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Absolute total electron-ion recombination rate coefficients of argonliké @s23p®) ions have been mea-
sured for relative energies between electrons and ions ranging from 0 to 45 eV. This energy range comprises all
dielectronic recombination resonances attachedte-3d and 3p— 4s excitations. A broad resonance with an
experimental width of 0.880.07 eV due to the 8°3d? ?F intermediate state is found at 12:80.03 eV
with a small experimental evidence for an asymmetric line shape. Rramatrix and perturbative calculations
we infer that the asymmetric line shape may not only be due to quantum-mechanical interference between
direct and resonant recombination channels as predicted by Gorezgt@#Phys. Rev. A6, 4742(1997)], but
may be partly also due to the interaction with an adjacent overlapping dielectronic recombination resonance of
the same symmetry. The overall agreement between theory and experiment is poor. Differences between our
experimental and our theoretical resonance positions are as large as 1.4 eV. This illustrates the difficulty to
accurately describe the structure of an atomic system with an ogesh&ll with state-of-the-art theoretical
methods. Furthermore, we find thatedativistic theoretical treatment of the system under study is mandatory
since the existence of experimentally observed stroptB82 2D and 3°3d4s?D resonances can only be
explained when calculations beyohé& coupling are carried out.
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[. INTRODUCTION same, RR and DR are indistinguishable and they may inter-
fere, with the signature of interference being an asymmetric
Dielectronic recombinatiofDR) DR resonance line profile in the energy differential recombi-
nation cross sectiofil—4]. Asymmetric line shapes have ex-
e+ AN S[AETDF e A7 DF 4y (1 perimentally so far been observed only in partial recombina-

. . . . __fion cross sections of highly charged uranium ipBk Such
is a two-step electron-ion collision process, where in a f'rStan observation is interesting from a fundamental point of

step a mulltiply exgited intgrmediate state is. created by Jiew since it guestions the widely used independent pro-
resonant Q|electroq|c captufieverse Augerand in a ;ecpnd cesses approximation in the calculation of RBR recom-
step that intermediate state decays by photon emission. Al ation cross sections

other possible recombination mechanism is radiative recom-" " i oo 6o investigating the recombination of ar-

bination (RR) gonlike Sé*(3s23p°®) ions with free electrons is the theo-
e+ A L AE@-DF L hy (2)  retical predication by Gorczycet al.[6] of a strongly asym-
metric line shape for thef®3d? F DR resonance caused by
which by emission of a photon directly proceeds to a nonauinterference between the recombination pathways
toionizing state of the recombined ion. When both the initial
and the final state including the photons emitted are the~ +Sc*(3s?3pf) — S (3s%3p®3d?)
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Theoretically they predicted a 5(3s°3p°3d?2F) reso- terference between overlapping DR resonances. Our main
nance position of 14.6 eV and a width of 1.8 eV. The largeresults are summarized in Sec. V.
width of the resonance is explained by the fact that it decays

predominantly via a very fast Super-Coster-Kronig transition Il. EXPERIMENT
[reverse of the horizontal arrow in E()] with a calculated . .
rate of 2.84 105 s 1 The experiment was performed at the heavy-ion storage-

A first attempt to experimentally determine the line shape“ng T.SR of the Ma>_< Planck Inst|tu't fkermnphysik(MPIK)
of the S&*(3p°3d22F) resonance by measuring the total in Heujelberg. Details of the expenmeptal setup and the data
SA* recombination rate coefficient at a heavy-ion storagetgducnc.m procedures can be found in Rgf2—15. The

. ) L : S ions were accelerated by the MPIK tandem booster
ring failed due to the rather large statistical uncerta.mty Offacility to their final energy and subsequently injected into
that measurement’] (see aI;o Sec. Il However, distinct the TSR. The rather low charge to mass ratibh=1/15
differences between theoretical and experimental peak poSiaags to the rather unfavorable conditi@ee belowthat the
tions were foun(_d a_md attrlbut(_ad to the fact thatza correciyp energy is limited by the maximum bending power of the
theoretical description of the highly correlateg®3d? con- TSR dipole magnets. With the maximum magnetic rigidity of
figurations is extremely difficult. Using Cowan[8] atomic  B,=1.4 Tm the highest accessible ion energy can be cal-
structure code we find that the 8¢3p®3d?) configuration  cylated from

gives rise to 45 fine-structure components distributed over an

energy interval of about 20 eV width. In order to account for q Bp 2

correlation effects Hansen and Quifiet considered the in-  Ei/A~(931.5 MeV/yXx 1+(K m.) -1
teraction of 10 initial and 16 final configurations in the cal- '

culation of 3°3d— 3p>3d? transition energies in Ca Still )

their result for the C&(3p®3d 2D —3p°3d??F) transition  to E;/A~420 keV/u. In the storage ring the circulating 18.9
energy deviates 0.76 eV from the experimental re@8t34 MeV Sc* ion beam was merged with the magnetically
eV) determined by photoionization of metastable guided electron beam of the electron cooler. During electron
Ca' (3p®3d) ions[10]. This again illustrates the difficulty to cooling, the electrons have to move with the same average
accurately describe inner-shell transitions in atomic or ionicvelocity as the ions. This condition defines the cooling en-
systems with open @ subshells. In this situation DR mea- €rgy Ec=(E;i/A)(m./u)~230 eV. In order to increase the
surements(and complementary photoionization measure-phase-space density of the already stored ions and thereby
ments can yield valuable spectroscopic information on suchfree phase space for the next injection pulse from the accel-
systems. erator, electron cooling was allowed to be effective for two

Here we present experimental as well as theoretical reseconds after each injection of ions. These “ecool-stacking”
sults for the total St™ recombination rate coefficient. The cycles[16] were repeated three times until the accumulated
experiment is a twofold extension of our previous wrk ion current stabilized at values of up to/bA. Before data
The data have much smaller statistical uncertainties and thdking was started a prolonged cooling intervéiSos after
are extended to the much wider energy range 0—4%pes-  the last injection allowed the ion beam to shrink to a final
vious range 12.2—18.2 é\hcluding all DR series limits due diameter of about 2 mm as verified with a beam profile
to 3p—3d and 3—4s core excitations. monitor based on residual gas ionizatid].

We have also carried out both nonperturbative and pertur- During the measurement the electron enefgyin the
bative calculations for the™ +Sc* photorecombination. laboratory frame was stepped through a preset range of val-
The nonperturbative method is based on the rigorousies different fromk. thus introducing nonzero relative ener-
continuum-bound transition theory and the close-couplinggies
R-matrix approach[11]. The perturbative evaluation is a
treatment including radiative recombinatidRR), dielec- Ere|=(\/E—e— \/E—c)2 (5)
tronic recombinatiofDR), and their interference. Our calcu-
lations reveal that three adjacent resonances mask the lowetween ions and electrons. In the data analysis a relativisti-
energy side of the 8°3d?°F resonance. This makes the cally correct expressiofil4] was used instead of Eg5).
experimental observation of the predictf@] interference Recombined S¢ ions were counted with 108% effi-
between the B°3d?(*F)?F DR resonance and the continu- ciency as a function of cooler voltage on a single particle
ous RR cross section difficult. Moreover, we find that severatletector[18] located behind the first dipole magnet down-
experimental DR resonances not reproduced by thstream of the electron cooler. The dipole magnet bends the
L S-couplingR-matrix calculations of Gorczycet al.[6] are  circulating Sé* ion beam onto a closed orbit and separates
due to relativistic effects. the recombined $¢ ions from that orbit. In between two

In Secs. Il and Il we outline our experimental and theo-measurement steps the cooler voltage was first set back to the
retical methods. Experimental and theoretical results are presooling value in order to maintain the ion beam-quality and
sented and discussed in Secs. IV A and IV B, respectively. Ithen set to a reference valueBt,=45 eV which is chosen
Sec. IV C possible origins for the asymmetry of theto lead to a relative velocity where the electron-ion recom-
3p°3d?(®F)?F DR resonance are explored by theoretically bination coefficient is only due to a negligible RR rate. Un-
considering interference between DR and RR as well as inder this condition the recombination rate measured at the
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reference point monitors the background signal. Choosingrobability amplitudes of the time-dependent matrix equa-
short time intervals of 10 ms duration for dwelling on the tions involved can be obtained by the application of a
measurement, cooling and reference voltages ensured thiaaplace transform. They are expressed in terms of a scatter-
the experimental environment did not change significantly inng matrix y with the partitioning
between signal and background measurement. An additional

interval of 1.5 ms after each change of the cooler voltage _ [ Xee Xep
allowed the power supplies to reach the preset values before X= Xpe Xpp
data taking was started.

_ At the rather low ion energy of 420 keV/u the cross sec-yjth .. representing the submatrix for electron-electron
tion for electron capture from residual gas molecules iSscattering allowing for radiative decayg,,, that for photo-
estimated—taking the measured residual gas compositiogization, Xpe that for electron capture with the emission of

into account and using a ser_nie(gg;rical form[d®] for the a photon, andy,,, that for photon-photon scattering. and
charge capture cross section'“®®’—to be as large as Xpe are written as

o(eP=4% 1018 cn?P. Electron capture from residual gas
molecules is therefore expected to contribute significantly to _ 5. 2 1t

the measured recombination signal as a background even at Xee=1=2m"D(1+2) "D, 0

the TSR residual gas pressure of only 501! mbar. This , et

already proved to be all the more the case in a previous TSR Xpe= —2mi(1+2Z) "D, ®)
experiment with St" ions[7] where due to a technical de-

fect in one of the TSR dipole power supplies a reduced maxiLespectively, wher&is the usual electron-electron scattering
mum rigidity of onlyBp~1.2 T m had been available. Con- matrix in the absence of interaction with radiation fields, and
sequently, the ion energy had been limited to 300 kev/uD is the reduced dipole matrix' denotes its Hermitian
Because of the rapid increase @f2" with decreasing ion Cconjugate with its matrix element in the form

energy and because the experiment had been carried out in

early summer, i.e., close to a maximum in the slight seasonal _
variation of the TSR residual gas pressure, the measured Dyiya=
signal-to-background ratio had been of the order of 1/100.

Under these conditions the Sc recombination rate coeffi- o6, is the fine-structure constard,is the photon energy
cient could only be measured over a limited energy rang§, units of hartrees, anB=3.r; is the dipole operator with
with large statistical uncertainties. In the present measure; y .

) . he summation extending over all atomic electrons. The
ments, the signal-to-background ratio was a factor of abou . -
ten higher as compared to the previous experiment. quantum numbersyJ and y'J’, respectively, specify the

The electron-ion recombination coefficiem{E,.) is ob- continuum and bound states of the atomic system,Jad)

tained as the background-subtracted recombination couft the total angular momenta. The wave function of the
; 9 (fontinuum electron is normalized per unit hartree. In Egks.

rate normalized to the electron current and to the number ol d (8) the matrix

stored iong12]. The estimated systematical uncertainties are

15% for the absolute value of the measured rate coefficient

; (6)

3 Y2(yIIRIy'3")

(23+1)12

20
3

9

d less than 2% for the relati in th D'(E)D(E)
and less than 2% for the relative energy in the energy range Z2(Q)= _”TJ dE (10)
under study. (E-Q)
. THEORY is related to radiation damping. The varialfledenotes the

_ ) N total energy of the iott photon system. In the usual first-

A. Nonperturbative approach of continuum-bound transitions order theory damping is neglected mz —24iD. For the

Starting from the rigorous continuum-bound transitioncalculation of the photorecombinatiofiPR) cross section
theory, Davies and Seatof20] discussed the process of with damping we employ the numerical method developed
emission of radiation into the optical continuum due to ra-by Zhaoet al. [11] for the evaluation of the principal value
diative capture of an electron by an ion and derived a generdlf the integral appearing in E¢10).
formalism including radiation damping. The details of their In the present calculation the parameters for the
formalism and our numerical scheme for application can béds, 2s, 2p, 3s, 3p orbitals of scandium were taken from
found in Refs.[20] and [11], respectively. Nevertheless, a the compilation of Clementi and Roef?1], and the 8
brief review of the formalism and our method follows. orbital was optimized on the 3d3p°, 13p° 130

Using the close-couplin@-matrix approachisee[11] for ~ states(weighted by using the CIV3 code of Hibbef22].
detailg we start from a treatment of the electron-ion collision We also evaluate PR cross sections for further target states
process that neglects any interaction with the radiation fieldincluding 4s, 4p, 4d orbitals. All these orbitals were opti-
The resulting wave functions are used as a basis for settingized in a way similar to the @ orbital. The symmetries
up equations including the interaction with the radiation field 25" L™ with L<5 were included in our calculations. Hef,
in the approximation that only the electric-dipole terms areandL are the total spin and orbital angular momentum quan-
retained and that the radiation field is restricted to onetum numbers, respectively, antl denotes the parity. In our
photon and no-photon states. The exact solutions for thealculation we included configurations of odd parity only,
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since these are expected to lead to the dominant resonanci ' ' s e
in the energy region of our primary interest around the __ I 11lm3p*4s'P
3p°3d?(°F)?F resonance. ) j Seres
5 ;
B. Perturbation theory b
o
On the basis of the principle of detailed balance, the pho- =
torecombination(PR) cross sectiongin atomic unit$ from k] ]
an initial continuum stat¢ to a final bound staté may be =
written in the form[23] 2
[&]
2 2 o
0 "w ©
PR_ Pl
O'jf —g_J 2¢ O'fj, (11) o

whereg; andg; are the statistical weights of the initial ion
core and the final recombined iow, and € are the photon

energy and the freg-elgctron energy In 'hartrees,cﬂf{’j\dje— FIG. 1. Measured S¢ (3s?3p®) recombination-rate coefficient.
notes the photoionizatiofPl) cross section from stateto  \jertical lines denote resonance positions of ! P nl and
statej. In first-order perturbation treatment it is 3p°3d P nl Rydberg series of DR resonances. Vertical arrows de-
note possible positions of furthep33d series limits(see Table)l

| ; | ’ (12) The insets enlarge the spectrum at low energies. Different energy
3 J intervals were measured for different time durations and therefore
) ) ~exhibit different statistical uncertainties. The rise of the
where My; is the PI matrix element of the corresponding yrecombination-rate coefficient towards,=0 eV is due to RR.
tl’ansition W|th the Continuum state being normalized perThe full line approachingz(Erel)zo towards h|gher energies is the
unit energy (hartreg¢. According to continuum-bound total hydrogenic RR rate coefficiefsee text
configuration-interaction theofy24], the perturbative Pl ma-
trix elementMy; in low orders may be written in the form

(see alsd6,29),

Relative energy (eV)

PI A7%aw
Ufj =

dipole magnet and therefore do not reach the recombination
detector. Applying a detailed model of the field-ionizing

. _ 512 (j|V|d)(d|R| ) properties of our apparatus that takes in_to account the radia-
M¢=(j|R[f)| 1—i > rorire > AT tive decay of high-Rydberg states on their way from the elec-

¢ SaTld d dt!ld (13 ton cooler to the charge-analyzing magnet as well as state-
selective field-ionization probabilitiesl5] we estimate the

whereIy is the summation of radiative and autoionization highest detected Rydberg state to be approximateiyO0.
widths of the resonance statg I'§; is the autoionization In principle, Rydberg series attached to furthgs®3d
width from stated to statej, Ay=e— €4, in whichey isthe  core excitationgTable ) could have been expected to be
energy level of resonanad V is the electron-electron in- Visible. The respective core-excitation energies are marked
teraction. It should be noted that in the usual independenty vertical arrows in Fig. 1. However, no strong DR reso-
processes and isolated-resonance approximations all croB8nces belonging to such series are observed. Apparently,
terms in|M;|2 are omitted that lead to interference betweenonly dipole allowed (under LS-coupling conditions s
resonant and nonresonant recombination channels as well as *P core excitations give rise to strong DR channels. This
to the interaction between resonances. In the present papeas already been observed for iso-electronit” Tions [26]

these cross terms are taken into account where necessarywhere DR proceeds almost exclusively via resonances at-
tached to °3d P excitations. In contrast to the present

IV. RESULTS AND DISCUSSION finding for S¢*, in the DR spectrum of fi" no DR reso-
nances due to 3—4s excitations were found. One strong
hint to the origin of this difference is the fact that in®$cthe
Figure 1 shows the measured®$¢3s23p® 1S) recombi-  3p—4s excitation energies are about 1 eV lower than the
nation rate coefficient. The most prominent feature is the3p®3d P excitation energyTable )), while in Ti** they are
peaklike structure arouril,,=40 eV. It can be attributed to higher by up to 6 eV. Although being iso-electronicSand
mainly unresolved higim Rydberg DR resonances attached Ti** do have a markedly different structure.
to 3p°3d P and 3°4s'3P core excitations. Vertical lines ~ The recombination rate coefficient rises sharply towards
indicate DR resonance positioris(n) as calculated with zero relative energglower inset of Fig. L This rise is due to
the Rydberg formula E(n)=E(x)—Rqg*n?> with R RR. The RR rate coefficient is rather small as can be ex-
=13.606 eV, q=3, and the series limitE(«) taken from pected from the fact that RR into the¢, L, My, andM, 5
Table 1. It should be noted that we do not observe Rydberghells of argonlike St is not possible. This is in contrast to,
resonances to arbitrary highn, since recombined e.g., bare 13" ions where these channels yield the major
S&*(3p®nl) ions in weakly bound highn states are field contribution(43% atE,=10"° eV) to the total hydrogenic
ionized by motional electric fields in the charge-analyzingRR cross sectiof27] summed up te=20. The hydrogenic

A. Experimental results
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TABLE |. 3p-excitation energies of argonlike $q3s°3p®)  nate the recombination rate near 12.3 eV. This signal bears
taken from the NIST atomic spectra datab$36]. Note that the  strong similarity with the predictedﬁ?SdZ 2F Super-Coster-
excitation to the p%4s terms requires less energy than the excita-Kronig resonancg6] and we take this feature as a key to
tion to the highest B°3d term. assigning a considerable part of the observed spectrum. This
interpretation is also supported by the argument that for the

Configuration Term J Energy(eV) isoelectronic system 11 [26] the 3p°3d? ?F resonance was
3s23p°3d 3p 0 29.721 90 observed abOL_Jt 3 eV below the prediction obtair_led by the
1 29.806 18 same theoretical approacf28], so here a position of
2 29981 13 ~12 eV can be expecteq. _ o
323p°3d 3F 4 3108387 A closeup of the experlr_nental spectrum is shown in Fig.
3 3195746 2, where thg resonances in the energy range 10.9-16.5 eV
5 31.418 31 have been fitted by either Lorentzian line profiles
3s23p°3d D 2 33.156 41 A2 1
3s?3p°3d D 3 33.23202 L(E)= — — —— (14)
1 33.404 64 P71+
2 33.408 78
3s23p53d e 3 33.606 60 or an asymmetric Fano profile
3s?3p®4s 3p 2 41.29801
1 41.460 96 A 2[(Q+eg)?
0 41.824 86 F(E)= QU ™| 1+s2 -1 (15
3s?3pS4s p 1 41.842 64
3s°3p°ad P L 4277523 with e=2(E—Eg)/I'y. The term—1 in the square brackets

ensures thaF(E)—0 for E—*c~ and the normalization
factors have been chosen such th@E)—L(E) in the limit
total S¢* rate coefficient, i.e., the sum of tmd-differential Q— . Conversely, small absolute values of the asymmetry
Li** RR cross sections ranging from thel 3ubshell to the parameterQ lead to significantly asymmetric line shapes.
experimental cutoff quantum numbes= 20 convoluted with  Assuming that the dominant contribution to the resonance
the experimental electron-energy distributi@ee, e.g., Ref. width I'y stems from autoionization and neglecting contribu-
[15]), is plotted as the full line in the lower inset of Fig. 1. It tions from neighboring resonance®, can be expressed in

agrees with the experimental curve within the experimentaterms of the matrix elements occurring in Eg93), i.e.,

uncertainties. In spite of the long measuring time of 60

hours, in particular in the energy range of 8—17 eV, the sta- 2(j|V|d)(d|R|f)

tistical uncertainty did not become low enough to bring out = W

all structures. At the present level of statistical uncertainty it d\J

cannot be decided whether the faint structures in the energv

range 1-7.5 eV are due to weak DR resonances or due ti___

unaccounted background modulations. "o
The DR resonances visible in the upper inset of Fig. 1 are g

due to $°3d? and °3d 4l doubly excited configurations. =° 4

These configurations are considerably shifted down in en-"C_>

ergy as compared to the Rydberg energies shown by verticaZ 3

lines in Fig. 1 and the energies of the various terms must be §

taken from detailed calculations. As already mentioned inthe 8 ot
Introduction the terms belonging to thep®d? configura-
tion straddle an energy range of about 20 eV. Also the &
3p°3d 4l configurations can be expected to be subject to &
strong fine-structure interactions and hence to be spread oL
over several electron volts. The energy range between abot 0 . . . .
8 and 26 eV(upper inset in Fig. lwas searched preferen- 11 12 13 14 15 16

tially in order to detect the broadp33d? 2F Super-Coster- Relative energy (eV)

Kronig resonance predicted by theory. The measurement re- FIG. 2. Fit of Lorentzian and Fano line profiles to the experi-

produces the strong double peak structure near 15 eV foungenia| gata over the energy range 10.9-16.5 eV. The individual line
already in the previous experimefit] (scan range 12-18 profiles have been convoluted with a Gaussian representing the ex-
eV) but now also reveals considerable additional structur@erimental energy distributiofsee the Appendix The fit results
both above and below these peaks. While much of this strucgre summarized in Table I1. The fit delivers a significant asymmetry
ture seems to arise from a superposition of several narroQ=6.3+1.8) of the broad resonance at 12.3 eV. Moreover, from
peaks, a single broad resonar@éth some narrower struc- the fit a longitudinal electron temperatukgT;=0.15+0.03 meV

ture superimposed on its low-energy slppeems to domi- s obtained.

(16)

(8]
T

oeff

3p°3d*°F
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TABLE II. Results obtained from fitting LorentziafiEq. (14]  rameter may also be assessed by fitting the3el? °F reso-
and FandEq. (15)] line profiles(convoluted with a Gaussian, see nance with asymmetrid_orentzian instead of aasymmetric
the X Appendiy to resonances in the energy range 10.9-16.5 M=ang line shape. From such a Lorentzian fit we obtajf a
(see Fig. 2 The errors given do not include systematic uncertain-y 41a that is higher by only 5% as compared to the Fano fit,

ties in the energy calibration(2%) and the absolute rate coeffi- ; o “yhe aynerimental evidence for an asymmetric line shape
cient determination £ 15%). .
is not very strong.

Figure 3 shows the comparison of the present experimen-

(eE\d,) (eFV) (10712 c:ﬁ s Tev) tal resu_lt with the theoretical result of Gorczyenal. [_6] in

the region of the p°3d? ?F resonance. As already inferred
11.175-0.041 0.31%0.099 381.8 from our previous worK7] the theoretical resonance posi-
11.481+0.143 0.140+0.253 2.6-6.1 tions do not match the experimental ones. For the compari-
11.587:0.036 0.000+0.193 12:3.8 son presented in Fig. 3 the theoretical energy scale has been
11.819+0.004 0.000+0.021 1.9-0.4 shifted by 2.2 eV in order to match the experimental position
12.305-0.027 0.889+0.066 14.3+1.0° of the broad $°3d??F resonance. Moreover, the absolute
14.802-0.001 0.056+0.006 11.6+0.2 theoretical rate coefficient has been normalized to the experi-
15.324+0.001 0.018+0.006 9.10.2

mental height of this resonance by a multiplication factor of
: : N 0.63. After these adjustments a basic similarity between pre-
“Fano profile(Eq. (15)] with Q=6.3+ 1.8, dicted and measured spectrum is found. In particular, a broad

as can be shown by simple algebraic manipulations orfleasturczzis observed strongly resembling the calculated
IMy;|2. For each resonance the parameters varied in the ftP~3d” °F resonance. However, in the experimental spec-
were the peak areA, the resonance enerdy,, the reso- {rum considerably more resonances are visible than in the
nance widthl'y, and in case of the[®3d? 2F resonance the theoretical one. The theoretically predicted single peaks at
asymmetry paramete). In the fit bothL(E) andF(E) have  11.6 and 15.1 eV appear to be split into two components.
been convolutedsee the Appendixby a Gaussian represent- Also, the predicted relative resonance strengths deviate from
ing the experimental energy-distribution function with its full the experimental findings. The theoretic@®3d? 2P peak at
width at half maximum(FWHM) AE~4(E4kgT)In 2)Y2in  15.1 eV is much smaller than the experimental doublet.
the energy region of interegt2]. The longitudinal electron-
beam temperaturiesT (kg denotes the Boltzmann constant ' ' _
has also been allowed to vary during the fit. From the fit we The result of ourLS-coupling-R-Matrix calculation of
obtain kgT=0.16+0.03 meV. Further fit results are sum- the total S&* PR cross section including damping is plotted
marized in Table II. in Fig. 4(a). It can be noticed that there is a very wide reso-
The most important result of the fit is the determination ofnance at about 13.6 eV. As already predicted by Gorczyca
the 3p°3d??F resonance energy and width to 12.31etal.[6], it is due to DR via the p°3d?(°F) ?F state. How-
+0.03 eV (*=2% systematic uncertainty and 0.89 ever, our resonance energy is by about 1 eV closer to the
+0.07 eV, respectively. For the asymmetry parameter oexperimental value of 12.29 ef{ee Table Il than that of
this resonance we obtai@®=6.3+1.8. A major source of Gorczycaet al This difference originates from the use of
uncertainty beyond the errors given is the background frondifferent sets of basis functions in both calculations. Table IlI
collisions with residual gas molecules. Under the conditiondists measured and theoretical resonance energies including
of the present experiment the background causes the majéurther theoretical resul{®9,30. The relatively large differ-
fraction of the measured recombination count r@ee Sec. ences between the various theoretical results illustrates again
I1). A subtraction of this high background level from the the difficulty to exactly describe the many-electron atomic
measured signal is difficult, especially, if changes of the resystem under consideration.
sidual gas pressure have occurred on the time scale of the In order to be able to more accurately compare the theo-
switching between signal and background measurement. Iretical result with the measured merged-beams rate coeffi-
this case a small fraction of the background may not haveient we convoluted th&matrix cross section with the ex-
been properly subtracted possibly leading, e.g., to the norperimental electron energy distribution function, that can be
zero recombination signal in the energy range 15.6—17 e\parametrized by the longitudinal and transvefsith respect
In principle, this signal might also be caused by a group ofto the electron beam directiprlectron-beam temperatures
weak DR resonances, however, this assumption is not suf- andT, , respectively12]. For the convolution result dis-
ported by our theoretical calculatiofsee below. When al-  played in Fig. 4b) we have usedgT =0.15 meV(cf. Fig.
lowing a constant background level as an additional free pa2) and kgT, =10 meV. Comparing with the experimental
rameter in the fit a considerably different asymmetrydata in Fig. 1 we find that thB-matrix calculation does not
parameterQ=10.4=4.1 is obtained with the fitted back- reproduce the experiment in every detail. For example, the
ground level amounting to 6200.9x 10712 cm®s 1. Onthe calculated resonance peaks in the energy range 7—17 eV are
other hand the resonance position and width change onlioo high, whereas those beyond 19 eV are too low. More-
within their errors as listed in Table 1l to 12.3%.03 eV and  over, some of the observed peaks at lower energies are not
0.85+0.07, respectively. reproduced by th&matrix calculation. The disagreement at
The significance of our fit result for the asymmetry pa-high energies can be traced back to the neglect of even-parity

B. Theoretical results
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of the 3p°3d? F resonance. The theoretical peak designations are & E
given. The theoretical rate coefficient has been shifted by 2.2 eVto ‘o [ ]
lower energies and multiplied by 0.63 in order to obtain agreement 1_: 6 3
with the measured (#3d? F resonance position and height. S ]
©C L E 3
£ 4F =
e ]
configurations and to the neglect of relativistic effects by g SF _
restricting theR-matrix calculation td_S-coupling. This also T ]
explains the missing of peaks at lower energies. Using Cow- \ M\I\AM[\/\W
an’s code[8] for the calculation of DR resonances in the %o A ,L'L, ,,,,,,,,, Y TR T
framework of perturbation theor¢Sec. Ill B) we find that 0 5 10 15 20 o5
due to relativistic effectémainly spin-orbit interactionalso Relative energy (eV)
LS-forbidden excitations to 8°3d?(°F)?D as well as to o .
3p53d(1D)452D and 3)53d(3D)452D doubly excited FIG. 4. (a) Total S&* photorecombination cross section as cal-

states may contribute to the PR cross section. It should b%”la_ted Wi;h theR-matrix approach in thé.S-coupling scheme in-
emphasized that resonances arising from relativistic effect%uf'ng 3°3d nl DR channels witm=4 and.W'th the symmetries
have in general small Auger widths if the atomic numbés dL . with L<5. (b) Merged b.eams recomb'nat'on'rate C.Oemc.'em
. . ; rived from the abov&-matrix cross section by convolution with
not. Igrge. As has been explained in some detail by Zhao a e experimental electron-energy distribution function Wkir,
Shirai [31] they, nevertheless, may still play an important _ 5 15" mev anckaT. =10 meV
. N . . . . . . . . . B!l .

role in recombination if their radiative lifetime is of the order
of the radiative lifetimes of the dominant DR resonances.

As.shown In F|g. 5 a much better agreement with thebe independent of the inclusion o4 4p, and 4 orbitals
experimental data is achieved when tH2 resonances me- in the set of tarqet states
diated by spin-orbit effects are taken into account in addition 9 '
to theR-matrix cross section. For the generation of the inco- ) o 23 2
herent sum of th&-matrix + perturbation-theory rate coef- C. Line shape of the $°3d°(°F) °F resonance
ficient shown in Fig. 5 we have used tHf® Auger and Clearly, the theoretical line shape of the broad
radiative rates as calculated by Cowan’s code. The resonan@®®3d?(®F) 2F resonance is asymmetric. As already men-
energy, however, has been determined by using the expetioned in the Introduction, Gorczyes al.[6] have attributed
mentally observed energy splittings between #i2 reso-  this asymmetry to interference between RR and DR path-
nances and neighboring resonances obtained fRammatrix ~ ways. However, this interpretation may be doubted in view
theory. For example, the experiment yieldp®3d%(°*P)2P  of the fact that in the relevant energy range the RR cross
and 3°3d%(°F)?D resonance energies of 14.8 and 15.3 eV;section is orders of magnitude smaller than the DR cross
respectively(Table Il). The level difference equals 0.5 eV. section. Naively, one would expect that a significant interfer-
Since ourR-matrix calculation yields a 8°3d%(°P)?P reso-  ence between DR and RR requires cross sections of similar
nance energy of 16.4 eV, we chose 16.9 eV to be thenagnitude. It must be kept in mind, however, that the asym-
3p°3d?(°F)?D resonance energy. Moreover, for the com-metry paramete® is also governed by the natural line-width
parison in Fig. 5 the theoretical merged-beams rate coeffiF 4. Inspection of Eq(16) shows that a large value bf; can
cient was multiplied by a factor 0.55 and shifted by 1.13 eVmake up for a small RR transition matrix eleméptR|f).
to lower energies. The difference between experimental anBligure 8a) shows the RR, DR, and interference contribu-
theoretical cross sections of nearly a factor of 2 is found tdions to the recombination cross section in the energy region
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TABLE Ill. Comparison of experimental and theoretical energy 3p°3d(°F)4s?F and 3°3d(*F)4sF located at 11.00 and
levels of some doubly excited 3¢ states relative to thef®'S 12,71 eV, respectively. As shown in Fig(aJ, especially the
state in units of eV. The assignment of the experimental resonancgsyter is overlapping with the broadp§3d2(3F) 2FE reso-

below 12 eV is uncertain. nance. In Figs. (b) and 7c) we show how the line shape of

: the 30°3d2(3F) ?F resonance depends on (stificially var-
State Experiment Theot . .
P y ied) distance to the @°3d('F)4s2F resonance. Clearly, the
A B Cc D shapes of both resonances are affected by their mutual sepa-
ration. The experimental observation of this effect, however,
3p°3d(°F)4s?F P 11.18 11.00 11.59 o P ~

5 1 ) is hindered by the presence of thB resonances close to the
3p°3d(*D)4s?D 11.48 12.18 By /1 > N

5ol ) 3p’3d(“F)4s“F resonance. Under this circumstance the ex-
3p°3d('F)4s?F 11.58 12.71 12.77 . . :

50103 5 perimental resolution presently does not suffice to reveal the
3p73d(*D)4s D 11.82 12.89 theoretically predicted subtle resonance-resonance interfer-
3p®3d?(3F) 2F 12.31 1361 1462 1323 1574 yp
3p°3d?(°P) 2P 14.80 16.40 17.35 15.85 16.81 ’
3p®3d?(°F) °D 15.32 16.90

V. CONCLUSIONS

ZA’ Zthisz W%rk;ff’ Ret.[6]; C, Ref.[29]; D, Ref.[30]. In the experimental energy range 0—45 eV photorecombi-
1572s72p"3s” is omitted. nation of Sé*(3s?3p®) ions is dominated by the
3p°3d P nl and 3°4s'P nl Rydberg series of DR reso-

e 213 2 nances. Significant differences to the recombination of iso-
of the 3p°3d“(°F) “F resonance as calculated by perturba-

: . . P priges electronic Tf* ions [26] are found that are due to subtle
tion theory. With the width of the 8°3d"(°F) “F resonance igerances in the electronic structure of3$cand TH.
d_ue to its Super—_Coster—Kronlg (_jecay channel be’mg eXt.raorEeveI energies, widths and resonance strengths were deter-
dinarily large ("4=1.06 eV obtained from Cowan'’s atomic- mined for a number of doubly excited 8¢ 3s23p53d?) and
structure cod¢8]) the asymmetry in the merged-beams rate 2+ (352305 y P
coefficient is retained even when the RR cross section igC (35 3p°3d4s) states. Furthermore, we fmdzaasmgll ex
artificially lowered by a factor of 10Fig. 6(b)]. The theoret- Perimental evidence for an asymmetry of the*3d*(°F) *F
ical asymmetry parameter changes fra@=3.97 to Q resonance line shape. A more precise determmaﬂqn of the
=12.6. Our experimental findings dfy=0.89 eV and of Ime_shape from t_he_ experlm_ental_ data would require _Iess
Q=6.3 (see Table Il correspond to these theoretical results. Statistical uncertainties especially in the h|gh-energy tail of
Apart from interference between DR and RR anotherthe resonance. In the present measurement the high back-
source of distorted line shapes is the interaction betweegiround level from electron capture in Sccollisions with
overlapping DR resonances of the same symmeé®3]. residual gas molecules prevented this requirement from be-
From our R-matrix calculation we find two further ing fulfilled. Moreover, the peaks on the Iow-energy side of
resonances of 2F symmetry, namely, the resonances the 3p53d2 2F resonance leave additional room for ambigu-
ity.

Starting from rigorous continuum-bound transition theory
7F . & the SE* photorecombination cross section has been calcu-
ER = £ lated using both theR-matrix method and a perturbative
”g 6F < 3 treatment. We found that the line shape of the
S b o “;%n 3p°®3d?(®F) ?F resonance is influenced by both interacting
o " B o & ” resonances and interference between RR and DR. In spite of
TE’ 4t @ &g N the fact that the S¢ RR cross section is almost negligibly
@ I a¥a L small, DR-RR interference becomes noticeable due to the
£ 3F 3 ﬁ% 3 N; large 3°3d%(3F) ?F resonance width of 0.89 eV. Moreover,
§ st 2 2% o we have shown that relativistic effects play an important role
@ A 89 "’% in the recombination of $¢ . Three experimentally observed
2 4 8 strong $°3d??D and 3°3d4s?D resonances can only be
reproduced theoretically by invoking relativistic effects. Our
o B S B o AT e R-matrix calculations as well as the calculations of Gorczyca
8 $ 10 11 12 13 14 15 16 et al.[6] that both have been restrictedlt&-coupling fail in
Relative energy (eV) . .
reproducing these strong experimental peaks.
FIG. 5. Comparison of the measured®Seate coefficient with Our results show the limits of the independent-processes

the present theoretical resuR{matrix plus perturbation theoyyn ~ @nd isolated-resonances approximations usually made in
the region of the B3d%(®F) 2F resonance. The theoretical peak photorecombination calculations. A more stringent test of our
designations are given. The theoretical rate coefficient has bedfieoretical results could in principle be provided by the mea-
shifted by 1.13 eV to lower energies and multiplied by 0.55 in ordersurement of high-resolution photoionization cross sections of
to obtain agreement with the measurepP3d2(°F) 2F resonance S (3p®3d 2D) ions. Results of such an experiment will be
position and height. reported elsewherg83].

042723-8



INTERFERENCE EFFECTS IN TH. .. PHYSICAL REVIEW A 65 042723

s LR UL UL T ] T T T T T T T T T ]
— f (@) (@) 3
E 4L i 8¢ ]
8t‘.) L ] N
2 of I ‘
c i 1/10 RR af 1
o 2r C
33 o[ l .
o C
w 1r r
% E s T TS ! L NEO':'::::'::::'::::': + } } -
O ( e P eRSSES 5 T T T T T T T T L
& BT 2 ek (b)
5_1_ ~/ h = ]
A Lo L Lo L 86'_ _
9 11 13 15 17 5 f
Electron energy (eV) S 4fF 3
— LI T Ty LR TV 7] » [
2 C (b)1 62'_ ]
g0 . o L
5 i ] E 0::}::::}::::}::::} +H } } -
© 8t . r ]
Z i ] c)
= of ©
o 6f . [
o b 6 3
= 1/10 RR r
@ C
o 4 ]
[&] 3
2 C
B s ;
o« L
o 0 .|....|....|....|‘.J...|....|....|....|....|..

9 10 11 12 13 14 15 16 17
Electron energy (eV)

Relative energy (eV)

FIG. 6. (8 Cross section for recombination of Ecvia the

intermediate $°3d*(*F) °F state into the B®3d°D state: total  giates [in the order of increasing energy: p33d(3F)4s 2F,
cross sectionsolid ling), nonresonant RR cross sectiddashed 3p°3d(‘F)4s 2F, and 3°3d2(3F) 2F] calculated in theR-matrix
line), DR cross sections(dotted ling, and interference term 5pnr0ach, showing the variation of the resonance line shapes as a
(dashed-dotted lineAlso given are the total cross section and the function of energy separatiof@) as calculatecab initio, (b) 0.5

interference term for the case of an artificially redudega factor  imes, and(c) 1.5 times the separation i@ with no other param-
of 10) RR cross sectiofithinner lineg. (b) Merged-beams recom-  ater varied.

bination rate coefficients corresponding to the calculdtatted
line) and artificial(solid line) total cross sections.

FIG. 7. Partial cross sections for recombination \A&°

with AE being its full width at half maximumFWHM),
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A 1 (= [Qy+(t—x7]°
QU \J=w

) (t—x)%+y?

e Pdt— 1]
APPENDIX: CONVOLUTION OF A FANO PROFILE WITH

A GAUSSIAN 2yIn2 1 2
=A 1- = |%"w(z)]- =3(w(2)]|,
The convolution of a Fano profileEq. (15)] with a nor- AE\7 Q Q

malized Gaussian (A2)

G(E) 2 [In2 4(In2)E? AL
= — —exXxg ———|, C .
( AE T (AE)? where the definitions
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_ 2\In2(E'~E) A3 z=x+iy (AB)
CTRE (A3)
have been used and whengz) denotes the complex error
_ 2\In2(Eq—E) (Ad) function[34]. Its real and imaginary parts can efficiently be
AE ' calculated with a numerical algorithm by HumlicgB5]. It
should be noted that foQ—~ Eq. (A2) yields the Voigt
~I'Vin2 (A5) profile, i.e., the convolution of a Lorentzi&&q. (14)] with a
Y="AE Gaussian.
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