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PHYSICAL REVIEW A VOLUME 56, NUMBER 1 JULY 1997
Resonance feature in Al photodetachment below the A(3s%4s 2S) threshold

B. J. Davies, C. W. Ingram, and D. J. Larson
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

Chien-Nan Liu and Anthony F. Starace
Department of Physics and Astronomy, The University of Nebraska, Lincoln, Nebraska 68588-0111
(Received 26 November 1996

Photodetachment of Al(3s23p2°3P) near the threshold of the first excited state of neutral aluminum has
been studied both experimentally and theoretically. A 19-keV mass-resolved@dm was intersected by a
frequency-doubled neodymium-doped yttrium aluminum garnet pumped dye-laser beam, and the fast atoms
created by detachment processes were detected. Measurements just below the threshold of the first excited
state, Al(F?4s 2S), find a large resonance peak in the detachment signal. An eigenctmnalrix calcu-
lation generates a resonance structure that is qualitatively similar to the data and identifies the large resonance
peak as resulting from a doubly excited negative-ion state having predominast§s@d 3P°) character.

Density plots of the resonance state are presented to demonstrate its structure. Nearst&pAIP3 thresh-
old, theory agrees also with recent relative measurements of D. Caladftresg Phys. Rev. A54, 2797
(1996)]. [S1050-2947@7)08606-X

PACS numbes): 32.80.Gc, 31.25.Jf

I. INTRODUCTION Comparable measurements have been performed for the
alkali metals at their first atomic excited stqte3—17), and

Observations of the properties of doubly excited autoionfor Li = at higher excited stategl8]. Pan, Starace, and
izing states in multielectron systems can provide detailedGreene[19,2Q carried out eigenchann&-matrix calcula-
information on electron-electron correlations and stringentions, and Lindrot{21] has carried out complex coordinate
experimental checks for multielectron theory. One of therotation calculations which are in excellent agreement with
most interesting and demanding processes available for thesige experimental results for Li [18]. Pan, Starace, and
studies is the photoexcitation of doubly excited negative ion$sreene[19,2(0 showed that the propensity rules found for
in negative-ion photodetachment. Photoexcitation provides$i~ photodetachment also apply to L although the non-
precise control of the excitation energy and final st&té  Coulomb core in the latter case gives rise to additional kinds
the dipole selection rulgswhile negative ions allow the op- of doubly excited states which are not seen in.Hhe the-
portunity to observe electron-electron correlation which isoretical calculations for Li exploit the fact that it shares
not masked by the Rydberg levels typical of neutral atom okith H~ an s? ground-state configuration, and hence treat
positive ion spectra. only two active electrons.

Several studies of doubly excited negative ion states have Photoexcitation resonance measurements on the poten-
been undertaken by observing resonance structure in the totddlly more complicatedp-subshell negative ions have only
detachment cross section. These resonances result from thegun recently, and few negative ion systems have been
interference between the continuum detachment channel arstiudied. Amusiaet al.[22] presented theoretical calculations
the detachment through the autoionizing state, as describddr Si~ which predict strong correlation effects for intershell
by Fano in 19611]. To date, the most thorough investiga- transitions. These were confirmed experimentally by Balling
tion of these resonances is for the hydrogen negative ioret al. [23]. Intershell effects in B have also recently been
These studies include measurements of the cross section fstudied both experimentalli24] and theoreticallyf25]. The
photodetachment from Hnear the thresholds for excitation Al = negative ion studied here may also have strong correla-
to the first several excited states of [@—4], revealing a tion effects near intershell transition thresholds. However,
series of resonances approaching several of the excited-stdteese lie at higher energies than are considered in this work.
thresholds. The resonances obseryéHbelow the higher Very recently the relative photodetachment cross section for
excitation thresholds have been interpreted theoreticallAl ~ near the detachment threshold has been mea$2éd
[5-10] as reflecting propensity rules for populating particular The experimental and theoretical results presented here
channels of so-called +”-type doubly excited states. concern a doubly excited state in the photodetachment of

Al~ near the threshold for the first excited atomic state. A
simplified level diagram of the aluminum ion-atom system is
The “+" and “ —" doubly excited-state notation was intro- shown in Fig. 1. The electron affinity of aluminum has re-
duced in Ref[11] to denote linear combinations of independent cently been measured to be 3556t4.3/—3.9)cm ! [26].
particle states for He having either enhan¢éd ") or diminished ~ This low electron affinity of the atom combined with the low
(* —") probability amplitude in the vicinity of the He ground state; energies of the first several excited states allows single-
these states corresponded to the experimentally obsdd2d photon detachment in the vicinity of the first four excited
strong and weak series of doubly excited states in He photoionizastates using readily available dye-laser technology. The con-
tion spectra. figuration of the ground state of the negative ion is best

1050-2947/97/5@)/3788)/$10.00 56 378 © 1997 The American Physical Society
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FIG. 2. Schematic diagram of the negative ion beam apparatus.

FIG. 1. Level diagram of the aluminum negative ion and atom. .
All energies shown are between the lowest of the fine-structurdfium aluminum garneNd:YAG)-pumped dye-laser operat-
states and the Al €3p(2P,,,) ground state. ing in the 690-nm range. The laser had a repetition rate of 20

Hz, which set the time scale for the data acquisition. After
described as $3p?(°P). The best values available for the exposure to the laser light, the number of neutral atoms pro-
ground-state fine-structure splittings arg®@6cm ™! for the  duced was recorded using a time-resolved channeltron-based
3p,— 3P, transition and 7&7) cm ! for the 3P,—°3P, tran-  detection system. Although the ion-beam apparatus has un-
sition[27]. In addition to the®>P negative-ion state, there is a dergone substantial modification, many of its components
D state which is bound by only 87&1) cm~* [28]. were described in detail in Reff30], so only those aspects

When photodetaching in the energy region near the exWhiCh have been modified will be discussed here. Figure 2is
cited atomic states, the detachment channel directly to th@ schematic diagram of the ion beam apparatus.
ground-state atom is already open, of course, and can pro- The source is a SNICS I{source of negative ions by
vide a substantial detachment signal. The Af3p(?P) cesium sputtering whose operation has been thoroughly de-
ground state has a fine-structure splitting of 1127én29].  Scribed in Ref[30]. In this source CS ions strike a nega-
The experiments reported here explored the relative crogévely biased sputter target. Negative ions formed by this
section near the threshold for the first excited state, which i§ollision process are electrostatically extracted from the
located at an energy of 25347.7 chwith respect to the source and focused into a beam. Since the ions are formed on

ground state, and has an approximate configuration of surface of fixed potential, the resulting beam is essentially
3s%45(29). monoenergetic. Because Alis less prolific than the ions

EigenchanneR-matrix calculations for the photodetach- Used in our previous work with the SNICS [180-32, the
ment of Al~ 3s23p?(3P®) from threshold to the first excited SOUrCe parameters were substgntlally modified in prder to
state of Al are presented. These calculations treat only thB'@ximize current output. For this work, the sputtering en-
outer two electrons as active, and ignore the effects of inter€"@Y is about 7 keV, while the extraction potential is 12 kV,
shell transitions involving the 8subshell, since these occur thus producing an ion beam with a kinetic energy of 19 keV.
at higher energies than are explored experimentally in thi\lthough a spuitter target of 99% pure aluminum metal is
work. The theoretical results find a resonance that is in qualiused, the current of atomic and molecular negative ions from
tative agreement with the present experiments. Furthermor&Putter target impurities and background gas 10" torr)
the theoretical results characterize the nature of the observélvarfs the Al current. It is therefore necessary to separate

resonance. Comparison is also made to the recent measufdfferent mass components of the ion beam. '
ments near threshol®6). Mass analysis is accomplished using a sector magnet with

a 90° bend. Since the ion beam is of a single-charge state,
and has a small energy spre@h the order of 0.1% the
velocity-dependent magnetic force provides mass separation
The experiment described here was performed using af the different components present in the ion beam. The

negative-ion beam intersected by a frequency-doubled dyenagnet has a mass-energy produdhich specifies the larg-
laser beam. The negative ions were produced by a cesiuest energy for which a given mass can pass through the mag-
sputter source and mass separated by a 90° bending magneef of 5 MeV amu. In addition to simply providing mass

In the interaction region, the ion beam carried 100—500 pAseparation, the magnet is designed to provide stigmatic fo-
and was about 1 mm in diameter. The laser beam was gemusing from the magnet’s entrance aperture to its exit aper-
erated by doubling the light from a neodymium-doped yt-ture. Because the quality of the magnetic focusing depends

Il. EXPERIMENT
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strongly on the divergence of the input beam, a significant We note that the ionization potentidt) of aluminum is
aberration occurs for the configuration used in this experionly 48279.2 cmi!, and the energy of the first excited state
ment owing to the input beam divergence of approximatelyis thus more than half oE». The frequency of the photo-
40 mrad. Although the mass separation at low ma&sear  detaching light in these experiments is therefore sufficient to
27 amu for AI") was unimpaired by the aberration, the photoionize any of the excited atomic states. For the lower
transmission rate through the magnet was rather low, resulexcited states, at least, such photoionization would be non-
ing in barely acceptable losses in the Aturrent. The mass resonant, however, and is therefore both small and only
resolution in the configuration used has been measured to lsowly varying with photon energy. Its influence on the data
about one in 200. near the excited state is ignored.

After passing through the exit aperture of the magnet, the
ion beam is electrostatically focused and steered into the
laser-beam—ion-beam interaction region about 20 cm away. IIl. THEORY
This 20 cm of ion optics includes some corrective steering
plates as well as two sets of vertical deflection plates which The eigenchanneR-matrix method employed in this
shift the ion beam axis upwards by 1.5 cm just before thevork for photodetachment of negative ions has been de-
interaction region. This vertical displacement reduces thescribed in detail very recently elsewhd20]. For this rea-
collisionally induced background signal by preventing theson, here we discuss only some general features of the
neutral atoms created by collisional stripping before the demethod. We then discuss some of the specific details of our
flection plates from passing into the interaction region andreatment of Al photodetachment.
reaching the detectors. Following the displacement, the ion The eigenchanneR-matrix method[33—36 aims to de-
beam enters the interaction region through a 1-mm aperturgermine variationally a set of normal logarithmic derivatives
and is intersected at 90° by the laser beam. Immediately aftgjf 5 system’s wave function which are constant across a
Fhe interaction region, another set of vertical deflection platesgaction surfacs enclosing a reaction volumé. For treat-
is used to separate the charge states of the beam. Those NeRfnts of two-electron excitations, the reaction voluvhés

tive ions which survive the interaction with the light are ;, . part of six-dimensional configuration space for which

angl_ed upward at about ;4 .|nto a Fa_raday cup, a”OW'n%oth electrons lie within a sphere of radiug The reaction
continuous computer monitoring of the ion current. The un-

deflected neutral atoms are detected with a channeltror‘?.urfaces is the set of points fOT which ma{,r3) =ro,
Careful screening of the detector from the line of sight of theWhererl_ andr are the electron d!stqnces from-the nucleus.
laser-beam path, combined with a mesh at the entrance of t{8 Practice, for each range of excitation energyis chosen
channeltron held at-3 kV, eliminates signal due to stray to _be sufflm_ently Iqrge tha_lt _the probability of_ both electrons
electrons. being outsidery is negligible. The complicated many-

In these experiments, the detector signal is amplified anglectron interactions withirv are treated by bound-state,
then integrated. The integration gate is approximately 20-n§onfiguration-interaction techniques using independent elec-
wide. The integrated signal is transferred to a personal coni¥on functions and.S coupling. Normallyr is also chosen
puter (PO after every laser pulse along with the no-laserlarge enough so that long-range interaction effects may be
integrator background level so that any slow drift in the de-neglected. In this work, however, all long-range multipole
tection electronics can be removed. The PC also allows corinteractions forr>r, were treated numerically by close-
tinuous monitoring of the relative laser energy and ion curcoupling procedures, as in Refd.9] and[20]. This permits
rent, and this information is recorded after every laser shot tenuch smaller values afy to be used than would otherwise
allow data normalization during later analysis. be the case.

The laser system consists of a pulsed dye |4B@&L), In the present calculation, since the ground-state term of
pumped by the second harmonic of a Nd:YAG laser. Thex| - s 3pe glectric dipole selection rules ibS coupling

PDL generates 5 ns pulses of red light, which are then frégy 1y that the following channels are open just above the
quency doubled using a potassium dihydrogen phosphalgc; aycited state:

(KDP) crystal to produce 346-nm light. Three ultraviolet
mirrors are used to direct the 346-nm light into the vacuum
system and through the interaction region. These mirrors also

- 27 ~2 3pe N 2 2 3po
serve to remove the undoubled visible light from the laser yTAI(3573p" “PH)— Al 3573p("P) es(*P?)

beam by attrition, since each mirror reflects only a few per- —Al 3s%3p(2P)ed(®P°,3D?)
cent of the visible light. With the KDP crystal mistuned so as
to produce negligible amounts of 346-nm light, the remain- —Al* 35?4s(°S)ep(®P°). (1)

ing visible light produces no measurable photodetachment

signal. The frequency of the visible dye-laser light is cali-

brated using a monochrometer which had previously beefNote that in the above expressions only the leading configu-
calibrated with the emission lines of a mercury lamp. Thisrations are indicated; in our calculations all states have an
yields a calibration of the 346-nm light with an accuracy of LS-coupled, multiconfiguration representatiprSince the
better than 1 cm?. The laser beam’s energy per pulse isphoton energy range in this experiment is below the thresh-
measured by sampling the light leaving the vacuum chambenld of the 33— 3p intershell transition, we represent Alby

The time-averaged laser power for the UV light was about 2@wo 3p valence electrons moving in a model potential de-
mwW. scribing the Al core. The model potential has the form
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V(r)=—E[ZC+(Z—Zc)e*al'+a2re’a3r] 1.95 +
r «
=
_ a—i‘(l_e_(r/rc)3)2. (2) g 1.75 +
2r _g
In this equation, the nuclear chargeds- 13, the charge of ;; 133
the Al* core isZ,=1, and the polarizability of the Al ion g
is taken to bea.=26.25 a.u[37]. The parametera;, a,, 5 1351
as, andr; in Eq. (2) are determined by fitting the energy g
levels predicted by the potential in EQ) to experimental Al S 54
energy level$29] and thus include implicitly effects of con- <
figuration mixing in the atom. =
Inside anR-matrix sphere having,=60 a.u., 18 closed- § 0.95 +
type (i.e., zero ar =ry) and two open-typéi.e., nonzero at 2
r=ry) one-electron radial wave functions are calculated for 075

each of the orbital angular momenta0<3. These consti-
tute the basis in which we expand our two-electron states.
We describe the initial state by 150 two-electron configura-
tions formed from these one electron basis wave functions.
We include 337(392 closed-type, two-electron configura-
tions in theR-matrix calculation for thee=1 (2) final state. FIG. 3. Photodetachment data below the AF8s(’S) thresh-
Furthermore, for each channel in which one electron camld along with the result of a Beutler-Fano profile fit to the observed
escape from the reaction volume, we include two open-typ&esonance. The best-fit parametersg#el2.4,I'=108 cm *, and
orbitals for the outer electron in addition to the closed-typeEres=28 717 cm * with a reducedy? of 2.65. The marker indicates
basis orbitals. the energy of the atomic state with respect to tre3p2(3Py)
Finally, in addition to photodetachment partial cross SeC_.negative ion state. T.h.e width of the marker indicates the uncertainty
tions we also calculate probability density distributions for" the threshold position.
the state responsible for the resonance feature in the partial
cross section. As was done in Refd9] and[20], these ion ground state, is indicated by the marker from below at
probability density distributions are extracted from a separat@g 927 cni . The width of the marker indicates the uncer-

calculation for discrete resonance states as follows: All basiginty in the location of the threshold, which results almost
functions were set to zero on the boundary of the interactiontirely from the uncertainty in the electron affinity.

volumeV. Thus only the discrete levels were calculated; one  The |arge peak in the detachment signal, located about
of them occurred at the energy of the resonance feature in thgyg ¢~ pelow the threshold. is strong evidence for the

cross section. We have calculated this state’s probabilityyistence of a doubly excited, autodetaching Feshbach state
density distribution in three ways: i {,r5) coordinates, in - 55qqciated with the @4s parent atomic state. The doubly
(_a’elz,)l hypersphencal coordinates [Where ®  excited state is best described, according to our theoretical
=tan (r/ry)], and in (u,A) prolate spheroidal coordi- results, as a §4s4p(3P°) state. The peak in the signal ap-

nategwhereu=(r{—r,)/r;and\=(r,+r5)/r5. The lat- . S
ter two probability density distributions are calculated at theP€ars to be §I|ghtly asy_mmetnc, rsing more sharply on the
low-energy side. In addition, the signal level away from the

eak of the resonance’s probability amplitude in the hyper- . o
gpherical radiusRE(rerrgl’z. For }t/he p?obability densi{s peak on the high-energy side is larger than that on the low-

. . o . energy side. The presence of this asymmetry is consistent
in (ry,ry), we integrated the probability density over all with the usual characteristics of Feshbach resonances. In ad-

angles (1.r2). dition to the large resonance, the data weakly suggest the
presence of additional structure near the threshold. Addi-
IV. RESULTS tional data are needed to determine whether or not any such
structure actually exists.
The structure observed can be reasonably well param-
Photodetachment data near the threshold for the&terized by a simple Beutler-Fano profild plus a baseline,
3s%4s(?S) aluminum state are shown in Fig. 3. The neutralwhich can be written as
atom signal is proportional to the total photodetachment

28300 28500 28700 28900 29100

Photon Energy (cm'l)

A. Experimental observations

2
cross section from théP ion state, except for the possible - (9+e)
: . . S=Al——=|tB, 3
presence of a roughly constant baseline. This baseline, 1+e

whose magnitude is difficult to determine, results from the

nonresonant photodetachment of those aluminum ions ini-

tially in the 1D state and from photodetachment or photodis-where S is the neutral atom signak is the value of the
sociation of any 27-amu molecular ions which may beresonant component of the signal far away from the reso-
present in the beam. The location of the threshold, with renance, and is the nonresonant background signal. Hgie
spect to the lowest-lying fine structure level of the negativethe lineshape parameter ands a scaled energy parameter
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ho—Ees 180 . . . .
6= "5 4 :
e e r 50
wherefiw is the photon energyE, is the location of the 140 £

resonance, anll is the energy width of the resonance. The 1
result of a Beutler-Fano profile fit to the data is shown in Fig.
3 along with the data. With a reducgd of 2.65, the best-fit
parameters are found to bg=12.4+2.7, '=108+6
cm !, and E=287173 cm ! The multiplier A is
6.8x10°3, and the nonresonant backgroun& is
8.6x10° 1. The large value foq is in marked contrast to ol
hydrogen or the heavier alkali metals, where window reso-
nances were observéd—4,13-15, or for silicon, where the
resonance fit gave @ value of about one-ha[f23]. Instead, 0 . . . .
the large value ofj in this case gives the resonance a nearly ° 5000 '°°°%hoton ;i‘;?:y (Cm»')2°°°° 26000 30000
symmetric profile. It is worth noting that the value gfob-
tained from the fit is sensitive to the inclusion of the data on FIG. 4. Theoretically predicted photodetachment cross section
the higher-energy side of the resonan@bove 28 850 for Al~ from threshold to just above the first excited Al threshold
cm™ ). If these data are removed from the fit, a redugéd using an eigenchannd®-matrix approach and the dipole length
of 1.60 is found, giving a resonance parameger34. Ex-  approximation. Thick solid curve: total cross section. Dotted curve:
C|uding the higher-energy data and f|tt|ng to the case OfSDO partial Cross sectio[l:f. Eq(l)] Thin solid curve:3P° partial
q=o produces a reduceg? of 1.64, only slightly worse Cross sectior[cf.. Eg. (1)]. The inset shows dipolg Iengntsoli.d
than the previous case. Also, the signgois not well deter- cgrve) and ve_Iocnty(dotted curve theoretical results in comparison
mined. Thus all we can confidently conclude is that the magith the relative measurements of Calabresel. [26].

from threshold to 20 000 cm'. Above that energy dipole

nitude ofq is very large. Furthermore, the very small value
of A (which is proportional to the fractional part of the con- ) .
( brop i length and velocity results differ by more than that, as shown

tinuum with which the resonance interaf88,39) indicates 4 .
that this resonance interacts with only a very small portion o}? Fig. 5 for the region of the newly opserved resonance. we
the underlying continuum, rather, the resonance profile e 1ave no explana_non for th«_a large (_Jl|fference n our_dlpole
sentially sits atop the continuufn. length and _veIOC|ty resultsf in the h|gh_er-en§rgy region _but

note that differences of similar magnitude in negative-ion

] o photodetachment calculations have been obtained by others
B. Theoretical predictions [42].

-
o
i=1

0 . s
3500 3800 4100

@
o
T

Cross Section {Mb)

D
<
T

20 p

An overview of the A" photodetachment cross section
from threshold to the region of the experimentally observed 180
resonance below 29 000 cm is shown in Fig. 4. This figure
shows dipole length results of our eigenchanRematrix 160 |
calculation. One observes that near threshold the cross sec-
tion is dominated by the’P° partial cross sectioficf. Eq. 140
(1)].2 The inset figure compares our dipole length and veloc-
ity results with the recent relative experimental measure-
ments of Calabreset al. [26]. Excellent agreement with
these measurements is seen, except possibly for the highest-
energy measured data point, which indicates a drop in cross
section which we do not predict. Away from threshold the
3D° partial cross sectiofcf. Eq.(1)] becomes the dominant
one. Our dipole velocity results for the total detachment
cross section are within 15% of the dipole length results

[ n
o (=]

@
(=]
T

Cross Section (Mb)

60

40 |

20 |

2Writing Eq. (3) in the form [38,39 o(E)
=ao(E){p?[(q+ €)% (1+€?)]+1—p?, whereo(E) is the cross 0 : . .
section outside the resonance region aAds the “maximal frac- 26300 28500 o éﬁ:f’;y (o) 28900 20100
tional depth of the depression of the continuous absorption spec-
trum” [40], we find thatp=A/(A+B)~7.8<10"?, thereby indi- FIG. 5. Theoretically predicted total photodetachment cross sec-
cating that the observed resonance only interacts with about 0.78¥un for Al ~ in the photon energy region just below the first excited
of the continuum. state threshold. Both dipole lengttsolid curveé and velocity

*This dominance stems from the Wigner threshold (@] and  (dashed curveresults are shown. Relative experimental data from
the fact that the’P° partial cross section has &m0 photoelectron  Fig. 3 have been fit to the dipole length theoretical results using two
channel contribution whereas tRB° partial cross section only has parameters: the magnitude of the background cross section and the
an|=2 photoelectron channel contribution. scaling factor to put the data on an absolute basis.
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The newly observed narrow resonance below 29000 g6
cm™ ! dominates the total cross section, more than tripling its '
magnitude, as shown in Fig. 4. Furthermore, this resonance
affects only the3P° partial cross section and not th®° 404
one. In Fig. 5 we present our dipole length and velocity AO'
eigenchanneR-matrix predictions for the total cross section
over the photon energy region, 28 300 th¥s%w=<29 100
cm~ L. The experimentally measured relative results from
Fig. 3 are compared with our theoretical predictions by nor-
malizing the data to our results after subtracting a constant
background(Note that the magnitude of the background is
not known experimentally; for the purposes of comparison
with theory, the magnitude of the background and of the
factor needed to put the relative data on an absolute scale
were chosen to give the best overall agreement with our di-
pole length predictionsOne sees that theory and experiment
are in quite close agreement on the position of the resonance
Also, theory and experiment both exhibit a roughly symmet-
ric resonancei.e., having a high value dfg|). There are,
however, differences in the details of the line shape. Theory
predicts a substantially narrower resonance than is observec
experimentally. Theory also does not confirm the structure
observed experimentally on the high energy side of the reso-
nance in the vicinity of the Al(8%4s 2S) threshold(Indeed,
our calculations predict no structure associated with the
opening of the excited-state channé&linally, theory predicts
a highnegativevalue for the line shape parametgrwhile
experiment observes a higiositive qvalue. It may be that
the structure observed experimentally on the high-energy
side of the resonance is affecting the sigrgdh the experi-
mental fitting. Also, it may be that intershell transitions from
the 3s subshell(which we negledgtmust be included to ob-
tain the correct width of this resonance, although it is not
clear that this should necessarily be so. We plan to investi-
gate the effect of such intershell transitions, particularly at
higher photon energies, in future theoretical studies.

We have also carried out additional calculations in order
to characterize the newly observed resonance, as described i
Sec. lll above. Figure 6 shows probability densities for the
discrete resonance state plotted in three different ways: in
(rq,r,) coordinategFig. 6(a)]; in hyperspherical angle co-
ordinates f,0;,) for R=(r?+r3)?=15 a.u.[Fig. 6b)];
and in prolate spheroidal coordinateg,k) for R=15 a.u.
[Fig. &(c)]. As shown clearly in Fig. @), this resonance has g 6. Theoretically calculated probability density distribution
its maximum amplitude fora=m/4 (or, r;=r;) and for the predicted doubly excitedsdp(3P°) resonance state plotted

01,=. It is thus a "“+” -type state similar to those pre- in three ways:(a) Plotted vs €,,r,) with dependence on angular
dicted to dominate the photodetachment spectrum of H variables integrated ovetb) For R=(r2+r2)?=15 a.u., plotted

[5-10. As for labeling this resonance, we note that in ourys («, 6;,), wherea=tan *(r,/r,). (c) For R=15 a.u., plotted vs

multiconfiguration representation for this state the largesprolate spheroidal coordinateg (\) (cf. Sec. ll).

configuration components are s4p(3P°) (probability

=56%) and 45p(3P°) (probability =30%). Thus one may tional quantum number=0. Hence, it may also be labeled

describe it approximately as thes4p(3P°) doubly excited as \{v}, =4{0}, , whereN andn are the principal quantum

state. numbers of the inner and outer doubly excited electrons.
While the radial correlations of this state are best de-These classification schemes are useful for describing similar

scribed by the “+” label, the angular correlations may be probability distributions of doubly excited statgsg., com-

described approximately by th€¢ and T quantum numbers pare our Fig. &) results for this 44p(3P°) resonance with

of Herrick and Kellmar{43] and Lin[44]. In terms of these  Fig. 13 of[44] for 1snp(®P°) probability distributions for

quantum numbers, thes4p(®P°) resonance may be de- thee™—H or e” —He" system$

scribed by K=3 andT=0)". In terms of the molecular Note also that for H photodetachment it was found theo-

classification scheme applied to"Hpohotodetachmerii8,9],  retically that onlyv =0 doubly excited states were signifi-

this state clearly has no nodes #h, and hence has vibra- cantly populated. A similar propensity rule was found to ap-

plri,

0.00%

O'O(&% s

p(R; e, 013)

p(R; 11, \)
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ply to Li~ photodetachment[19,20, although the intershell transitions involving thes3subshell. Also, theory
nonhydrogenic core in that case leads to the population of does not confirm the experimentally observed structure in the
few other states as welhich, however, have lesser promi- high-energy wing of the resonance about the Af45(2S)
nence than the =0 resonancgs The present results are the threshold. The theoretical calculations indicate that the ob-
first prediction for such @ =0 propensity rule in a triplet served resonance is predominantlg4#(3P°), having a

doubly-excited-state photodetachment spectrum. correlation  structure indicated approximately by
(K,T)A=(3,0)" [43,44. In other words, the observed state
V. CONCLUSIONS is a doubly excited electronic configuration having a large

) ) antinode when the two electrons lie on either side of the
The relative photodetachment cross section of Al the  cleus 0.,= ); furthermore, the two-electron wave func-
vicinity of the Al 3s?4s(?S) threshold has been measured jon has no nodes as a function of.

using an Al -ion beam intersected by a frequency doubled

dye-laser beam. A large, narrow, nearly symmetric resonance

signal was observed below this threshold._ E|g_enchannel ACKNOWLEDGMENTS
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