental energy spread are not sensitive to the
transverse temperature. A reliable determinatiof pffrom
the shape of a DR resonance is only possible with resonances

_ appearing at low energies. An accurate knowledgé oand
corresponding calculated ones. The measured Rydberg resp-is essential for precision spectroscopy, especially since the

nance energies are corre.cte.d with this factor and extrapolategf|ence of T, leads to an asymmetric apparent line profile
to n—o using the 10 binding energy dependence of EQ. ith its maximum occurring at an energy which is lower than
(1). The resulting core excitation energie;,  the nominal resonance energy. An uncertainty in the trans-
=38.03219)eV andEg;=44.31118) eV are in good agree- yerse temperatur®, of +0.5 meV leads to a possible error
ment with the literature values of 38.02 and 44.31 eV agf +0.25 meV atE,q=70 meV. Table | lists all uncertainties
determined by emission spectroscopy with an accuracy ofontributing to the determination of the resonance energy

+35 meV[9]. _ _associated with the peak feature found near 70 meV.
The error from the extrapolation amounts to approxi-

mately 20 meV atE,, =41 eV, corresponding to a relative
calibration error of 5104 and an absolute error of
0.03 meV atE,;=70 meV (Table l). Below then=11 reso- The first step of dielectronic recombination is taken when
nance at 3 eV the validity of the linear-stretch correctionthe incoming electron excites the target ion and thereby loses
cannot be experimentally verified. However, there is no reaenough energy to become bound. The excitation df'Sc
son to expect a different behavior of the power supply in thisrom the ground state to the first excited states requires
region. Figure 4 summarizes the energy dependences of tleeound 40 eV, which nearly coincides with the binding en-
uncertainties associated with the calibrated energy scale @frgy of ann=10 electron. We thus expect the lowest-energy

FIG. 4. Uncertaintie\E, of the calibrated energy scale as a
function of E.

IIl. THEORETICAL TREATMENT

the present measurement. recombination resonances to be due to doubly excited states
of the form 2;10;..
C. Experimental energy resolution To describe the DR process we need to calculate the en-

) ) _ ergies of the doubly excited states relative to the energy of
With regard to spectroscopic resolving power the energyhe ground state of the target ion and the cross section for
spread of the electron beam in the longitudinal and transvelecombination as a function of energy. We use relativistic
sal degrees of freedom is a matter of particular interest. Iftnany-body perturbation theory in an all-order formulation
the frame of the ions the velocity distribution of the electronscarried out with complete numerical basis sets, obtained by
can be described by an asymmetric “flattened” Maxwell-gjscretization of the one-particle Hamiltonian on a radial grid
Boltzmann distribution characterized by a |0ngitudinal tem'in a Cavity_ There is one basis set for each angu|ar Symmetry

peratureT; and a transverse temperatdre: l;. Details of the procedure as well as a demonstration of the
3 obteinable accuracy can be found i.n RE21). The one-
F(G,0pe)) = me particle Ham|lton|an employed here includes the main part
el (2mkg)¥2T LT””2 of the spherical symmetric potential from the other electrons
5 ) (see belowy, while the remaining electron-electron interac-
< exq — VeVl _ Me(v) ~ Vre) ) (9)  tions are accounted for through the perturbation expansion.
2ksT | 2kg T, The energy contributions in second order and beyond include

in principle an infinite sum over partial waves, which, how-
wherev = 2E,/ M, is the average longitudinal velocity be- ever, is truncated in the calculations as described below.
tween the electron and ion ensembles Bgds Boltzmann’s Our first step is to calculate the excitation energy in the
constant. In the present experiment the temperatures correi-like Sc'®* ion and, in a second step, we calculate the dou-
spond to thermal energiekgT;=0.185) meV and kgT bly excited states of the Be-like 8¢ ion. The doubly ex-
=7.25) meV (see Sec. IV. cited states are generally very fragile and decay predomi-
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TABLE II. The contributions to th€2p,,,-2s,/,) and(2ps»-2s,/,) energy splitting in SE* in eV.

2p1/2281)2 2p3/2- 2512
Dirac-Fock 38.182 05 44,731 29
A Dirac-Fock-Breit 0.257 05 -0.039 18
Retardation beyond Bréit -0.000 81 -0.003 90
Mass polarizatioh -0.009 76 -0.009 55
All-order correlation(Coulomb+ Breif® —0.171 6435) —-0.153 4433
Total RMBPT 38.256 &) 44,525 23)
Radiative correctiorfs -0.230 7100 -0.216 3100
Total 38.026 1100) 44.308 9100
Experiment(Optical Spectroscop§ 38.024) 44.31235)
Present experiment 44.3101B)

@A Fermi distribution for the nuclear charge is used.
by -K. Kim et al. [24]. For a comparison of different calculations see text.
°S. Suckeweet al. [9].

nantly by autoionization. The resonance strength, i.e., thauclear mean square radius which is estimated by the empiri-
integrated cross section, is inversely proportional to its posical expression provided in RdR23].

tion relative to the threshold and proportional to the capture The next step is to consider radiative corrections. For
rate into the doubly excited state multiplied with the prob-H-like systems a detailed tabulation has been compiled by
ability by which the state decays radiatively to a bound stateJohnson and Soff23]. Tabulations have also been presented

These quantities are calculated in a third step. In the followfor Li-like systems by Kimet al. [24] and by Blundell[25].
ing we describe the calculation in more detail. The extensive tabulation by Kiret al. has been obtained

with the so-called Welton approximation where the hydro-
genlike results are scaled with the electron density inside the
A. The lithiumlike ion nucleus to account for screening effects. More recently, first
The binding energies of the &¢ (12 2l;) states calcu- principle calculations hav_e been presented for a range of
lated with relativistic many-body perturbation theory andgnucléar charges by Indelicato and Mof#6] and by Yer-

: ; i khin et al. [27]. Referencd27] shows, however, only re-
with quantum electrodynamical effects taken into accounf .
are detailed in Table Il where the different contributions toSU/tS for the $°2sy, and °2p, ; states. Only the calculation

the 20,525, and D25, splittings in S&8* are col- by Kim et al. [24] presents explicit results fafr=21. We

. 2= . . have thus chosen to use their values in Table Il. From com-
lected. The starting point is the Dirac-Fock result, listed on__ . : ;
the first line. On the second line the contribution due to th arison with the hydrogenike result by Johnson and Soff

. ; S S . . 123] the change in the radiative corrections due to the pres-
inclusion of the Breit interaction in the Dirac-Fock potential ence of the & core can be deduced. According to Rig]
is shown. Corrections due to retardation beyond the Breijjic  so-called screening effect is 36.8 meV for the

interaction and mass polarization follow on the third andp, ~_os . splitting and 31.9 meV for the [2/,-2s,/, split-
fourth lines. The most important correction is correlation. Itting. The first principle calculation by Yerokhiet al. [27]

is calculated with the coupled-cluster formalism, i.e., with angoes not tabulat&=21, but after interpolation between listed
all-order formulation of perturbation theory where importantnuclei we find a screening contribution of 38.4 meV for the
classes of effects are iterated until convergence is obtainedp, .-2s, , splitting, i.e., a deviation from the approximate
see e.g., Ref22]. For such a highly charged system as®c  method by Kimet al. of less than 2 meV, or around 5%. The
the dominating correlation contribution enters, however, incalculation by Indelicato and Molj26] also has to be inter-
second order. The Coulomb correlation contribution to thepolated to obtain results fofZ=21. Doing this, one finds
2p3-23y, splitting is, e.g., —158.8 meV, and of this only somewhat bigger screening effects: 51.8 meV for the
-1.2 meV comes from correlation beyond second order. Th@p;,,-2s,,, splitting and 46.7 meV for the [&,,-2s;,, split-
Coulomb and Breit correlation contributions are given to-ting. We have no explanation for these differences at present
gether on line five and are dominated by the Coulomb partbut assign an uncertainty of 10 meV to the radiative correc-
The Breit correlation contributes with only 6 meV to the tions in Table Il to indicate that this value is still unsettled. A
2p3 -2y, splitting and with less than 1 meV to the dedicated calculation of the radiative corrections inéSc
2py>-2sy, splitting. The correlation includes an infinite sum could certainly reduce this uncertainty considerably. The fi-
over angular momenta. This sum is here truncated aftenal results for the calculated energy splitting in*®care

| max=10. The contribution from higher angular momenta hasgiven in Table Il and are also compared with experimental
been estimated by extrapolation which gives the final valuedata. Using the calculatedo2-2s,,, splitting, assuming the
an uncertainty 0f=0.0002 eV. All the RMBPT contributions validity of Eq. (1), we can estimate the first resonances to
are calculated in the potential of an extended nucleus with appear for p3,10; doubly excited states. We now proceed
Fermi distribution of the charge. The critical parameter is theto the calculation of the resonances.

042714-7



KIESLICH et al. PHYSICAL REVIEW A 70, 042714(2004)

B. Resonances in the Be-like ion isolated resonances which can be clearly identified in the

The doubly excited states lying above the ionizationexperiment. The best example found in Table Il is the
threshold of St'* are of the type @nl;,, with n=10. We  (2P3210d5)2);-; resonance at-0.07 eV. The accuracy pos-
concentrate here on the lowest-energy resonanggsll;.. sible in the calculation of the binding energy relative to the
The positions of the resonances are determined by thexcited target for this resonance is discussed in detail in Sec.
2pso-2s splitting and the binding energy of the highelec- IV below.
tron with respect to the excited target. Consequently an ac-
curate calculation of this binding energy can be used to ex-
tract the 3;-2s splitting from the experimental determination . ;
of the resonance positions relative to the threshold. The high- The integrated cross section, or the strerf§tis propor-
n state of the outer electron has little overlap with the innertional to the capture raté  into the doubly excited statg
region, diminishing the many-body effects and facilitating@nd to the probability of state decaying radiatively to a
the calculational task. nonautoionizing level:

The RMBPT procedure used for the Li-like ion is em- pe S ped
ployed also for the Be-like system, albeit for a situation with 5372 g i—d ~ s
two electrons outside closed shells. An important difference s:f o(gg)dee= = .

2me(Eq — Eion) Gi A2+ >} AR
S

C. Recombination cross sections

(11)
is that we now deal with autoionizing states. To handle this
we combine RMBPT withcomplex rotation The latter

method facilitates a treatment of decaying states without ex- The multiplicity of the intermediate doubly excited state
plicit continuum fu_nctlons and is today extensively us_ed,iS given bygy and that of the initial target state fy, with
combined with various many-body methods. The combinay = for the Li-like S&8* ion. A2=T"3/4 is the total autoion-

tion of many-body perturbation theory and complex rotationiz'ation rate from the doubly excited stadeand A’ _is the

has earlier been used to describe dielectronic recombinatiqn yiative transition rate from leval to a levels bgfow the

in several Li-like iong(see, e.g., Ref45,6,28,29 and refer-  jonization threshold. For field-free conditions the number of
ences therein _ o bound states that contribute to the stabilization is in principle

_ The starting point for the description °+f the doubly ex-nfinite. In storage-ring experiments the motional electric
cited 205,10, states in the Be-like ion St”is the Dirac-  figids in the magnets will result in field ionization of weakly
Fock-Breit potential from the s core plus a spherically poung stategsee Sec. )i and thus not all recombined ions
symmetric potential accounting for the main screening efyre detected. Here the magnets prevent observation of con-
fects by the inner @, electron. The §;101;: configurations  gipytions  with n>n.,=67. Nevertheless a true high-
are quasidegenerate and are best treated with a perturbatigcyracy calculation of the recombination rates requires
expansion from a so-called extended model space as h@gyhly correlated calculations of a huge number of bound
been described for Li-like fluorine in Ref5]. This means  states. Since the systematic experimental uncertainty is 15%
that the mixing among thef® 10l;: configurations is treated 4 the main interest here is the spectroscopic study, we have
exactly through diagonalization of the Hamiltonian while all chosen to include only stabilization channels that are pos-
other configurations are included perturbatively. The chosegjhje within a one-particle picture. Although these channels
starting point is systematically improved in the perturbationgre certainly dominating this gives an uncertainty in the reso-
expansion, where correlation due to the Coulomb as well agznce strengths which might be of the same order as the
to the Breit interaction is included. We include all partial systematic experimental uncertainty. The radiative rates from
waves that contribute when keeping multipoles U5 i the doubly excited states to bound states are calculated
the partial wave expansion of the interactions. This truncaythin the dipole approximation. The resonance positions,
tion scheme is more appropriate for states of the typeyidths, decay rates, and recombination strengths are listed in

2p; 10, with the two valence electrons at very different av- Tapje |11, More details about the calculational techniques can
erage distances from the nucleus. The complex rotation cahe found in Ref[5].

culation gives directly the autoionization width as the imagi-
nary part of the now complex energy.

The accuracy of the calculation is determined by the abil- D. Hyperfine splitting of resonances
ity to calculate electron correlation, affecting the obtained At the level of the present experiment's precision hyper-
energy in second order perturbation theory and beyond. Thgne (hf) splitting of the ,,, ground state and thepg, and
size of the correlation varies between the resonances angh, , core excited states becomes noticeable, especially since
decreases strongly for the high angular momentum stateg, o ;cjear spin of =7/2 of the*®s¢®" isotope is rather
This is clearly seen in Ta_ble il .Wh'Ch I'.St.s ;he positions of large. Boucardet al. [30] calculated a hf splitting of
all the resonances both with a simpgielativistic) hydrogen- 45 18"
like description(second columnof the n=10 electron and ©-0767 meV for the Sc® (1s2sy) state and for the
with a full many-body treatmengthird column. For the 4558 (15%2p,),) state the total hf splitting has been esti-
high-angular-momentum states the difference is very smalinated to amount to about 1.2 mg¥1]. Since hf effects are
often only a few meV; for the lower-angular-momentum not accounted for in the theoretical methods described above
states the many-body effects are more significant. Our interwe treat them as modifications that are to be applied to the
est here is primarily to find one, or a few, low-lying and calculated results presented in Table Ill. Neglecting the in-
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TABLE IlIl. Calculated hydrogenlike energy positions, fully calculated energy positions, the difference between both energies, widths,
and strengths for the $¢(2p3,10 j») resonances. The autoionization rate is denoteédbgnd the radiative rate brad,

Hydrogen Position Difference Width A2 Arad Strength
Resonance (eV) (eV) (eV) (eV) (nsY (nsh (1020 eV cn?)
(2p3/210p3/0)0 0.1946 0.0342 0.1604 0.0264 40082 129 466
(2P3/210d3/0)0 0.1946 0.1179 0.0767 0.0080 12131 210 217
(2p3/210d3/0)1 0.1946 0.1120 0.0826 0.0057 8688 254 818
(2p3/210ds/0)1 0.2073 0.2148 0.0075 0.0062 9476 226 382
(2p3/210f5/0)1 0.2073 0.2237 0.0164 0.0006 920 103 154
(2p3/210d3/0), 0.1946 0.0337 0.1609 0.0004 605 245 3211
(2p3/210ds,), 0.2073 0.1072 0.1001 0.0038 5829 160 898
(2p3210f5/0) 0.2073 0.1893 0.018 0.0002 318 102 252
(2p3/210f7/2)2 0.2136 0.2448 -0.0312 0.0004 580 102 220
(2p3/21097/2)2 0.2136 0.2343 -0.0207 0.0001 199 59 121
(2p3/210d3/0)5 0.1946 0.0678 0.1268 0.0004 603 283 2463
(2p3/210ds/0)5 0.2073 0.1831 0.0242 0.0038 5732 231 1051
(2p3/210f5/0)3 0.2073 0.1532 0.0541 0.0013 2043 101 542
(2P3/210f70)3 0.2136 0.1858 0.0278 0.0002 351 101 366
(2P3/21007/2)3 0.2136 0.2060 0.0076 <0.0001 39 60 99
(2P3/21009/2)3 0.2174 0.2391 -0.0217 0.0004 548 60 195
(2p3/210hg)0)3 0.2174 0.2296 -0.0122 0.0002 245 39 126
(2p3/210ds0), 0.2073 0.0289 0.1784 0.0003 461 90 2909
(2p3/210f5/0)., 0.2073 0.2058 0.0015 0.0061 9281 99 530
(2P3/210f7/0).4 0.2136 0.1639 0.0497 0.0018 2666 100 655
(2P3/21007/2)4 0.2136 0.1923 0.0213 0.0019 2836 58 330
(2P3/21009/2)4 0.2174 0.2084 0.009 <0.0001 55 59 151
(2P3/210hg)0).4 0.2174 0.2127 0.0047 <0.0001 10 39 42
(2p3/210h11/9)4 0.2200 0.2319 -0.0119 0.0002 274 39 163
(2P3/210i11/0)4 0.2200 0.2271 -0.0071 0.0001 111 27 107
(2p3/210f7)0)5 0.2136 0.1827 0.0309 0.0055 8294 102 747
(2p3/210g7/2)s 0.2136 0.2168 -0.0032 0.0072 10922 58 363
(232100925 0.2174 0.1962 0.0212 0.0019 2901 58 396
(2p3/210hg)0)s 0.2174 0.2068 0.0106 0.0018 2705 38 248
(2p3/210hy4/9)5 0.2200 0.2149 0.0051 <0.0001 58 38 146
(2p3/210i11/9)5 0.2200 0.2169 0.0031 <0.0001 1 27 4
(2p3/210i13/9)5 0.2218 0.2287 -0.0069 0.0001 112 27 130
(2p3/210kq3/0)5 0.2218 0.2263 -0.0045 <0.0001 37 20 79
(2P3/21009/2)6 0.2174 0.2179 -0.0005 0.0071 10856 58 427
(2P3/210ng)0)6 0.2174 0.2207 -0.0033 0.0065 9871 38 278
(2P3/210011/)6 0.2200 0.2090 0.011 0.0018 2744 38 290
(2P3/210i111/)6 0.2200 0.2140 0.006 0.0014 2078 27 201
(2P3/210i 1306 0.2218 0.2185 0.0033 <0.0001 7 27 42
(2P3/210K13/2)6 0.2218 0.2196 0.0022 <0.0001 <1 20 <1
(2P3/210K;5/2)6 0.2231 0.2275 -0.0044 <0.0001 37 20 93
(2p3/210115/)6 0.2231 0.2261 -0.003 <0.0001 9 16 40
(2p3/210N011/)7 0.2200 0.2229 -0.0029 0.0065 9873 38 318
(2P3/210i11/2)7 0.2200 0.2230 -0.003 0.0048 7344 27 225
(2p3/210i13/9)7 0.2218 0.2156 0.0062 0.0014 2087 27 230
(2P3/210Kq3/0)7 0.2218 0.2182 0.0036 0.0008 1235 20 169
(2P3/210Kq5/0)7 0.2231 0.2209 0.0022 <0.0001 6 20 37
(2P3/210015/9)7 0.2231 0.2216 0.0015 <0.0001 <1 16 1
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TABLE lll.  (Continued)

Hydrogen Position Difference Width A2 Arad Strength
Resonance (eV) (eV) (eV) (eV) (nsh (nsh (102 eV cnd)
(2P3/210017/2)7 0.2242 0.2271 -0.0029 <0.0001 9 16 47
(23/210M; 7))+ 0.2242 0.2263 -0.0021 <0.0001 1 13 8
(2p3/210i13/)g 0.2218 0.2247 -0.0029 0.0048 7343 27 253
(2P3/210k13/)g 0.2218 0.2246 -0.0028 0.0028 4268 20 188
(2Pa/210k15/0)g 0.2231 0.2194 0.0037 0.0008 1241 20 190
(2P3/210015/)g 0.2231 0.2208 0.0023 0.0003 507 16 144
(2P3/210017/)8 0.2242 0.2226 0.0016 <0.0001 2 16 20
(2P3/210My 708 0.2242 0.2231 0.0011 <0.0001 <1 12 <1
(2P3/210Myg/0)g 0.2250 0.2271 -0.0021 <0.0001 1 12 10
(2P3/210K;5/2)9 0.2231 0.2258 -0.0027 0.0028 4283 20 209
(2P3/210115/)9 0.2231 0.2254 -0.0023 0.0011 1730 16 162
(2P3/210117/2)9 0.2242 0.2218 0.0024 0.0003 514 16 161
(2P3/210My 709 0.2242 0.2226 0.0016 0.0001 109 12 118
(2P3/210Myg/0)g 0.2250 0.2239 0.0011 <0.0001 1 12 5
(2p3/210117/2) 10 0.2242 0.2264 -0.0022 0.0011 1730 16 178
(2p3/210My7/9) 10 0.2242 0.2258 -0.0016 0.0002 364 12 139
(2Pa/>10my9/)10 0.2250 0.2234 0.0016 0.0001 110 12 130
(2Pa/210My 9115 0.2250 0.2266 -0.0016 0.0002 364 12 152
teraction of the outer 1 electron, each of the [,,10; IV. RESULTS AND DISCUSSION

states is split into hf core levels with total angular momenta g, 4 comparison of the calculated RMBPT cross section
ranging fromF'=2 toF’=5. Likewise, the 8, ground state  ith the measured spectrum, the former has to be convoluted
is split into two components witk=3, 4. with the experimental electron velocity distribution function
The energies of thes,, hf components with respect to [Eq.(9)]. The comparison is presented in Fig. 5. The electron
the nonsplit zero level are —3.42 meV and +2.66 meV forbeam temperatures were taken to kgT,=0.1895) and
total angular momenturf=3 andF=4, respectively. An es- kT =7.25)meV as determined from a fit of DR resonances
timate of the lifetime of the upper hf component based ong the experimental dat@ee below
calculations by Beief32] is of the order of 2500 s, i.e., very  The overall agreement between theory and experiment is
much longer than the ion storage times in the experimenfyyite satisfying. In contrast to the comparison between
Assuming statistical population of the two hf levels of the RMBPT calculation and DR experiment for the lighter lithi-
ground state is therefore appropriate. The energies of thgmjike F* jon [5], however, discrepancies are noticeable in
2pg,101; hf components with respect to the nonsplit zerothe present S8* case. The theoretical peak heights below
level are -0.68 meV, -0.38meV, +0.03meV, and07 eV are by up to 18% larger than the experimental ones.
+0.53 meV for the total angular momerf&=2, F'=3, F’ At higher energies they are up to 25% lower. Although these
=4, andF'=5, respectively. From these numbers it is apparnymbers are just outside the 15% systematic experimental
ent that hyperfine effects are dominated by the 6 meV splityncertainty, the latter cannot fully be made responsible for
ting of the**Sc'® (1s?2s,,,) ground state. In the DR process the observed discrepancy between theory and experiment,
resonance strength is distributed among the hf levels of theince the magnitude of the deviation is energy dependent
intermediate excited state in radiationless transitions fromwhile the experimental uncertainty results mainly from
the two hf levels of the ground state. This distribution can beenergy-independent sources. As discussed in Sec. Il B the
regarded as a broadening of the excited level with a shift ofheory introduces additional uncertainties due to the approxi-
the centroid that is only a small fraction of the maximum mations applied to the calculation of rate coefficients.
offset of 0.68 meV of the excited-state hyperfine levels from The strength of the RMBPT calculations is the inclusion
the undisturbed [;/,101; energy. Hence, with the assumption of correlation effects to all orders in the determination of
that the excited levels are not influenced by hyperfine effecttevel energies. The binding energy of the Rydberg electron in
the resulting uncertainty of the resonance energies is wethe 1s? 2p; nl states of the recombined berylliumlike 'St
below the error bar of 1.8 meV on the experimental energyon can therefore be calculated to a much higher degree of
scale. What remains is the occurrence of resonance doubleascuracy than thefd,,-2s,,, splitting. In combination with a
resulting from the ground state splitting that share the calcuvery accurate(+1.8 me\) knowledge of the experimental
lated resonance strengtsee Table 1I) in proportion to their  Sc’* (15%2p,10 j») resonance positions this fact can be ex-
statistical weights, i.e., 7/16 and 9/16. ploited for the derivation of an equally accurate value for the
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b8 be calculated. To illustrate this point Table IV lists the dif-
ferent contributions to the binding energy of the isolated
resonance at 70 meV. This resonance has total angular mo-
mentumJ=3 and is dominated by thepg,10d,,, configura-
tion. We first find the binding energy of the d{), orbital in
the Dirac-Fock Breit potential from thesi core plus the
spherically symmetric part of the potential from the;2
electron (see Sec. Il The position of the resonance is
shifted by nearly 100 meV as compared to the hydrogenlike
description. An even further refined treatment of the interac-
tion with the 1* core, including correlation, changes the
binding energy by less than 1 meV.
The next step is to include the full interaction with the
0 2ps» electron. This is done in two steps. First the full Hamil-
010 045 020 025 030 tonian (with and without the Breit interactionis diagonal-
Energy (eV) ized within the space of thepg;10l; configurations that can
couple toJ=3. In this way we include the first order pertur-
FIG. 5. Comparison of the present RMBPT calculation and thebation from the remaining part of the electron-electron inter-
storage-ring experiment on the total photorecombination df'Sc action, produce the term splitting, and allow full mixing
ions in the energy range 0p3,,10;, resonances. Experimental rate With, €.9., the P3/;10ds/, configuration. The result is shown
coefficients are represented by the solid dots. Error bars onin lines four and five of Table IV. Finally, lines six and
slightly larger than the symbol size indicate the statistical uncertainSeven list the contributions from a second order perturbation
ties. The theory-based convoluted prod@et) (thick full line) was ~ treatment, i.e., from correlation between thp;2 and the
determined with the temperatures resulting from the analysis in Figld; electron. The uncertainty in the calculation comes from
6. Calculated background from RR is shown separa(db{ted this term. We have iterated the interaction between mz
line). The theoretical cross sections show the underlying resonancand the 1§ electrons until convergence was reached, i.e., we
structure(right hand scalg included correlation to “all orders”. The difference compared
to second order cannot be seen in Table IV with the number
2p5-2sy), excitation energy as has already been shown b)?r]: flguresl gtly en. W? %n);how ?sstlr?ns Od3 meV unce_rlfﬁynty to
Madzunkovet al. [7] for DR of lithiumlike Kr3* ions. The € correlation contributions 1o e binding energy. 11Is un-
: C . .certainty is calculated by dividing the correlation with the
electron-ion collision energy, at which a resonance occurs, i . .
X o effective charge of the nucleus when screened by three inner
equal to the difference of the core excitation energy and the e .
bindina enerav of the caotured electron: eIectrons(Z_eﬁ—_18). In thl_s way we should cover uncalcu-
9 aqy p
lated contributions entering beyond second order.
E'= Ecore-exc— Ebind- (12) On the basis of the 0.3 meV uncertainty of the calculated
binding energy of th€2p;,,10d;,)5 State(Table 1V) and the
As a first guess #relativistic) hydrogenlike description can 1.8 meV uncertainty of the experimental energy scale near
be used for the Rydberg electron to obt&ig,g. The results  E,=70 meV we can now determine the new value for the
obtained forE[g; with =18, i.e., assuming full screening of 2ps-2s;/, excitation energy by comparing the measured and
the nucleus by the three inner electrons, are shown in ththe calculated spectra. Such comparison is most easily inter-
second column of Table Ill. These numbers can then be conpreted if an isolated resonance such as (2gs»,10ds,,)3
pared with the results of the full calculation shown in thestate is chosen. The uncertainty of the calculated result then
third column. For Rydberg electrons with high angular mo-depends only on the energy position of that state, and there is
menta the difference in energy position is only a few meV.no risk that different precision in the calculation of the reso-
For the lower angular momenta the difference is larger, up tmance strengths for a set of unresolved resonances affects the
200 meV, and the issue is now how accurately this part capeak position.

»
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(;wo , 01) uonoss ssoi)

Rate coefficient (10° cm®s™)

TABLE |V. Different contributions to the calculated binding energy of the Rydberg electron if2hg10d3,,) ;-3 resonance relative to
the 2ps,, core.

Individual contribution(eV) Accumulated sungeV)
Hydrogenlike description of I}/, 44.114 29 44.1143
Dirac-Fock description of 1, 0.0099 63 44.2139
Correlation between 13, and the % core 0.000 86 44.2148
Full 2p3,10; Coulomb interaction first order 0.020 45 44.2353
Full 2p3,10; Breit interaction first order 0.000 03 44.2353
Coulomb correlation second order 0.0053® 44.24113)
Breit correlation second order 0.000 04 44.28)1
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] With the precision accomplished by the present experi-
@3 ment, it is now possible to derive thepg,-2s,,, excitation

] energy. As mentioned above, the best candidate for calibrat-
ing the theoretical energy scale to the experiment is the iso-
] lated resonance at about 70 meV. It is a single hyperfine-split
4 resonance from which the experimental resonance energy
2 ] can be determined without additional ambiguity. The fitted
A ] value of the(2p;,10ds/,); resonance energy measured from
the undisturbed ground state is 69.6+0.3 meV, i.e., 1.8 meV
above the theoretical result which was obtained from the
(relatively uncertain 2p5,-2s;, excitation energy of
44.3089+0.10 eV and the precise binding energy of
44.2411+0.0003 eV. Combining the experimental resonance
energy with the calculated binding energy of the
(2p3/210d5),)5 state provides a new improvegg,-2s;, ex-
citation energy of 44.3107+0.0019 eV. The total uncertainty
of 1.9 meV results from the quadrature sum of the uncertain-
ties of the binding energy, of the resonance-energy fit, and of
2 ] the experimental energy scalef. Table ). Within the ex-

] perimental error bars our value agrees with the hitherto most
precise spectroscopic value for thps2-2s;,, excitation en-
ergy 44.31235) eV [9], but is almost a factor of 20 more
accurate.
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V. SUMMARY AND CONCLUSIONS
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at very low c.m. energies produces DR resonances associated

FIG. 6. Fit of theoretical DR resonances to the experimentalwr[h 1s* 2pg, 10, states which straddle the Stionization

data. The resonance positions were allowed to yseg text In (b) threshgl% and range up to 0.3 eV. m thlsh energy ran?le,
hyperfine effects are additionally taken into account. merged-beam experiments at storage rings have an excellent

energy resolution and therefore are sensitive to fine details in

For the purpose of energy and temperature determinatiothe cross sections. Accordingly, the reproduction of experi-
a fit of theoretical resonance features to the experiment in thmental findings by theory requires very elaborate high-
energy range from 0 to 0.13 e¥Fig. 6) was carried out. quality calculations. The present RMBPT approach provides
However, the resonance parameters predicted by theory weresults which are in almost perfect agreement with the ex-
allowed to vary to some extent—keeping in mind that onlyperiment as far as resonance energies are considered. Differ-
three peak features are resolved in the investigated energynces of up to 25% are observed between theoretical and
range. These peak features are associated with three grougsperimental heights of individual resonance features. How-
of resonances, where the second group at about 70 meV coaver, the integral over the theoretical rate-coefficient curve
sists of the hyperfine components of t#p;,,10d;,,)5 state.  describing then=10 Rydberg resonance manifold is only
In the fit, variable strengths and variable centroid energie$.6% below the experiment. The accuracy of the experimen-
were allowed for each resonance group while the naturaal energy scale after the calibration is characterized by an
widths, the relative positions, and the relative strengths ofincertainty of 1.8 meV at the position of the lowest-energy
individual resonances within each group were kept fixed atesonances. With this precision a value for the
the theoretical values. In the fit also the electron beam tem2ps»-2s,, splitting in S&8* was derived[44.310719)eV]
peratures were allowed to vary. The quantities obtainedthat is more than one order of magnitude more accurate than
ksT;=0.185) meV and kT, =7.25) meV, were already the previously published value from optical spectroscopy.
used above as an input for generating the theoretical recom- In spite of the present improvement in the determination
bination rate coefficients shown in Fig. 5. of the excitation energy for $& to a relative uncertainty of

As compared to Fig. 5 the fit shows much improved43 ppm the state-of-the-art precision of optical measure-
agreement with the experimental d@dag. 6(@)]. The agree- ments has barely been matched. Relative uncertainties of the
ment is even better when the hyperfine splitting of the resomost accurate [&,,-2s;,, transition energies measured with
nances into doublei{@s described in Sec. Il 0s taken into  emission-spectroscopy methods reach down as far as 22 ppm
account[Fig. 6b)]. The hf splitting of 6.0767 meV and the for Cr?* [33], i.e., for an ion not far from scandium in the
relative weights of the two resonances in each doublet artithium isoelectronic sequence. The absolute uncertainty in
retained in the fit while—as before—variable strengths andhat case was only 1.2 meV compared to the 1.9 meV uncer-
variable centroid energies were allowed for each resonandainty of the present result. The record accuracy for
group. 2p3/-25), transition energies of highly charged Li-like ions
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is presently held by an emission-spectroscopy experiment oring recombination experiments bear the potential of much
Bi®* with a relative uncertainty of only 14 ppi84]. On an  higher accuracy than that achieved in the present study. This
absolute scale the uncertainty in that experiment is 39 me\Vé particularly interesting for the determination of excitation
which is about a factor 20 above the absolute error bars oénergies in very highly charged heavy ions, also including
the present study. While the absolute uncertainty of opticahigh charge states of radioactive isotopes with lifetimes
measurements increases with the energy of the observed lineaching down into the range of minutes. In the present case,
the uncertainty of the present technique is independent of thine drag force effects and the statistics of the experimental
transition energy studied. In principle, recombination spectesults were the limiting factors in the accuracy achieved on
troscopy can result in uncertainties as low as about 1 meVhe 2p;,,-2s,/, excitation energy. Both factors can be pushed
even for the most highly charged ions, provided that low-to lower limits in future experiments.

energy resonances are available. One example for that is the

: 5 .
analy3|§ of a measurement on _Pb[lO] where a rt_'-:!atlvg ACKNOWLEDGMENTS
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