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Binding energy of the metastable He ion
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This paper presents theoreti@ initio calculations and experimental measurements of the binding energy
of the metastable Hels2s2p “P ion. The calculated 77.5380.011 meV and the measured 77.31%006
meV values for the binding energy are in excellent agreement and they represent a significant improvement in
the accuracy compared to previous studies. The experimental technique is based on the determination of the
es-wave Wigner threshold associated with detachment to #3s £S state of the neutral He atom. The yield
of the 1s3s3S He level was monitored by applying resonant ionization spectroscopy.
[S1050-294{@7)00602-1

PACS numbseps): 32.10.Hq, 32.80.Gc

I. INTRODUCTION levels decay primarily via two-body relativistic corrections,
i.e., autodetachment by spin-spin and spin-other-orbit inter-
Electron-electron correlation plays a dominant role in theactions. TheJ=1/2 and J=3/2 levels can decay to the
understanding of the structure and dynamics of negativds? 'S state by emitting arep wave, whereas thd=5/2
ions, since the binding energy in these systems often ifevel can decay only by emitting asf wave yielding a much
smaller than or comparable with the correlation energylower decay ratd12]. The He™ 1s2s2p *P ion is suffi-
Hence these systems provide an excellent opportunity fogiently long lived to allow experimental studies of the ion to
testing the ability of various theoretical models to incorpo-be performed, as it was done in the elegant experiments by
rate correlation by comparing the predictions with experi-Mader and Novick13], who determined the fine-structure
mental values obtained for the position and the width ofsplittings of the He 1s2s2p *P manifold with high accu-
resonances, binding energies, and lifetimes of stable angcy by using a rf resonance technique and exploiting the
metastable states. In recent years, there has been a rapid défferent decay rates of the fine-structure levels.
velopment in the knowledge about the affinity of the lighter An experimental determination of the binding energy of
elements. The electron affinities of 4] and O[2] have the He™ 1s2s2p “P is, however, associated with some dif-
been known experimentally with a high accuracy for someficulties. With a binding energy of only=0.08 eV with re-
time from coaxial-laser-detachment spectroscopy studiespect to the He 42s 3S state, it is not possible with standard
Quite recently, the electron affinities of [8] and Be[4,5] laser technique to measure the threshold for this channel.
were determined experimentally with only a few tens of The ep Wigner threshold resulting from detachment to the
weV uncertainty, utilizing a combination of laser photode-He 1s2p 3P state has previously been investigated experi-
tachment and resonant-ionization spectroscopy. mentally by Peterson and collaboratdfst,15. A determi-
For more than 20 years, the electron affiniBA) of hy-  nation of the threshold for detachment is inherently difficult
drogen has been known with a high accuracy from elaboratdue to the smooth behavior of the cross section forepn
ab initio calculations by Pekeri§6,7] and Aashamaf8].  wave. A further complication for this particular detachment
Although the two calculations differ by 0.06 crh it has channel is the large He 1s2p? P® shape resonance situ-
not yet been possible to obtain experimental ddfawith ated only 10.8&:0.07 meV above the threshold, with a
sufficiently high accuracy to clarify this discrepancy. Very width of 7.16=0.07 meV[15]. An analytical expression for
recently accuratab initio calculations of the EA’s of the Be the cross section was derived from a careful analysis of the
atom have become availabl8], deviating less than 0.3% effect of a resonance close to a threshold for detachment. An
from the experimental valudd,5]. In light of this very posi- impressive fit to the experimental data in a large region
tive development, it also appears to be of interest to obtaimbove the threshold made it possible to obtain not only the
even more accurate experimental values for He, the seconevidth and position of the He 1s2p? “P® shape resonance,
lightest element in the Periodic Table. but also a value for the threshold energy yielding an EA of
He™ exists in a metastables2s2p *P state located ap- 77.67+0.12 meV for He $2s 3S. However, the experimen-
proximately 0.08 eV below the parent He2is 3S state. The tally obtained value appears to be in slight disagreement with
lifetime of the 1s2s2p *Ps, state ¢s,=350 us [10]) is  the best theoretical valje6].
more than one order of magnitude longer than for the Before 1996, the most accurate theoretical calculation of
1s2s2p *Py, 3 States 1,=16 us andry,=10 us[11]).  the energy of He 1s2s2p *P° was given by Bunge and
According to Brage and Froese FiscHd2], all the *P, Bunge[16], who used a 1000-term configuration-interaction

1050-2947/97/58)/9786)/$10.00 55 978 © 1997 The American Physical Society



55 BINDING ENERGY OF THE METASTABLE He ION 979

)bdetach }texcite p g He+
lon Source /y\

ﬂ& Is 14p P
t

Ppiid 197746 cm

Charge- e
exchgnge ~12ns Faraday Cup A excite
Cell />

E Na

) He "’ T 1s3s S
_p_____.\_‘::J-_lﬂ?___________I_O,/_’_/ __________ - Y ;183237 ol
Adetach-Aexcite TI |O \\\\\:\\He* Power detach

N Meter — i T 12 P
He™ é 7 N 169087 cm '
y N ;
/ 02316 cmi’ J—ﬁ\ N\
; ; / 5 s
FIG. 1. lllustration of the experimental setup. a Is2s 'S
P P {00298 e’ 3=372,/ l1s2s2p P 159856 cm’
) ) . y 1 4 1 159231 cm
(Cl) wave function to calculate the binding energy to be \ 00573 em 3512 /
77.51+0.04 meV. Of the quoted uncertainty 0.01 meV came S " He He

from the QED effect. In 1988, Drakgl7] calculated the
QED contribution to the ionization potential of helium. This  FIG. 2. Schematic energy-level diagram of Hand He, indi-
also allows us to give a much better estimate for the QEDrating the studied detachment and excitation channel.
contribution to electron affinity. In addition, Chung and Zhu

[18] have recently developed a restricted variation metho:ﬁ mm, separated by 12 mm, with a voltage sfl2 kV

that can be used to extrapolate the energy with a muc cross. Depending on the position at which the Rydberg at-

smaller uncertainty than the 0.03 eV given by Bunge an oms are ionized, the resulting positive ions are deflected into
Bunge[16]. This recent development allows us to estimate ' 9p

the binding energy with higher accuracy by combining thed'ffer?nt angles. The population of a speC|f|c He Rydbgrg
more accurate estimate of the QED contribution with theleve_l_IS t_hen se_lectlvely detected by measuring the resulting
accurate energy extrapolation method of Chung and ZhRositive ions Wlt.h an open electron multiplier placed 26 cm
[18]. after the.cyl_lndrlcal ionizer at an angle of 12°. The m_echa—
The aim of the present investigation is to provide morenism of ionization of fast He Rydberg atoms in a similar
accurate experimental and theoretical values for the EA of€tup has been investigated previodslg]. The number of
He 1s2s 3S, clarifying the discrepancy between theory andpPositive ions produced after each laser shot is counted in a
experiment and thereby also stimulating further developmerf00-ns time window by a SR400 Standford gated photon
of the understanding of the properties of the lighter atomiccounter and accumulated in a personal computer as a func-
negative ions. tion of the wavelength of the las@fyeiaer The 600-ns time
window corresponds to the flight time though the field-free
Il EXPERIMENTAL SETUP interaction region. The vacuum in the interaction region is
kept below 107 torr to minimize the collisionally induced
The experiment was performed with a collinear setup asignal. The laser beam g, Used to detach the Heis
shown in Fig. 1. Positive He ions are produced in a plasmagenerated by a Lambda Physik Scanmate-2 dye laser, oper-
ion source, extracted and accelerated though 40 kV, and subted with stilbene 42@10 mJ/pulsg and pumped by the
sequently mass- and charge-state analyzed in a magne®8&5-nm output of a 8-ns Nd:YAG laséwvhere YAG denotes
field. The He™ beam is charge exchanged by double-electroryttrium aluminum garnetwith a repetition rate of 10 Hz.
capture in a Na vapor produced by heating a small contain€fhe second laser beai,., Which is used to drive the
with bulk Na metal to 280 °C. Following charge-state analy-resonant excitation from the Hes3s S level to the He
sis by electrostatic deflection, the negative-ion beam is coisl4p Rydberg level, is generated by a home-built dye laser
axially overlapped with two nanosecond dye laser beams in aperated with LDS 6985 mJ/puls¢ and pumped by the
100-cm-long interaction region defined by 3.5-mm apertures532-nm output of the same Nd:YAG laser.
The current of HE ~1 nA is measured with a Faraday cup In order to calibrate the wavelength scale of laser
after  the interaction region. The  metastable\ .. @ Small fraction of the laser beam is directed onto an
He™ 1s2s2p *P ions are detached by the first laser optogalvanic argon lamp and two independent Fabmpie
Ngetaci=415 nm, leaving the neutral He atom in either theinterferometers. The signals from the interferometers and the
1s2s 3S, the 1s2p 3P, or the 1s3s 3S state. The second optogalvanic lamp were recorded simultaneously with the
laser \ oycite=682.31 nm, applied approximately 12 ns after positive-ion signal. The two interferometers have different
the first, resonantly excites the atoms left in the343S  spacings §;=1 cm andd,=0.6 cm between the high-
state to the $14p 3P Rydberg state, which is subsequently reflective dielectric mirrors and serve as wavelength markers
selectively detectedsee Fig. 2 The selective detection of in the scans of the dye laskgeacrr The optogalvanic lamp
Rydberg atoms formed in the interaction region exploits theallows an absolute calibration of the interferometers by ob-
fact that different Rydberg levels ionize at different electric-servation of different lines corresponding to transitions in Ar
field strengthgdifferent positionsin the nonuniform field of [20] (14 different lines in the vicinity of the observed thresh-
a field ionizer positioned at the exit of the interaction region.old have been usg¢dDue to the high finesse of the interfer-
The field ionizer consists of two cylinders with a diameter ofometers, the width of the fringes directly reflects the band-
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250 1 level or by laser detachment to a lower-lying He level, fol-
lowed by collisional excitation to the He Rydberg level. In
the region of the field ionizer, there will be a contribution

I from He™ ions formed either as a result of collisional ion-

200 ization of He atoms formed by laser photodetachment or

direct double-collisional detachment of Heln the case of
saturated photodetachment the latter contribution is negli-
gible.

The reproducibility of the position of the thresholds was
checked carefully by recording several scans with the laser
beam either co- or counterpropagating the ion beam. The
position of the threshold can vary if the velocity of the ions
is different in different scans as a result of a slightly fluctu-
ating acceleration voltage. The maximum deviation from the
average position was less than the bandwidth of the laser.
The reproducibility of the laser is very good, less than
0.0005 nm, as directly observed from the excitation lines in
the optogalvanic lamp and the fringe pattern of the interfer-
ometers.

The partial cross sectioar; at the opening of a new de-
tachment channel is, according to Wigri@e], given aso
k! T2 wherek=\2(hw—#fw;) is the momentum of the
outgoing electron in atomic units given by the energy differ-
ence between the photon enerjy and the threshold en-
ergy hiw;. However, if the dipole polarizabilityr of the
atomic final state is large then it is necessary to take the
residual induced-dipole point-charge interaction into ac-
count, and in this case the partial photodetachment cross sec-
width of the laser['~0.11 cm® (full width at half ~ tion is, according to O'Malley23], given by

maximun).
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FIG. 3. Number of positive ions vs wavelength in air. The solid
line indicates the best fit using E(B.2). The three arrows indicate
the position of the three thresholds=1/2,3/2,5/2. The signal in
each channel (0.001 nmvas obtained using 240 laser shots.
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IIl. DATA AND ANALYSIS

The positive-ion signal vs wavelength at the opening of a

new detachment channel is presented in Fig. 3. The signal , L 3
corresponds to the sum of several scans obtained with the€ dipole polarizability of the HesBs S state was calcu-

3
laser beam copropagating the ion beam. From Fig. 3 it i43t€d to be 7903.6 a.u. For detachment to H3<S, the
possible to observe the threshold for opening of thedngular momenturh of the outgoing electron can, according

He~ 1s2s2p *P,, detachment channel at 414.484 nm. It to parity and angular momentum conservation, be either O or
is, however, not possible to distinguish between the thresh?: orresponding to either as or ed wave. However, close
olds corresponding to the opening of the 3/2 andJ=5/2 to threshold, thess cross section will dominate over thal

channelgthe fine-structure splitting is smaller than the laserWVave Cross section.
bandwidth. The data for each of the two threshol@®- and counter-

The relative strength of the sBs 3S photodetachment propagating obtained in 20 scans were added and fitted with

channel can be estimated from the number of positive ion& function [®signa(A)], which is essentially one Wigner
produced when both the detachment and the excitation prdrésholdEq. (3.1] for each of the three fine-structure lev-
cesses are saturated. With 1 nA of Happroximately one els and takes the finite width of the dye laser into account:
ion was recorded per laser shot at 0.05 nm after the thresh-

old. Taking the correction for the detection efficiency into N e (=122 1

account, this corresponds to that 0.2% of the detached ions ~ Psignal\) = jo a(r')e faserdl| 7 |, 3.2
are formed in the 43s 3S state.

The background signal, as can be seen below threshold, is
attributed primarily to collisions with rest-gas particles. Pre-Where
viously it was shown by Kudryavtsev and Petrufizi] that
the collisional noise observed when performing resonant- ) 5/2
ionization spectroscopy on fast beams is dominated by theo(\")= = ( E (2d+1)o3[k(N")]
collisional excitation to a Rydberg level in the field-free in- Vn(AT) =172
teraction region and by the collisional ionization in the field
of the field ionizer. In the present experiment, He Rydberg
atoms are formed in the field-free interaction region, eithelt is assumed that the strength of the individual channels
by collisional detachment of He directly to the Rydberg follows the statistical weight of the initial levah(\") is the

+ Obackground

(3.3
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refractive index, which is assumed constanackgrounga@nd TABLE L- Energy ~convergence of the 842-term
o, are fitting parametersy is the laser wavelength in air, He_ .13252p P°_wa_ve functlé)n and qontrlbutlons from restrlc_ted
and \, the wavelength in air at which the correspondingva”at'on calculationin X10™° a.u.,N is the number of terms in
channel opens. The fitting parametarsare restricted since Vo).

the fine-structure splittings are known very accurately fromA
previous experimentgl3]. The width of the lasel’| ¢ is
estimated from the fringe pattern of the interferometers. Th

ngular
gomponents 1Gl,13) N AE, AEgy

integral over the variable (1/) in the fitting function was o1 188 2173 887.60 0.770
performed numerically. 012 179 3480.45 0.584
The wavelength for the co- and counterpropagating lasego3 86 43.85 0.319
ion beams\ &9,=414.4797 nm and £%"*=418.4191 nm ob- (34 30 6.13 0.383
tained from the fitting procedure can then be converted intggs 20 1.38 0.182
vacuum wavelengths, using(\°"¢)=1.0002818 and (s5g 10 032 0.170
n(A®)=1.0002820 [24,25. The threshold energy (g7 10 0.12 0.071
fiw=1/\ 4 corrected for the Doppler shift to all orders is g 10 0.05 0.034
obtained as the geometric means of the two measurementggqg 10 0.02 0.018
111 85 519.19 0.217

fio= oS0l = 24006.02-:0.05 cmt. (3.4 113 13 2.9 0.049

124 4 0.10 0.039

135 0.017

The electron affinity of He 42s 3Siis then determined by 221 104 52.33 0.307
subtracting 23 380.817 cnt from the threshold energy cor- 331 22 4.68 0.214
responding to the energy difference between H8s1’Sand 441 7 0.90 0.184
1s2s 3S [26]. For conversion to eV, we use the recom- 551 7 0.25 0.076
mended factor (1 e\=8065.5416-0.0024 cm' ) [27] and 661 7 0.08 0.034
obtain an electron affinity of 77.5160.006 meV. 771 7 0.03 0.017
881 0.023

IV. THEORY 223 35 0.82 0.054

. . . 234 4 0.06 0.066

In this work, like Bunge and Bunge 6], we will use the 245 4 0.01 0.017

Cl wave function to calculate thes2s2p *P° energy. We 256 ' 0.010
have used a 842-term wave functiol) to calculate the Total 842 2178 073.33 3.86

energy upper bound. Due to a better optimization, we ob-
tained —2 178 073.3% 10 ® a.u., which is 2.&10°® a.u.
lower than the result obtained by Bunge and Bufifd, but 6 s
it is higher than the most recent result of Bylicki and Pestka®f (0.50=0.30)<10"" a.u. over the computed 3.86.0

[28]’ who use correlated wave functions. Using tmgy we a.u. to the total energy. In addition, the hlgher angular com-
have carried out a restricted-variatiéRV) calculation for ~Ponents not included in Table | will also make a contribu-
each set of the angular components. The total contribution dfon. By studying the convergence pattern, these contribu-
the RV calculation is 3.8610 ° a.u. The energy conver- tions can be extrapolated. The neglected higher angular
gence and the result for this RV calculatidfE g, are given ~momentum contribution is about (0.2®.02)x10 ° a.u.

in Table I. Adding the results from the upper bound RV calculation and
In the restricted-variation calculation, the wave function isextrapolation, we obtain-{2 178 077.85 0.32)x 10 ® a.u.
given by for the total nonrelativistic energy. This energy agrees with

the result of Bylicki and Pestkd28]. The uncertainty,
0.32x10°® a.u., is smaller than that of Bunge and Bunge
¥=CyWy+ > Cid;, (4.1  [16] by about 0.8 10 ° a.u. Compared to the accurate He
! 1s2s 3S energy,— 2 175 229.3% 10 ® a.u.[29], the nonrel-
ativistic part of the electron affinity is 2848.47.0 © a.u.
where WV, is the 842-term wave function obtained earlier. It  To determine the relativistic correction to the energy, we
is used as a single term in E@.1). ®; are basis functions calculate the mass polarization, the relativistic correction to
with new nonlinear parameters. They are optimized in a nevihe kinetic energy P?%), the Darwin term, the orbit-orbit,
energy calculation. The advantage of the restricted variatiospin-orbit, spin-spin, and spin-other-orbit interactions. The
method is that we can saturate the functional space but avoitiass-polarization effect is calculated to infinite order,
the numerical instability caused by linear dependence bewhereas the other interactions are calculated with first-order
tweenV, and®; . The disadvantage is that the method doegerturbation theory. The helium atomic mass used is
not allow a full interaction betweeW,, and®;. The error 4.002 603 24 amu given by Wapstra and A{80]. The re-
caused by this effect depends on the size of the energy insults of this calculation are given in Table II. In 1984, Chung
provementAEg,,, and the error is usually more than 5% but[31] calculated the relativistic  correlations for
less than 20%. Hence we need to add an extrapolation energle~ 1s2s2p *P°, using a 92-term CI function. Compared
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TABLE Il. Energy and relativistic corrections for He 1s2s2p “P° and electron affinity of He
1s2s 3S (in 1076 a.u).

He™ He Electron
1s2s2p P2, 1s2s3s affinity
Nonrelativistic energy
842-term wave function —2178073.33
AEgy —3.86
higher angular comp. —0.162)
extrapolation —0.50(30)
Total nonrelativistic energy —2178077.8832) —2175229.38 2848.432)
Relativistic correction
P# and Darwin —112.356 —115.074
orbit-orbit 0.515 —0.087
mass polarization —2.618 1.019
spin-orbit 0.5131
spin-spin 0.0932
spin-other-orbit —0.8690
Total correction —-114.72 —-114.14 0.583)
QED correction 0.09)
Total affinity 2849.1442)
Affinity (meV)
Theory (this work) 77.51811) meV
Experiment(this work) 77.5166) meV
Theory (Refs.[16,28) 77.514)
Experiment(Ref. [15]) 77.6712) meV

with the 842-term wave function used in this work, the re-(2849.14-0.42)x 10 ® a.u. Using 1 a.u=27.207 67 eV,
sults for the mass polarization and orbit-orbit interaction re-this corresponds to 77.538.011 meV.

main the same to the digit quoted, but the results ofRAe

and the Darwin term are reduced by about>01® © a.u., V. CONCLUSION

and the shift of theJ=5/2 from the center of gravity is
reduced by about 0.0410% a.u. The splittings of the fine
structure in this calculation are much improved
and yield AE,_3,=0.2621 cm'! and AE;,_5,=0.0279
cm™ 1. These values are in agreement with the precision e

periment[13] to within 0.26% and 1.3%, respectively. ever, in slight disagreement with the value 7726712 meV
To estimate the contribution of the relativistic perturba- ypiained in the previous experimental work of Walral.
tion to electron affinity, we calculate its correction to the[15]_ With the remarkable succeab initio calculations have
energy of He $2s °S by using a 288-term Cl wave function. had in predicting the EA of the lighter atortid, He, Li, and
The upper bound for this wave function is2.175229 13 gg) it seems tempting to test whether the theory also can
a.u., very close to the exact valigd]. If we subtract the  predict accurate values for the EA of boron, the next element
relativistic correction of He 42s °S from that of the in the Periodic Table. The best experimental value available
He™ 1s2s2p “P°, we obtain 0.5&10°° a.u. To account for the EA of boron, 27% 10 meV [32], is, however, not
for possible errors in the relativistic correction and higher-gytficiently accurate to match the accuracy of a recent theo-
order effects, we assign an uncertainty of 0xa®° a.u. retical multiconfiguration Hartree-Fock calculation, yielding
The QED contribution to the ionization potential of the 579 5+2 o meV[33]. We are currently investigating the pos-

2p electron in He 52p °P is 0.19<10°° a.u. [17]. In  sihility of measuring the affinity of boron with an accuracy
He™ 15252p 4PO, this contribution is eXpeCted to be some- Capab'e of matching the theoretical value.

what smaller due to the presence of the @ectron. The
contribution will probably fall in the range of
(0.09+0.07)x 10 ® a.u. Hence we assume the contribution
of QED to the affinity to be (0.080.07)x 10 © a.u. Adding The experimental work is part of the research program of
the contribution from the nonrelativistic energy, relativistic the ACAP center, which is funded by the Danish National
correction, and QED effects, we find the theoretical totalResearch Foundation. The theoretical work is supported by
electron affinity of He $2s3S  to be the National Science Foundation Grant No. PHY 93-14907.

In summary, the presented experimental and theoretical
values 77.516:0.006 meV and 77.5180.011 meV are in
good agreement with each other and with the remarkably
accurate prediction, 77.310.04 meV, of Bunge and Bunge
X[16] and recently Bylicki and Prestk28]. They are, how-
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