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Strongly correlated states in the Li~ ion
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A collinear laser-ion beam apparatus has been used to investigate resonance structure in ghe Li(3
+e” (kp) partial photodetachment cross section below the hj(éreshold. A complex rotation calculation
was used to identify the strongly correlated, doubly excited states of the quasi-two-electron idratare
responsible for the observed resonances. These represent the most highly excited statessémied thus
far. Several members of a strong+" type series were observed as well as at least one resonance with
type character. In particular, we report on an observation of a resonance that violates=tife propensity
rule.
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Two electron atomic systems are excellent “laboratories”can be labeled agn(K,T)/r;, wheren is the threshold to

for investigating the interplay of the electron-nucleus and,nich the state is bound amdis a label to count the states.
electron-electron interactions. This is particularly true if both|, he case of H. the motion of the electrons in a highly
electrons in the system are excited.. Elgctron corr.ela.tion efzorrelated state were shown to be similar to those in a floppy
fects are more enhanced in negative ions than in isoeleGyee_hody rotor: a proton situated between the two excited
tronic atoms and positive ions, since the negative ion is th.%lectrons. In this “molecular” model, the angular and radial

low member of th n - - . .
owest me ber of the sequence and the electron nupleus Rorrelations of the two electrons were represented by vibra-
teraction is weakest relative to the electron-electron interac:

: ; _1
tion. Pioneering experiments on the study of doubly excited 0N motions labeled by=z(n—=K—=T-1).
states in H were performed by Bryarat al. [1-4] using a In the_H’ spectrl‘J‘m |:|arr|sat al.[3,4] observgd that only
fast ion beam from an accelerator and more recently by BallSt&{es WithA=+1 (“ +" type states and maximumK =n
ing et al. using a storage ringf]. Theoretical interpretation 2 Were visible in the photodetachment spectra. The non-
of the resonance structure observed in the photodetachmeg¥istence of states of =" character is associated with the
experiments was quickly forthcoming. Energies and widthdact that the ground state has+* character and that the
of the doubly excited states associated with the resonancésobability of photoexcitation to the other type of radial cor-
have been calculated using several techniques including tHélation is weak. The observed spectrum led to the following
hyperspherical metho—10], the molecular orbital method propensity rules for the production of the doubly excited
[11], the complex coordinate rotation methft2—14, and  stateg9,18: AA=0 andAv=0.
the R-matrix method 15]. In the present paper we report on an experimental obser-
Resonances in two-electron systems can usually be laation of a state that violates the Hpropensity rule,Av
beled by a set of approximate correlation quantum numbers=0. This resonance was not detected in the photodetachment
Angular correlation can be described by the quantum numspectrum of H but rather in that of the quasi-two-electron
bersK and T, which were first introduced by Herrick and ion Li~. The major differences between the resonance spec-
Sinanoglu[16] in a group theoretical study of double excita- tra of Li~, which in the frozen core approximation is de-
tion in He. Radial correlation is commonly classified by thescribed as a two-electron system, and Hre expected to
approximate quantum numbd, which was suggested by arise from the presence of the finite core in Ilthat serves to
Lin [17]. The value ofA=+1 (—1) is often referred to as lift the degeneracies of the excited state thresholds. This fun-
an in-phasdout-of-phasgradial oscillation of the two elec- damental difference determines the form of the potential
trons about the nucleus. More precisely, the wave functionfield that binds the outermost electron. In the case of H
describing states with=+1 (— 1) have an antinodeéode moves in an essentially permanent dipole field due to the
atr,=r,. Members of a series of doubly excited resonanceslegenerate Hy() thresholds. In contrast, in a non-hydrogenic
negative ion such as Lj the outermost electron moves in
the shorter range field of an induced dipole.
*Permanent address: Russian Academy of Sciences, General H™ doubly excited states of +” character are predicted

Physics Institute, Vavilova St. 38, 117942 Moscow, Russia. by calculations to be several orders of magnitude narrower
"Permanent address: Department of Spectroscopy, University dhan corresponding states oft+*’ character. Such extreme
Latvia, LV 1586 Riga, Latvia. differences are not found in Li[13]. Mixing of “ —" and
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Photon Energy [eV] TABLE I. EnergiesE, (eV, relative to the ground statend
5.610 5.615 5.620 5.625 widths I (eV) of doubly excited states in Li Labels refer to the
T T T T T T resonances shown in Fig.(fbp). Note that the assignment of reso-
g i nancec is only tentative since this is a very weak structure in the
»  25F spectrum. Th& quantum number is calculated as{cos#f;,) and
g (r-) is the expectation value of the radial coordinate of the outer-
5 ol most electror(Bohr radi).
£
2 154 . & !
Label E,(Expt) I'(Expt) (Theor) (Theor) K (r-.)
g a 5612314 0.002211) 5.6120 0.003 3.4 154
s 0-90 b 5.613213) 0.001811) 5.6142 0.007 4.2 173
g, 0.88 c 5.6188812) 0.0001310) 5.6163 0.004 2.3 139
8 d 5.6214313) 0.0009311) 5.6208 0.002 3.1 209
5 086 e 5622775 0.000305 5.6223 0.001 3.2 229
f 5.624848) 0.0004%10) 5.6245 0.002 2.2 235
- g 5.62583) 0.0002619 5.6255 0.0005 2.5 438
§
3 atom. The Li(%)+e (kp) channel was isolated from the
3 many open decay channels by selectively ionizing the re-
S . . . L sidual atoms left in the Li(8) state following photodetach-

200 0 ment. This was accomplished by using a second laser to
resonantly photoexcite the Li atoms from the ® the 24
state. Atoms in such high Rydberg states are very efficiently

FIG. 1. Top: Experimental Li(8)+e~(kp) partial photode- ionized in a weak electric field. The resulting‘Lion signal
tachment cross section for Li The open circles represent the mea- is proportional to the partial cross section for photodetach-
surements and the solid line is a fit based on Shore parametrizatioment of Li~ via the Li(3s)+e~ (kp) channel. The relative
The measured energies of the resonances are indicated by the lingartial cross section was obtained by recording the sig-
a—g. Resonance is a very weak structure and its assignment isnal as a function of the laser frequency. A small background
therefore only tentativ¢see text Middle: Calculated total photo- \yas subtracted and the signal was normalized to the ion
detachment cross section of LiBottom: Calculated total photode- pegm current and the photon flux. The frequency scale of the
tachment cross section of tbelow the H(=6) threshold. Scales:  fjrst |aser was calibrated by use of reference spectral lines in
The energy scale at the top is relative to the iground state and 5, produced via the optogalvanic effect in a hollow cathode
applies to the top and middle curves, whereas the energy scale i, The internal scale of the laser was used to interpolate
the bottom shows the energy relative to the Igj@hreshold(top oy veen these absolute calibration points. A small Doppler
and middl¢ and the HA=6) threshold(bottom). . - P : : :

shift arising from the unidirectional motion of the ions was
calculated from the known ion beam energy and taken into

“ +" type states should lead to less pronounced differenceaccount in the calibration.
in widths, a phenomenon discussed by Gredi®é The situ- The measured relative partial cross section for photode-
ation in Li~ can be understood from the hyperspherical adiatachment of Li via the Li(3s)+ e~ (kp) channel is shown
batic approximation where autodetachment is described asa the top of Fig. 1. The scatter in the data corresponds to
localized nonadiabatic transition between two hypersphericadhot noise in the counting of the Liions. Resonance struc-
potential curves. In Li a larger number of curves arise from ture is clearly present in the cross section below the |h)(6
the nondegeneracy of the excited states of Li leading tehreshold. We have used a Shore parametrizd2@hto ex-
“avoided” level crossings and the possibility of enhancedtract the energies and widths of these resonances. It was
mixing of “ —" and “ +" type states. found that a fit including seven Shore profiles best approxi-

In the present experiment we have used an apparatus iated the experimental data. The result of this fit is repre-
which a laser beam is collinearly superimposed on a 3.1-ke\éented by the solid line in Fig. 1. The measured energies and
beam of Li" ions. The experimental procedure has been dewidths of the resonances are listed in Table I, where the
scribed in a previous publicatid20,21]. With this collinear  quoted errors represent the statistical uncertainties from the
arrangement it is possible to attain, simultaneously, high serfit. The energies are also indicated by the labelsy in
sitivity and resolution in the measurements. A two-color la-Fig. 1.
ser excitation-detection scheme was used to investigate the In order to identify the observed resonances, we have cal-
photodetachment of Li via the Li(3s)+e™ (kp) channel. culated the expected spectrum of doubly excited states of
The first laser was used to induce the photodetachment pre+i~ in the energy range covered by the experiméAmn
cess. Of particular interest was the resonant process in whigR-matrix cross section calculation has been made by Pan
Li~ ions were excited to doubly excited states'd?® sym- et al. [23], but no resonance parameters were qudtEhe
metry that were bound with respect to the excited p)6 theoretical results were obtained by employing the method of

-400
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complex rotation, to handle autodetaching states, combined As the next step we tentatively identify these resonances
with the use ofB-splines, as described ii24]. First one- using the classification scheme previously applied fo. H
particle states in the potential arising from the nucleus and his labeling is expected to be valid primarily for the lowest
the 1s? core are constructed. The interaction of each of theenergy resonances, for which the=6 thresholds appear to
excited electrons with the core is described by a Hartreebe approximately degenerate. For this classification we cal-
Fock potential plus a polarization potentid3]. For each culate the quantum numb&;, which is approximately equal
angular momenta we use @splines defined in a spherical to the quantity—n{cosé,,). In Ref.[26] the direct projection
cavity of ~1600 Bohr radii. As a second step, the one-of accurate two-electron wave functions onto puke T)
particle states are used to construct the Hamiltonian matristates was used to investigate both the validity kKof
of 1P° symmetry for the two outer electrons. Around 8000 —n{cos#;,) and to which extent a departure from an integer
configurations of angular symmetry up #6,/,=6,7 are value indicates mixing ofi,T) states. It was shown that the
used. The calculation thus includes all theri:6) thresh-  expectation value of the interelectronic angle provides a
olds. Diagonalization of the matrix yields a set of eigen-simple way to identify a state and to determine the purity of
states, which comprise a discretized spectrum of theitwn.  it. In Table | the calculated valueK~ —n{cos#,, are
Some eigenstates represent the doubly excited states wilisted. In particular, it can be seen that the lowest energy
positions and half widths given by the complex eigenvaluesresonances of Li (a andb) can approximately be labeled
Other states give ddiscretized description of the con- with K=3 andK =4, respectively. It therefore appears that
tinuum. resonance$, d, f andg, which we previously attributed to
The calculated energies and widths of the doubly excitedne series, are members of 8° series corresponding to the
states in Li" are compared to the measured values in Table |,(K,T)A= 4(4,1)" series in the H spectrum. This “”
The agreement is good in the case of energies, and to a lessgpe series, which is characterized by the maximum value of
extent for the widths. The discrepancies in the widths ar& and thus by the maximum value ¢€osé;,), dominates
partly the result of our attempts to fit overlapping reso-the Li~ spectrum as it did in the measured pectrum. In
nances. The separation between resonaacasd b is, in  a similar way we can label tha and e resonances to be
particular, much smaller than their widths. The experimenimembers of the,T)"=(3,0)" series. Note that the identi-
tally determined widths then become very sensitive to thdication of a state ak =3 belown=6 is enough to label it
fitting range. The sum of their widths is, however, relatively (K,T)*=(3,0)" since the quantum numbers are not inde-
stable in the fitting procedure. pendent of each oth¢8]. The wave function for resonance b
As a first step in the identification of these states we inclearly exhibits an antinode at=r,, confirming its “+"
vestigated if they belonged to one or several series. Here, weharacterization. The wave function for resonaacshould
used the energy positions and widths, as well as the expebave a nodal structure a{=r if it has a “—" character.
tation value ofr- , the radial coordinate of the outermost The calculation shows a definite decrease in the probability
electron. The relative spacings of the seven resonances in tiensity atr; =r, but the nodal structure is not as sharp as the
Li~ spectrum, as shown by the labelsg in Fig. 1, clearly — antinodal structure associated with resonabnctn the case
indicate that they do not all belong to a common series, irpf Li~, the nodal and antinodal structures for resonarces
contrast to the case of H In particular, resonancesandb ~ andb, respectively, are not as well defined as for the corre-
cannot be comembers of a series since they are too closegponding resonances in kidue to the higher degree of mix-
spaced in energythe separation of adjacent members of aing. Resonances with <" character were not apparent in
series is largest for the lower members of a sgridhe  our measurements of Liphotodetachment spectra at lower
results of ourab initio calculation allowed us to assign reso- levels of excitation. Recently, however, Liu and StargZg
nances, d, f andg to a common series; the calculated valuestheoretically predicted a «” type resonance in the Li
of E,, I', and(r-) shown in Table | follow the expected spectrum below the Li(p) threshold but it could not be
pattern of energy convergence, width reduction, and increasgonclusively identified in our previously measured spectrum
in the extension of the radial wave function for members ofcovering this regior20].
a series as the threshold is approached. This assignment wasThe weakest resonance in the spectrum, labeledFig.
further supported by using the semiempirical expression det, has an energy which is in approximate agreement with the
rived by Kiyan [25] that can predict the number of reso- calculated energy of a member of the2,1)" series. Such a
nances in a series bound in a short range potential and theiesonance correspondso=n—4.
relative binding energies. This expression was obtained by This tentative assignment is based on the observation that
considering the semiclassical motion of the outermost electhe calculated interelectronic angle, and thus the value of the
tron of a negative ion in the induced-dipole field of the ex-quantum number K, is smaller than for members of the
cited parent atom core. The Bohr-Sommerfeld quantizatiorf4,1)* and (3,0) series. The presence of a resonance of this
rule was used to determine the spectrum of bound states type would represent another violation of the ldropensity
the polarization potential arising from the induced dipole.rules. This assignment is only tentative, however, since the
Similarly, we have shown that resonan@eande belong to  resonance is a relatively weak feature of the spectrum.

another series, whereas resonandees not fit into either of To further illustrate that we can label the states in Li
these series and is possibly the sole observed member ofagcording to the H classification scheme, we have made a
third series. comparison between the calculated total photodetachment
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spectra of the two ions. For these calculations all the correpositions, widths, and the extent of their radial wave func-
lated stategboth discretized and bound as described apovetions we have been able to show that they are members of at
are used to span the available space for thedrid H ions  least two separate series. We have further shown that at least
after photoabsorption. In Fig. (bottom it can be seen how one of them is predominantly of“” character. It is shown

a prominent H window resonance, K, T)*=(4,1)" (la-  that at the present degree of excitation, sufficient mixing be-
beled B), with a small and hardly visible companion, tween “+" and “ —" states exists in order to allow efficient
(K, T)"=(3,0)" (labeledA), show up as a clear double peak excitation from the “+ " character Li” ground state to "
structure in the Li spectrum(middle). In this case the or- ype excited states. The mixing of the state, however, is at
dering of the states has changed. Similarly, the unresolvefhe same time sufficiently small to allow a positive identifi-
resonance® andE in the H™ spectrum have been separatedcaion of the states according to the™ Hclassification

into the "+ type resonancel and the "~ type resonance  scheme. If the floppy-rotor model were to be extended to the
€in the Li" spectrum. Thus the pattern observed in B gpserved correlated states inLithe dominant “+ " type
broken. Photoexcitation of Lito (K=n—2T=1)" states  ggyies, starting with resonante would correspond to the
still dominate but the K=n—3,T=0)" states are also qground state $=0) of the bending vibrational motion. The
weakly excited. The spectra of the two ions are shown withagonance a, which we have identified as a member of the

the same energy scale aligned at th@HE) and the Li(®) (3 0)" series, then corresponds to an excited state X)
thresholds. The calculated Litotal photodetachment cross o this motion. The excitation of this state violates the pro-

section is shown below the measured spectrum in order tBensity ruleAv=0.
allow an easy comparison. In this particular case the total

and partial cross sections are similar in shape.
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