PHYSICAL REVIEW A VOLUME 59, NUMBER 3 MARCH 1999

Theoretical and experimental binding energies for thed’s? F levels in Ru™,
including calculated hyperfine structure and M1 decay rates
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Relativistic configuration interactiofRCI) calculations predict that thedd5s2J=09, 7, 5 and 3*F levels
of Ru™ are all bound with binding energies 1.076, 0.905, 0.795, and 0.725 eV, respectively. Using laser
photodetachment threshold spectroscopy, the binding energies od th@ and 2)=7 levels are measured to
be 1.046385) and 0.8658L0) eV, respectively, in good agreement with the calculated values. Hyperfine
structure constants for all levels and magnetic dipole decay rates have also been calculated, and a systematic
study of the important role of quadruple excitations is presef@t50-294{@9)04503-3

PACS numbgs): 32.10.Hq, 32.10.Fn, 32.70.Cs, 32.80.Gc

I. INTRODUCTION Currently, a strength of the first two methods lies in their
general applicability, whereas a strength of the last two lies
For different reasons, negative ions pose substantial chaln their achieved accuracy for “simple” systems. One may

lenges to the experimental and theoretical communities. Falso note the closely related work of the “Russian group”

the theorist, electron correlation effects can be the dominar®] which is competitive, though not always fulgb initio.

contribution to the electron affinityEA, of the neutral atom

and for the medium to higl species, of interest here, rela- Il. THEORETICAL METHODOLOGY

tivistic effects need to be included from the outset in any

calculation. Experimentally, negative ions are often difficult

to form in high concentrations, and they can be quite fragile

easily detaching electrorjd]. As for transition-metal nega- tion (DF), which is then improved systematically, by using

tive ions, aside from Tc and Re, the least studied2]  hertyrhation theory to provide a form for the correlated part
species are Ruand Os. Previously, only semiempirical of the wave function. Initially, we make single and double
(by extrapolation results existed3], which predict a bound  excitations from the DF function’s outermost subshédis.,
ground stated’s” *F with binding energies~1.1 eV. In 44 and 5 for Ru). Subshells not present in the DF function
this work, we report relativistic configuration interaction are called “virtual,” and their radial functions are repre-
(RCI) results for RU. We are currently obtaining theoretical sented by relativistic screened hydrogenic functions, with ef-
and experimental results for Os fective chargez*. The unknowns,Z*, and the correlation

In addition, the results of laser photodetachment thresholflinctions’ coefficients are determined by application of the
(LPT) spectroscopy experiments on tREy, and *F, lev-  variational principle, which leads to the relativistic configu-
els of Ru™ are reported. As with most transition-metal nega-ration interactionRCI) matrix [11]. In practice, electronlike
tive ions, RU detaches into @-wave continuum. Ap-wave  solutions are assured by constraining the virtual's radial
threshold can be very challenging to measure with highfunctions to have afr) similar to the DF radial function
precision infrared LPT spectroscopy, because of the veryhey are replacing; we also find requirimg=1+1 to yield
gradual onset of the threshold. The current work is based othe best convergence.
the method recently demonstrated by the authors on bound During computation, several decisions must be maie.
states of a number of other transition-metal negative ioné\t what symmetry(l) are the virtuals cut off? In practicé,
[4,5]. =4 is usually sufficient(ii) How many radial functions are

Recent relativistic correlated fullgb initio treatments of needed pel? Usually 2 for eacH, per originating shell, is
medium to highZ negative ions include at least four differ- sufficient. (iii) How much of the core is excitetbpenegl?
ent, though related, approaches, which @eéerences given For the most accurate results presented liatem and 2
are only illustrative and not comprehensivaulticonfigura- =9 ion), it appears opening the outermost clogeshell is
tional Dirac-Fock{6], RCI, relativistic many-body perturba- adequate(iv) Do we need to go beyond a first-ordsingles
tion theory[7], and relativistic coupled cluster theof$]. and doubles “form,” and if so what must be included?

Briefly, the answer is yes, as can be determined by monitor-
ing the largest valence energy contributiqesy., 5°— p?)
*Also with the Department of Engineering Physics, the Brock-as the core is opened. These decline as the core is opened.

house Institute for Materials Research, and the Center for Electroe interpret this as partly being due to the pulling away of
photonic Materials and Devices. e.g., 52 from 5p?, due to the greater amount of correlation

We begin by solving the Dirac-Fock equations for the
dominant configuration using Desclaux’s progrgif] and a
Dirac-Coulomb Hamiltonian. This provides a reference func-
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introduced in 52 as the core is opened. We partly correctfurther reducedallowing for additional configurationsby

this [12] by introducing the equivalent correlation intgp% removing “small” parents(“scrubbing”). For single and
such configurations are frequently triple or quadruple excitadouble excitations, this may be done on an energy hasis
tions with respect to DF, so that we are beginning to conFor triple and quadruple excitations, we use a coefficient test.
struct a second-order wave function. The remainder of thé&urrently energy and coefficient thresholds are 0.04 meV
correction arises from other quadruple excitations formednd 0.0004, and they result in removal of about 50% of the
from products of the largest pair excitations. These partialyParents, with only a few meV loss in total energy. For
cancel the pair-pair interactions which decrease the correla{ggig‘]zg* the fully scrubbedkepuced matrix is of order

tion energy.
Due tog¥he presence of open-shélklectrons, most cor- A final computational advantage lies in the fact that all

relation configurations can have many parefdew thou- ~Stateésatom a?d ioninvolve thed” electrons “pretty much”
sand, which are constructed from many determinantscoupled to a”F. We would expect that, to a considerable
(<14000 herg Left in this form, one could be dealing with degree, correlation associated with just these e_Iectrons W|I_I
an RCI matrix of one hundred thousand parents, involving?® Much the same for all states, and so can be ignored. This
matrix elements which are constructed frgdouble sums ~ Strategy should be most effective for the ion states, as we
of tens of thousands of determinants. However, within the'@ve seen for Sn[12] where the terms, but not the configu-
first order(in form) correlated wave function, one can reduce2tions, do change. We make use of this by doing less exten-
the number of correlation parents greatly, by realizing thafive calculatlor_lsm_shell remaining closed; limited triple and
their interaction with the DRzeroth-order function can be quadruple excitationsfor 2J=7, 5, and 3 and computing
expressed in terms of a small number of radial integrals. T&heir energy differences with the “cruder'p(shell remain-
use this, we rotate the original set of parents, for each nonilg closed, etg.2J=9 state. In this process, it is essential
relativistic manifold(group of relativistic configurations re- that all states be treated at the same correlation leegliva-
ducing to the same configuration in the nonrelativistic jmit !ent basis seis
to maximize the number of zeros. Rotated parents having ©Once the RCI wave functions are generated, both hyper-
zero interaction with the DF reference function are dis-fine structure(HFS constants(dipole and quadrupoleand
carded. This process is calle®EDUcE and has been auto- Magnetic dipole ¥11) decay rates are obtained. Expressions
mated[13]. Calculations for Zn [14] using REDUCE intro-  for HFS matrix elements have been given elsewh&4¢and
duced errors in the total energy of 10—20 meV as compare@'e based on earlier work of Lindgren and Rof&f|. Ex-
to a calculation wheREDUCE was not used. pressions forM1 transition rates have been given in Ref.
In carrying out this work, and especially that for the ho-[12]; they are based on the work of Grdug]. It should be
mologous Os-Os case[15], it was found that rather large noted that since the RCI wave functions are obtained inde-
errors in the EA existeabove 100 meV for Os-O9, when pendently of one another, their basis sets are not orthonor-
obtained in the conventional way. Results presented here wilnal. In calculating theM1 decay rates, nonorthonormality
demonstrate that this is mainly due to the absence of a fegffects are fully accounted fdr9] following the work of
important quadruple excitations in the negative ions, and thdfing et al.[20].
which excitations these are can be predicaepriori, based The Breit contribution has been treated only at the aver-
on energy analysis tables such as Table | of this work. SucR9€[10] energy DF level. Nonaverage magnetic effects are
excitations are needed to help correct the well known siz&€low 0.05 meV. Breit contributions to EAs are small,

inconsistency in the CI process. ~1 meV, so that a more thorough treatment is unnecessary.
Basically, these important quadruple effects arise from
products of the most important pair contributions, viz. prod- Ill. EXPERIMENTAL METHOD

ucts of 5°—p?,4d5s—p?+sd+pf. But, treatment of
these excitations requires substantial revision of our existing A schematic diagram of the experimental apparatus is
algorithm[13], for two reasons(i) the number of determi- shown in Fig. 1. A more detailed description of the experi-
nants in the final rotated functions greatly exceeds the existmental apparatus can be found elsewhggg A 13 keV
ing limit of 5000 (at least 25000 will be needgdii) each beam of negative ions is produced with a cesium sputter
quadruple excitation will have multiple referenogmir ex-  source and mass analyzed with a 30° bending magnet, set to
citationg, and some of these will brREDUCE vectors them- produce a 4.4 kG magnetic field. The beam then passes
selves. This is a “new” type of reference function, as well asthrough a differential pumping tube and enters an ultrahigh-
being more complicated, and new programming must be&acuum(UHV) chamber where pressures of10" 8 mbar
done to accommodate them. It is of course desirable to keegre maintained. A pair of electrostatic deflection plates
the number of reference functions to a minimum, because thgerves to charge-state analyze and direct the beam to cross a
number of final(rotated quadruple vectors kept is directly pulsed laser beam at 90°. The photodetached neutral atoms
proportional to this number. As an illustration, the are detected with a discrete-dynode electron multiplier while
4d% p?vf22J=9 rotated manifold has 33 vectors formed the residual negative ions are deflected by a second set of
from 13 935 determinants. Prior to rotation, there were 459&lectrostatic plates into a Faraday cup, where currents of
vectors, so we have achieved a reduction of a factor of 139=2.5 nA of Ru are observed. A boxcar averager with an
It is important to understand that the more complicated the=125 ns gate, triggered via the laser pulse, integrates the
atomic statggreater number of opetl/ f subshell electrons  signal from the detector. The integrated signal is collected by
the larger the reduction. a personal computer and recorded for subsequent analyses.
After diagonalization, the size of the RCI matrix may be  The 1000-1375 nm tunable infrared laser light required in
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TABLE |. Energy contributions in eV to Ri4d’5s?2J=9 and Ru 4175s2J=10. (Assigned according
to “first-order” analysis[16]. Triple and quadruple excitations given as “0.”

Ru"2J=9 Ru 2J=10
Excitation No quads With quads

DF 0.3167 0.3167 0
552 g2 —0.0522 —0.0476 N/A
552 p? —0.4595 —0.5773 N/A
5s?—d? (incl. 4d) —0.0317 —0.0248 N/A&
552 f2 —0.0140 —0.0118 N/A&
5s2—g? —0.0028 —0.0026 N/A
55— pf+sd “Q” “0” N/A 2
55—s —0.0342 —-0.0314 0
5s—d (incl. 4d) —-0.0143 —0.0142 —0.0100
550 -0.0172 —0.0172 —0.0028
4d5s— p? —0.3446 —0.3461 —0.1354
4d5s5— d? —0.0085 —0.0085 —0.0049
4d5s— f? —0.0165 —0.0165 —0.0098
4d5s—g? —0.0052 —0.0051 —0.0018
4d5s—sd —0.2809 —0.2841 —-0.1541
4d5s—pf —-0.7799 —-0.7755 —0.5420
4d5s—dg —0.0673 —-0.0675 —0.0408
4d5s—fh —0.0205 —-0.0207 —-0.0137
4d—s (incl. 5s) —-0.0173 —-0.0172 -0.0131
4d—d —0.0682 —0.0682 —0.0469
4d—g -0.0922 —0.0922 —0.0990
4p5s—sp —0.0462 —0.0454 —0.0290
4p5s—pd (incl. 4d) —0.1706 —0.1678 —0.1446
4p5s—df (incl. 4d) —0.0493 —0.0493 —0.0319
4p5s—fg —-0.0074 —-0.0074 —0.0068
455552 NCP NCP —0.0004
4555 p? NCP NCP —0.0015
4s5s—d? (incl. 4d) NCP NCP —0.0045
4d55°— p?d+pdf+pfg+sp?+spf+s’d+p?g “0” “Q” N/A 2@
4p5s°—pd?+p3+pfi+spd+pdg “Q” “Q” N/A 2
442552 p2f2+ p*+ p3f + p2sd NCP “Q” N/A 2
4p—p+1fe —1.7616 —1.7807
Breit +0.0007 0

aN/A = not applicable to this state.
PNC = not calculated.
‘Obtained via separate calculation (BBp—p+f).

the experiments is obtained by using the first Stokes beam afomponent are not sufficiently energetic to detach the nega-
Raman converted 8 ns laser light pulses from a Nd:YAGtive ions of ruthenium, even from an excited state, no effort
pumped dye-laser, operating at a 10 Hz repetition rate. Thevas made to filter that component from the beam.

Raman conversion is obtained by focusing the dye laser light A threshold energy is extracted by fitting a Wigner thresh-
into a 120 cm long Raman cell filled with,Hyas at 221) old law[22] to the collected data. For a photon enesggnd

bar, producing a Stokes shift of 4155.12@) cm ! [21].  threshold energy,, the Wigner threshold law states that the
The anti-Stokes and pump laser beams are eliminated fromross section for detachment vanishesdsre, and is pro-

the recollimated laser beam with dichroic mirrors and siliconportional to € —&o)” t 2 for e >¢,, where/ is the angular
semiconductor plates, or with optical glass filters, arranged anhomentum of the detached electron. Therefore, since the
Brewster’s angle and paired in order to compensate for bearelectron is detached into@wave continuum in the case of
walking as the laser frequency is tuned. The first Stokes laséRu™, we expect the cross section to havel gpower-law
light is allowed to pass through a vacuum viewport and in-dependence on photon energy near the threshold.

teract with the negative ion beam in the UHV chamber. After
having passed through a second viewport, the light is finally
detected by a pulse-energy meter. Average pulse energies of
3.3-3.6 mJ are obtained in the UHV chamber. Since the RCI calculations begin by making single and pair excita-
photons of the weak<0.5 mJ per pulsesecond Stokes tions from the outermoss$ electrons; these pair excitations

IV. THEORETICAL RESULTS
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Neutral Pulse 4d25s%— p?f2+ p*+ p3f + p?sd using the newly modified

II),:trgcctlsr | |‘/§fee§y UHV  Ion Source REDUCE program[13]. Of these, the first is most important.
' /Chamber ‘ The restoration can be most clearly seen by comparing the

Extraction two Ru™ columns in Table I(without and with these qua-

druples. These differ by 98 meV, so the net effect on the

:‘l : — E\

& X| Magnet binding energy for 2=9 is to increase it by 98 meV.
\ We note that nod? excitations are included here. We
) Delflection exclude them, because we believe their large contributions to
Faéi‘]‘:)ay € . fates lonizing ~ Sputter the total energy make almost no contribution to the Ru EA.
SB';?VIVZ?;d;f;gS Coils  Target This seems confirmed by our DF e(5d?) calculations on
;_ 0s-0Os [15]. Furthermore, if they were introduced they
Z— NA:YAG would have to be treated in a very balanced wWeguivalent
E Dichroic Mitrors Laser ba5|§ setsfor atom and ion, and thgy would haye a S|gn|f|-.
g cant impact on the valence correlauons,_ necessitating the in-
\ ‘ troduction of further(partially) compensating triple and qua-
druple excitations.
Raman Cell Dye The next computation step is to incluges excitations.
Laser From Table I, it is seen these contribute 61 meV to the EA of
Ru. Opening this shell also impacts the valence excitations,
= which is partially compensated for by the inclusion b’
<h Laser Beam Path excitations fromd’p?. In the process of opening this sub-
! ! shell, it was noted that there was a decrease in the important

ds—pf contributions(there is a strongl>— pf interaction
FIG. 1. Schematic illustrating the experimental appardses between the tWC_" as expectE2B]). It is important to nqte,

accompanying text for detajls however, that this changéotal energy had almost zero im-

pact on the EA.
are present only in the negative ion. Energy contributions, We also included the effect ofpd—p+f excitations, by
determined by use of second-order perturbation th€b8y,  doing separate calculations (BBp—p+f) so as to avoid
are shown in Table | for the =9 state of Ru. The most the need for compensating triple excitations. The net effect is
important of these valence correlations afe-p?, s—s, to lower the 2=9 binding energy by 19.1 meV.
ands®—s?. We carefully monitor these contributions as we  For Ru 2J= 10, we also opened thes4ubshell. Since the
excite(open from the core, and when we observe significantcontribution to the total energy is so smél4 meV), it has
changes, introduce triple and quadruple excitations, whicmot been included in any of the Ru EAs. To simplify calcu-
tend to partially compensate for these losses. Valence exciations for the 2=7,5,3 Ru states, we argue as in Sn
tations seenfsee Table)l to be adequately described by [12] that there is much correlation in common with thé 2

=0,4 and by one radial function pgrexcept for thep sym- =9 state. There is a “first-order” theoretical basis for this
metry, which uses two. The firg “virtual” is generated [24], which applies if(among other conditionsthe radial
from a MCDF 52+ 5p? calculation. functions for the states do not vary much, and at least one of

The next step is to include the pair excitatiahs— and  the two subshells being excited is initially closed. Greater
single excitations from thd shell. These are major contribu- cancellation also ensues because all ion states are associated
tors to the Ru EAthe DF contributions are negative in fact (mainly) with the samed” *F configuration. In this case, we
with the ds—sd+p?+pf being the largest. As Table | specifically have not opened the subshell for the 2
shows, here it is necessary to include symmetries up to =7,5,3 states, locating them instead with respect to the 2
=5. Introduction of these excitations decreases the valence 9 state(using a wave function with thp subshell closed
contributions, particularlg®— p?, by as much as 100 meV. The binding energies for all states are reported in Table II.
This number is obtained by comparing to a calculation wheré'hose for 2=9 may be extracted from Table | using the
only excitations from §° are allowed(not shown. This is  formula BE = DF + CA—Cl—Breit, where CA(CI) is the
partly because we have treatéts? andd’p? unequally; we  correlation energy for the atofion). It can be seen that the
have includedis— in the former, but notlp excitations in  ion is unbound at the DF level and the Breit contribution is
the latter. When these are introducéahd they are triple small. Because the binding energies are quite large, we
excitations with respect td’s?; the specific triples included looked at the first excited negative ion state for 18, but
are listed in Table | by symmetry typeabout 1/3 of the none of these appear boutal hadd’s? configurations We
energy lost is restored. Coefficients of these triples can be a@so did a MCDF (52+5p?) calculation for =1, and
large as 0.01 in magnitude. Botls anddp excitations gen- found the energy to be 1.301 eV above the MCDF energy of
erated manifolds that are so complicatadmber of parents, the Ru 2J=3 state, suggesting thatl2 1 is not bound.
determinantsthat theReDUCE methodology{ 13,14 is used Table Il also includes results for magnetic dip&e and
to introduce them. electric quadrupole/quadrupole momerB/Q) constants.

A nearly complete restoration, as compared to a calculaNuclear constants are taken from Fuller and Cof#5} and
tion where only excitations from & are allowed (not Raghavar{26]. For Rul, very accurate experimental results
shown, of the 5°—p? valence correlation energy is are availablg27] for A and B/Q. Our results are in good
achieved with the inclusion of the quadruple excitationsagreement with these, though the accuracy could be im-
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TABLE II. Binding energieSBE), hyperfine structure constanta,B), and magnetic dipole decay rates
(A).

HFS
State BE(eV) A (MHz) B/Q (MHz/b) M1 (s hHe°
DF corr Totaf DF RCI Expt. DF RCI Expt. Al
Ru™4d’5s?
2J=9 —0.3167 1.3866 1.076 —-90 —113 338 302 N/A®
1.0515)
1.0463825)¢
2J=7 —0.4936 1.3833 0.905 —97 -97 243 220 0.213
0.865310)¢
2J=5 —-0.6080 1.3832 0795 —117 -111 180 162 0.0229
2J=3 —0.6802 1.3819 0.725 —192 —165 168 151 0.00741
Ru 4d’5s
2J=10 N/A®  N/AS N/A® 1043 1052 948 529 448 459 N/AS

aDF + corr. + magnetic Breit.

bFor Ru/RU , u= —0.69) =5/2Q=0.457 barnsp andl from Fuller and Cohefi25], andQ from Raghavan
[26].

‘In accordance with magnetic dipole selection ruled=£0,+1), decay from thel level occurs only to the
J+1 level.

dRClI values; DF values differ-1%.

®N/A = not applicable to this state.

fSemiempirical(extrapolatelivalue from Feigerlest al. [3].

9Experimental result from this work.

PExperimental valuef27] for HFS are given to more significant figures.

proved by including core excitations such as4s+d and  covering photon energies of 7275-9930 C¢mis shown in
4p—p+f, as we do in more thorough HFS studig®].  Fig. 3. The higher-energy threshold seen here is identified
Finally, Table II contains RCI magnetic dipole decay rateswith the *F4,—°F5 detachment channel, since this channel
for the ion states; these differ littld %) from the DF values. is expected to be the strongest. Using a “cool” cathode con-
figuration, in order to suppress the background from lower

V. EXPERIMENTAL RESULTS — E T T T T T
= [
The energy level structure of Rus illustrated in Fig. 2. 5 6F E
A portion of the data collected from a series of coarse scans, 5 ¢ ]
8 sf 5
E s - g E
ceseoguene .'}. - —_—— 2] g 4 :” é
2000 i /l« 3] S E
T R n gf 3
[ " 7 o s °F
ol I][ ....... Jo s ————— 5 —0.0 3 E E
- I Ruad’ss °F | & 2F
[ ! ] e E
-2000~ Wl ¢! : | 5 1pe—> T
N T I ; < f
L 'l I 1} I | e Ok . ... 1 t ' ity 1 1 3
Bt S TP R ' 08 7900 8000 8100 8200 8300 8400
[ Wi 1 | a2 Photon energy [em™!]
-6000 1 1 1 ! 5;2 ] . . i
F | | /2 FIG. 3. A portion of the region covered by the series of coarse
so00l- ! —--1 o scans discussed in the text. The higher-energy threshold seen here is
Bhaait ¥ — L o2 1 the *Fq,— 5F5 detachment threshold of Ru(see Fig. 4 and the
fem™]t Ru™ 44" 5s” °F len lower-energy threshold corresponds to te,,— °F, detachment

threshold(see Fig. . The solid curve was calculated assuming the
FIG. 2. Energy level diagram of Ruand the Ru ground state. measured threshold positiorigxdicated by vertical lines deter-
The arrows, indicating the allowed detachment thresholds, arenined from high-resolution scans. Each data point represents the
spaced proportionally to the threshold energies and ordered by irsum of the signal from 1000 laser pulses. Note that this data was
creasing energy from left to right. The solid arrows indicate thecollected with a “hot” cathode, so while the relative cross-section
thresholds observed in the present study; the other thresholds aseale in this figure does match that of Fig. 5, it does not match that
dashed. of Fig. 4.
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Relative cross section [arb. units]

Relative cross section [arb. units]

8400 8420 8440 8460 8480 8500 8520 8100 8150 8200 8250 8300 8350
Photon energy [em™'] Photon energy [cm™]

FIG. 5. The*F,,— °F, detachment threshold of Ru The solid
curve is the Wignep-wave fit, with the vertical line indicating the
best-fit threshold position. The background signal observed here
(extrapolated with the dashed lineemains constant over a large
range(see text for detai)s Individual data points represent the sig-
nal obtained from 2000 laser pulses. Error bars are one standard

eviation, estimated on the basis of counting statistics. To increase
e threshold strength, a “hot” ion source was used here.

FIG. 4. The*Fg,,— °F¢ detachment threshold of RuThe solid
curve represents the fitted Wignewave, including a sloped back-
ground, with the best-fit threshold position indicated by the vertical
line. The below-threshold signéxtrapolated with the broken line
is largely due to detachment from the excited states of Faee
Fig. 3). Each data point represents the signal collected from 200
laser pulses. The data for this plot were collected with a “cool”
source in order to minimize the background signal due to excitedthe table, only two other thresholds have a sufficiently high
state population. fractional intensity to likely be observed: tH€,,—°F, and

4Fq,—°F, detachment thresholds. The latter threshold
thresholds(see discussion belowan ~150 cm * range is would be difficult to observe because of the large back-
selected and repeatedly scanned at a much higher resolutid@@found signal that would be present from the other seven
Figure 4 presents the result of these scans. As can be seen lgyver-energy detachment channels. Furthermore, no addi-
the fitted solid curve, the expected power-law behavior ~fional mfoz{matlon would be obtained about the negative ion,
agrees well with the data, and yields a best-fit threshold ersiNce the'Fo; level can be accurately positioned from the
ergy of 8439.620) cm™* (all quoted uncertainties are to one OPSeved"Fop—"Fs threshold(Fig. 4). Therefore, running
standard deviation and include the systematic errors assoéﬁe ion source “hot,” a selected region o¥300 cm

ated with this apparatus 6f0.1 cmi ! [21]). Therefore the around the IOV\_/er energy threshold of Fig. 3, is repeatedly
binding energy of théF Ievél and hence.the EA of RU. is scanned at a high resolution. The result of this set of scans is
9/2 1 L]

" . resented in Fig. 5, where the solid curve represents the best-
2;3:%.69‘2\(/)21?28]1] [1.0463825 eV, using 8065.541@4) 1Ei)t Wigner Iawgwith a threshold value of 51(78) cm L.

! . Since the signal below this threshold appears to remain con-
Table 1l lists relative threshold strengths for a “cool” g PP

o - . stant over the entire range of photon energies of 7275-8150
(650 K) and a “hot” (1300 K) ion source, assuming a ther- cy-1 it is improbable that this signal is a result of detach-

mal distribution and.-S coupling[5]. As can be seen from ment from a higher-lying excited state of Rubut rather is
likely due to a small amount of mass-coincident or nearly

TABLE lll. Calculated intensities of Ru thresholds. mass-coincident impurity molecules such as hydrides. Con-
sidering the predicted relative threshold strengths and the
Relative intensity’ ranges scanned, we must assign this second threshold to de-

Threshold T=650 K T=1300 K T=°¢ tachment from the negative iofiF,, level to the neutral
P b7 136 682 atom 5F4 level (the leftmost arrow appea.rir.lg in Fig). By
4F7/2 5F4 s a3 20,9 subtracting the®Fs-°F, neutral atom splitting of 1190.64
. 5/2_’5 3 : ' ' cm ! [29] from the measured threshold energy, we obtain a
Fao—°F5 <0.1 0.8 18.2

. . binding energy for the*F,, level of 69798) cm !
Foz—"Fs 100.0 100.0 100.0 [0.865310) eV]. As a further check, a scan of thtFg,

i':s/ﬁ:':l 0.1 12 27.3 5k, threshold is repeated immediately following the high-
4F5/2—>5F2 0.2 2.2 27.3 resolution *F,,—°F, scans. Comparing the amplitudes of
4F7/z—>5F3 0.9 4.5 22.7  the Wigner fits to these two data sets yields an experimental
For—"F4 13.6 13.6 136 relative strength for the*F;,—°F, detachment, with a

“hot” ion source, of 121) percent, in reasonable agreement

&Thresholds are ordered from low to high energies. . . . . .
bRelative intensities are given in percent of the strongest detach\{\”th the expected threshold intensity given in Table IIl.

ment channel.

‘In the T=x case, the population is distributed accordingLt®

coupling statistics only, and therefore yields the largest relative in-  In summary, the binding energies of t&€ 2J=9 and
tensities that can be obtained from a “thermal” ion source. 2J=17 levels of Ru were successfully measured with infra-

VI. CONCLUSION AND SUMMARY
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red LPT experiments. The binding energies of tle=® and  quadruple excitations have on the Ru EA. The treatment has
2J=3 levels were not measured, primarily because of théeen sufficiently automated to permit their inclusion in a
very low relative intensities of the associated detachmenvariety of problems. As might be expected, due to the simi-
thresholds. It may be possible to increase the detachmefurity of correlation effects, the 2=9—2J=7 splitting is
signals from these levels by using an alternate “nonthermal’determined more accurately~10 meV uncertainty than
ion production mechanisnfsuch as charge exchange in athe absolute value of the J2=9 binding energy
metal vapor ce)l to increase excited state populations. In(~30 meV uncertainty
addition, a channel-sensitive LPT approach, similar to that
used by Dellwoet al. on Li~ [30], might allow measure-
ments of the higher-energy thresholds that are difficult to
observe due to a large background signal from the lower- Support from the National Science Foundation under
lying detachment channels. Grant 96-05213 for the theoretical part of this work is grate-
The theoretical results for theJ29 and 2=7 binding  fully acknowledged. We are also thankful to the National
energies are in excellent agreement with experiment. W&esearch Council of CanaddNSERQ for providing the
have identifiedand calculatedthe important role that a few funding for the experimental work.

ACKNOWLEDGMENTS

[1] T. Andersen, H. H. Andersen, P. Balling, P. Kristensen, and V[15] P. L. Norquist and D. R. Beckunpublisheg

V. Petrunin, J. Phys. B0, 3317(1997). [16] S. M. O'Malley and D. R. Beck, Phys. Rev. A4, 3894
[2] H. Hotop and W. C. Lineberger, J. Phys. Chem. Ref. Oaa (1996.

731(1985. [17] I. Lindgren and A. Rosen, Case Stud. At. Phgs93 (1974.
[3] C. S. Feigerle, R. R. Corderman, S. V. Bobashev, and W. C[18] I. P. Grant, J. Phys. B, 1458(1974.

Lineberger, J. Chem. Phy34, 1580(1981). [19] D. R. Beck and Z. Cai, Phys. Rev. 41, 301(1990.
[4] R. C. Bilodeau, M. Scheer, and H. K. Haugen, J. Phy8&1B  [20] H. F. King et al,, J. Chem. Phys47, 1936(1967.

3885(1998. [21] M. Scheer, R. C. Bilodeau, C. A. Brodie, and H. K. Haugen,
[5] M. Scheer, C. A. Brodie, R. C. Bilodeau, and H. K. Haugen, Phys. Rev. A58, 2844(1998.

Phys. Rev. A58, 2051(1998. [22] E. P. Wigner, Phys. Rew.3, 1002(1948.

[6] See, e.g., W. P. Wijesundera, Phys. Re\6%\ 1785(1997. [23] D. R. Beck and C. A. Nicolaides, Phys. Rev24, 857(1982.
[7] E. N. Avgoustoglou and D. R. Beck, Phys. Rev.5A, 4143  [24] D. Datta and D. R. Beck, Phys. Rev.4¥, 5198(1993.

(1999. [25] G. H. Fuller and V. W. Cohen, At. Data Nucl. Data Tabfs
[8] See, e.g., E. Eliav, Y. Ishikawa, P. Pyykko, and U. Kaldor, 433(1969.
Phys. Rev. A56, 4532(1997. [26] P. Raghavan, At. Data Nucl. Data TabK® 189 (1989.
[9] See, e.g., V. A. Dzuba and G. F. Gribakin, Phys. Re\65\  [27] S. ButtgenbachHyperfine Structure in 4d- and 5d- Shell At-
2443(1997). oms(Springer-Verlag, New York, 1982
[10] J. P. Desclaux, Comput. Phys. Comm@n31 (1975. [28] E. R. Cohen and B. N. Taylor, Rev. Mod. Phy&9, 1121
[11] D. R. Beck, program RC(unpublishegl (1987.
[12] S. M. O'Malley and D. R. Beck, Phys. Rev. A7, 1743 [29] C. E. Moore,Atomic Energy LevelgJ.S. GPO, Washington,
(1998. D.C., 1972, NSRDS-NBS 35.
[13] D. R. Beck, progranrRebpuck (unpublishedl [30] J. Dellwo, Y. Liu, D. J. Pegg, and G. D. Alton, Phys. Rev. A

[14] D. R. Beck and D. Datta, Phys. Rev.48, 182(1993. 45, 1544(1992.



