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Photodetachment of Na
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EigenchanneR-matrix calculation results are presented for the photodetachment partial cross sections of
Na~ for energies up to the Nagd threshold. The photoelectron angular distribution asymmetry parameter for
the process Na+y—Na(3p)+e~ is also presented over the same energy range. Detailed analyses and
identifications of'P° resonance structures are presented and compared with corresponding onesiid H
Li~. Our results are compared with works of others, including the four-state close-coupling results of Moores
and Norcros$Phys. Rev. ALO, 1646(1974], the resonances observed by Johnston and Buiatws. Rev. A
51, 406 (1999] in studies of temporary negative ion formation in electron scattering by Na atoms, and the
recent relative Na(4) partial cross-section measurements of G. Haefftal. [following paper, Phys. Rev. A
59, 3655(1999]. [S1050-294{@9)11505-1

PACS numbd(s): 32.80.Gc, 31.25.Jf, 31.50w

I. INTRODUCTION ing “ —” character[8].2 There have also been many studies
involving accurate calculations of the energies and widths of
Theoretical and experimental studies of photodetachmerthe doubly excited states in"H9]. Because of the similari-
of negative ions have long been justified on the basis of theities of its structure to that of H Li~ has been a focus of a
importance to low-temperature plasma spectroscopy, uppe&mumber of recent theoreticbl0—13 and experimentdl14—
atmosphere studies, and astrophysics. Recent technologiced] studies. The theoretical studies in Rg¢fk0,12,13 reveal
advances, however, have so greatly expanded both theorethat the nonhydrogenic core of Lileads to prominence of
cal and experimental capabilities that studies of photodetactsome propensity-rule-forbidden, doubly excited resonances
ment of negative ions accompanied by high levels of excitathat are absent in Hphotodetachment spectra.
tion of the residual atom are now possible. Typically, below In contrast to the relatively large number of recent studies
each excitation threshold, the structure of the spectrum isf highly excited two-electron states in photodetachment
dominated by two-electron resonances. In contrast to spectgpectra of H and Li~, the Na photodetachment spectrum
of neutral atoms, there are no Rydberg series of resonancesd, more specifically, the spectrum of excited two-electron
to obscure the effects of the more interesting correlated, twostates in Na, is relatively unexplored. There have been a
electron states. Thus an additional justification for studies ohumber of theoretical calculations of Nghotodetachment
photodetachment plus excitation of negative ions is to deterever the energy region up to the first excited atomic thresh-
mine and understand the effects of highly correlated, twoold, Na(3p) [17—-23. While the earliest of these calculations
electron states on these processes. are rather crudgl7,18, Moores and Norcrogd 9] obtained
There are relatively few theoretical or experimental stud-good agreement with the relative experimental measure-
ies of highly excited, two-electron states in photodetachmenments of Patterson, Hotop, and Lineberf8] in the region
of negative ion systems other than for land Li". H™ is of ~ of the Na(3) threshold using a four-statee., 3s, 3p, 4s,
course the prototype for such studies. Many schemes for thand 3) close-coupling calculation in which the outer two
classification of its resonance states have been propos&ectrons move in the field of an effective potential repre-
which reveal the underlying symmetry of these pure, threeSenting the nucleus plus inner shell electrons. The semi-
body Coulomb state§1—4]. Experimental measurements er_nplrlcal model potentlal_results of Stewart_, Laughlln_, and
have been reported by Hari al. [5] and the major struc- Victor [ZQ] and theK-matrix results_ of Moccia and Spizzo
tures in these spectra appearing below the excited atomi@2] are in excellent agreement with the Moores and Nor-
state thresholds have been interpreted as reflecting propef0Ss[19] close-coupling results. The random phase approxi-
sity rules[6,7] for populating “+” type doubly excited mation(RPA) results of Amusiaet al.[21] _d|sagrv_ae with the
states: In addition, some weak features have been identifiedesults of Moores and Norcro§s9], and, in particular, they

as due to population of propensity-rule-forbidden states hav@il to describe the cusplike behavior at the Npf3hresh-
old. However, when the polarization of the Na atom by the

detached electron is included, then excellent agreement with
the results of Moores and Norcroks9] is obtained above

the Na(3) threshold. Absolute experimental measurements
Bor the Na~ photodetachment cross section using a crossed

IMore specifically, in the K,T)” notation of Refs[1,2], these
states have been identified as having the angular symmet
(n—2,1)* [6], wheren is the principal quantum number of the
lower energy electron. Alternatively, in the molecular-type classifi-
cation scheme of Ref3], they are said to correspond to transitions
involving a change in the vibrational quantum number of unity, i.e., >More specifically, these structures have been identified in Ref.
Av,=+11[7]. [8] as having the angular symmetri{ (T)A=(n—1,0)".
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beam technique have been made by Kagseal. [24], but  to be sufficiently large that the probability of both electrons
their results are much lower than the predictions of Mooredeing outsider, is negligible. Thus,ry has to be large
and Norcros$19] and fail to describe the cusplike behavior enough to encompass all possible doubly excited state wave
near the Na(B) threshold that is shown by the experimental functions in the energy range considered. The complicated
results of Pattersoat al. [23]. Very recently, Haeffleet al.  many-electron interactions withily are treated by bound
[25] have reported experimental measurements of the Nastate, configuration interactioi€l) techniques using a basis

partial cross section for the process Nay— Na(4s)+e~ of independent electron orbital wave functions obtained from
for energies from the vicinity of the Nag} threshold to the a Na" model core potential andS coupling to represent the
vicinity of the Na(4d) threshold. many-electron wave function. The model core potential has

We present here a detailed theoretical study of photodethe form
tachment spectra of Na Both total and partial cross sec-
tions are presented. For energies in the vicinity of teabd
4d thresholds, we compare our results with recent experi-
mental measurements of Haeffgral.[25], and for energies
up to the Na(®) threshold, we compare our results with _ i(l_e*(r/rc)S)z' 1)
those of Moores and Norcro§$9]. We also present results 2r*
for the photoelectron angular distribution asymmetry param-
eterp3 for the process Na+ y—Na(3p) +e~, which reveals  For our Na calculation, the nuclear charge Z&=11, and
a rich resonance structure that is absent from the results @fe charge of the Nacore isZ.= 1. The polarizability of the
Moores and NorcrosEl9]. The main focus of this paper is Na* core is taken to ber.=0.9457 a.u[30]. The empirical
on the identification and analysis of these two-electron resoparameters 4, ,a,,a3,r.) are fitted using a least-squares
nance structures that appear in all partial cross sectiongethod to reproduce the experimentally measured energy
above the Na(B) threshold. We discuss our method for jevels of the Na atom[31] and have the values,
!dent!fy!ng these resonances, which is akln_ to metho_ds fo3.3244245,2,=0.7137279, a,=1.8328182, andr,
identifying resonances in H spectra, but which takes into —q 524506 3. At a given energy, one describes the wave
account the nondegenerate thresholds in Na. We analyzfinction inside the reaction volume as a linear combination
graphically the angular symmetries of key resonances usings eigenchannel wave functions thus generated. Outsjdte
probability density plots and identify those that violate pro-is assumed there is only a single electron, and thus only
pensity rules developed for Hphotodetachmerit6,7]. We  sjngle detachment processes are considered. All long-range
also point out the mirroring behavior of the various partial my|tipole interactions in the outer region are treated numeri-
cross sections, which we have recently proved to be a comsgjly by close-coupling procedures in order to obtain a base
mon feature of partial cross sections involving high excita-set of multichannel wave functions which describe the out-
tions of the residual atorf26]. Finally, we are able to iden- going electron and the atomic core. By thus treating the long-
tify many of the unidentified resonances observed inange multipole interactions, we are able to use much smaller
electron-sodium  scattering experiments by Johnston angqjyes ofr,, than would otherwise be the case. By matching
Burrow[27] and also identify many additional ones that have|inear combinations of the multichannel base functions for
not yet been seen. the inner and outer regions at the reaction surface, one can

determine the exact wave function which satisfies the incom-
Il. THEORY ing wave boun(_JIary condition. Further details of our methods
are presented in Ref12].

The eigenchanneR-matrix method employed here has
proved successful in previous applications to ldnd Li~
photodetachment10,12,13. Our methods have been de-
scribed in detail in Ref[12] and thus we give here only a In order to analyze the resonances in the photodetachment
brief overview of the method. We then focus our attention inspectra, we use a Feshbach projection operator technique to
the rest of this section on our methods for analyzing excitedpbtain the wave functions for the doubly excited states that
two-electron resonances. are responsible for them. According to the standard method,
doubly excited states associated with thke threshold are
obtained by diagonalizing the Hamiltonian using a basis that
excludes all one-electron orbitals lower in energy timdn

The eigenchannd®-matrix method 28,29 aims to deter-  since such orbitals serve to represent open channels. In other
mine variationally an orthogonal and complete basis set ofvords, this is a Cl calculation within a subset of the configu-
wave functions, the eigenchannel wave functions, at energsation space. One seeks to obtain eigenstates belowmlthe
E, whose normal logarithmic derivatives are constant acrosthreshold, which would correspond to autodetachment reso-
a reaction surfac8enclosing a reaction volumé For treat- nances associated with the threshold. To test whether a wave
ments of two-electron excitations, the reaction voluvhes  function of a doubly excited state thus generated truly repre-
that part of six-dimensional configuration space for whichsents the resonance feature appearing in our full calculation,
both electrons lie within a sphere of radius The reaction we project out the doubly excited wave function from our
surfaceS is the set of points for which max{,r,)=r,,  full final state wave function, and check whether the reso-
wherer, andr, are the electron distances from the nucleusnance feature in the cross section is removed. However, the
In practice, for each range of excitation energyjs chosen degree to which electron correlation effects are faithfully de-

1
V(r)=——[Z.+ (Z-Z)e 1" +ayre” %]

B. Identification of doubly excited states

A. Brief overview of the eigenchannelR-matrix method
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scribed is very sensitive to the theoretical approach em- 200
ployed to calculate the doubly excited state wave function.

Due to the nondegeneracy of the atomic thresholds of Na and

the strong spatial overlap of orbitals belonging to adjacent 150 |
thresholds, a doubly excited resonance series converging to
given threshold often overlaps spatially with the orbitals of
the lower threshold. We have found that the standard projec-g
tion operator method does not explain the resonance struc<
ture very well when such overlap with lower threshold orbit-
als is significant. So, instead of considering eatkhreshold
separately, we consider adjacent thresholds together anc
make the following modifications to the standard procedure.
We apply the standard projection operator method with re-
spect to the threshold of higher energy to construct the 05
Hamiltonian, but include also some additional configurations Photon Energy (sV)

having the orbital of the lower energy threshold in order to

describe any doubly excited states that are associated with FIG. 1. Total cross section for photodetachment of Na pho-
the lower threshold. Such states are generally referred to 4@n energy. Present dipole lengtfelocity) results are plotted using
core-excited shape resonances. For example, in diagonaliggtted,(sm'd) lines. Open(filled) circles indicate the dipole length
ing the Hamiltonian to find doubly excited states in the (Velocity) results of Moores and Norcrogd9). Insets show the
neighborhood of the Na& and Na(4l) thresholds, we ex- regions near excned_ state thresh_olds, MN3( whose positions are
clude all configurations having orbitals belovd 4vith the indicated by the vertical dashed lines.

exception of the two configurations5p and %6p. We find the R-matrix sphere, 58 closed-tygee., zero at the radius

such a nonstandard method gives a better description of the d X he radi
doubly excited resonances. In particular, despite the inclutO) and two open-typeél.e.,_ nonzero at the radiug) one-

. . oo X ) . . electron orbital wave functions are calculated for each of the
sion of a few configurations having orbitals associated W|thOrbital anqular momenta<l<6. In total. we include 2507
the lower threshold, the resonance states that we calculate at 9 o '

. . . . c%sed-t e, two-electron configurations in the calculation
in general more localized than are those obtained using thf%r the f?/npal state wave functiong For each channel in which
standard procedure. '

To demonstrate the effect of removing each doubly eX_one electron can escape from the reaction volume, we in-

. . . clude two open-type orbitals for the outer electron in addi-
cited state, we show the cross sections obtained by orthog%-On to the closed-type basis set. For a given photon energy

nalizing our final state wave functions to them. Thus, we Ca esides all open channels, closed channels having the inner
correlate the wave-function properties of these states and th P ' 9

resonance features in the spectra, shedding light on the prgﬁectron at the next higher prlnz_:lpal quantum number state
: . are also included in the calculation.

pensity rules in photodetachment processes of two-electron

systems. This procedure also provides a useful check of a

particular doubly excited state wave function obtained by the Il RESULTS

nonstandard projection operator method in that one can see\. Overview of the region from the detachment threshold to

the extent to which it is responsible for the corresponding the Na(6p) excitation threshold

resonance feature in the spectrum.

The identification of doubly excited states is made by a hln I;igs. %\and 2,1}N|\$ p'z(_asent im r?vervi?]w of our resultsl of
comparison of their probability density distributions with Photodetachment of Na Figure 1 shows the present results

those of the corresponding states in the pure three-body Comff-’r the total cross section together with the four-state close-

lomb system, H. In comparing the probability density dis- coupling calculation results of Moores _and Norcrd4S].

tributions, we examine primarily the pattern of their nodesThe Energy range encompasses the region from the t_hreshold

and antinodes. In order to facilitate the designation in differ-Of the Na 9f°“r?d statg to Just abqve the.NpI(iexcnatlon

ent notations, all plots are made in three different ways: i hreshold. The inset figures examine regions where weaker

(r1,r5) coordinates: in hyperspherical angle coordinates ( ut nc_her resonance structures near _hlgher thresholds are

61,): and in prolate spheroidal coordinates, ). However, found in thg present _calcglatlons. Det_alled ar_lalyses qf these
energy regions are given in the following sections. While the

both group notation, e.g.K(T)*, and molecular-orbital no- :
: ' P - : results of Moores and Norcro$$9] agree with the present
tation, (1, ,n,,,m), are more approximate designations when esults in the region below the first excited threshold, their

applied to alkali-metal negative ion, doubly excited state simple model fails to account for the resonance structures at
owing to the non-Coulomb core. P

higher thresholds.

The Na spectrum, like that of Li, is dominated by its
features below the first excited state threshold. Namely, the

We present here some of the numerical details of ouphotodetachment cross section rises rapidly above the
calculations. The radius of tHematrix spherer, is chosen ground-state threshold and exhibits a prominent cusp struc-
to be 180 a.u. The probability density plots of the doublyture at the first excited state threshold, Np)3The cusp
excited states indicate that it is big enough to encompass tHeehavior is well understood on the basis of Wigner threshold
doubly excited states in the energy range considered. Insidaws [32]. However, a number of authors have investigated
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FIG. 2. Angular distribution asymmetry paramegof the pho- = i ‘ i o
toelectron resulting from the process Nay—Na(3p)+e™, plot- 01 | 4 E i /—
ted vs photoelectron kinetic energy. Present dipole lefgilocity) P L ‘ : “
results are shown using dottédolid) lines. Open(filled) circles -0.08 -0.07 -0.06 -0.05 -0.04

indicate the dipole lengttvelocity) results of Moores and Norcross Energy (a.u)

[19]. The dashed lines indicate the locations of the Na¢hresh-

I FIG. 3. Partial cross sections for the process ™ Ma
olds.

—Na(nl)+e™, for nl=3s, 3p, 4s, 3d, and 4. The energy scale is
relative to the N& threshold. Thick curves: present results in dipole
whether or not there is also a resonance associated with thvelocity (solid) and dipole lengti{dotted gauges. Thin curves: re-
cusp feature. Moores and Norcrdd$®)] argue that their cal- sults obtained by removing the doubly excited state located at
culations at the Na(8) threshold show the Wigner threshold —0.061 46 a.u. §¥w=4.0145 eV) from the calculations. This dou-
law to be valid over only a very narrow energy range. Sincebly excited state is obtained by our nonstandard projection operator
the cusp structure in their calculation extends over a broadépethod. Vertical dashed lines indicate the locations of thenNa(
energy range, they make the assumption that a near-threshdfiesholds.
resonance must be affecting the calculated results. Moccia .. . . .

ratios of transition matrix elements for different channels.

and Spizzd 22], however, note that “thigcuspg structure is .
best ascribed to threshold effects rather than toaresonanceQur results agree well with those of Rdfl9] from the

The cusp behavior has been observed in both the photod&'—a(:ap) thre§hold up to 0.3 eV, but our length and velocity
tachment experiment of Pattersoet al. [23] and the results are in much closer agreement. The complex reso-

electron-sodium collision experiments of Eyb and Hofmann[ance structure we predict in the energy region abpve 0.8eV
§ not described at all by the four-state close-coupling results

[33]. Johnston and Burrow also observe a strong feature neéf £ 119
the Na(3) threshold in electron-transmission spectroscopyo Ref.[19].
[27]. However, except for one Cl calculation that predicts the _
existence of alP° Feshbach resonance below the Na)(3 B. Na~ photodetachment near the Na4 and 4p thresholds
threshold[34], there is no definite experimental observation  Partial cross sections for all open channels in the energy
or theoretical prediction of any'P° resonance near the range from below the Na@} threshold to above the Naf)
Na(3p) threshold. In contrast, photodetachment experimentghreshold are shown in Fig. 3. Below the Na(3threshold,
for Rb™ and Cs reveal definite narrow windows below the the cross section is apparently dominated by a broad doubly
first excited 2P threshold[35], confirming the existence of excited state resonance. There are two major features associ-
1p° resonances in these heavier negative alkali-metal ionsted with this resonance. First, it is so broad that it overlaps
Moores and Norcross find that the photoelectron phase shithe Na(4) threshold. Second, this resonance is particularly
in Na~ photodetachment exhibits a sharp increase, but failprominent in the 4 partial cross section. In order to account
to reachsr/2 before the Na(B) threshold 19], indicating the  for these and any other resonance features, the nonstandard
intervention of the channel opening before the resonance isrojection operator method was used to search for doubly
fully developed [35]. Some theoretical calculations for excited states. All configurations having orbitals lower in
electron-sodium collisions also predict a similar phase shifenergy than @ are excluded in the Hamiltonian except for
increase in thé'P channel near the 3p threshd86,37, but  the configuration 84p. Only one doubly excited state at
no definite resonance energy has been given. In our owr 0.06146 a.u(or at a photon energy of 4.014 s found
calculations we find no evidence of the existence of any Fesselow the Na(8) threshold. We also show in Fig. 3 the
hbach resonance state. cross sections that result after removing this specific doubly
Our results for the angular distribution asymmetry param-excited state, thus verifying that it alone accounts for the
eter 8 of the photoelectron resulting from the process Na resonance features predicted in this energy region. Our attri-
+vy—Na(3p)+e~ are presented in Fig. 2 together with bution of all resonance effects to this single doubly excited
those of Moores and Norcrof$9]. The resonance structures state contradicts the Cl calculation of Zatsariretyal. [34],
are observed to be more complex singeparameters are which predicts threéP° autoionizing states at photon ener-
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gies of 4.10, 4.12, and 4.16 eVr at total energies of The effectiveness of our nonstandard projection operator
—0.059,—-0.058, and—0.056 a.u.). Stewast al. also pre- method for describing this resonance may be judged by com-
dict a 1P° resonance at 0.0567 a.u.(or Aw=4.122 eV) paring our results with those obtained using the standard
using the standard projection operator meth2@. The dis- projection operator method. The standard method finds a
crepancies among these various theoretical predictions arisesonance at w=4.1432 eV(or —0.056 73 a.u. below the
because the two calculatiof®0,34] other than our own are Na" threshold. Its density plots are shown in Fig.(c}.
not able to predict core-excited shape resonances owing ©Gomparing Figs. @) and 4c), one sees the standard method
their neglect of the d4p configuration. gives a much more diffuse state having a different angular
Johnston and Burrow observe a resonance feature at abaammetry. The results of the NagB Na(3p), and Na(4)
the same energy in electron-transmission spectrosg®py  partial cross sections after projecting out the doubly excited
In order to characterize this feature, they related it to astate obtained by the standard method are given in Fig. 5.
similar-looking resonance appearing below th&3d) Comparing Figs. @) and Hc), we see that our nonstandard
threshold in electron-potassium scattering measurements ligethod produces a localized resonance which is responsible
Eyb[38], who observed an angular distribution characteristidor essentially all the magnitude of the Naj4partial cross
of ad wave. They suggest a term designatior’Bfowing to  Section between the Nag}t and Na(3i) thresholds. In con-
an analysis of the results of Eyb, and further suggest a corffast, the standard method gives a resonance whose major
figuration of 4s3d for this resonance, noting that “this con- €fféct is near the Na(@ threshold.
figuration is consistent with our unpublished trapped- Figure 6 shows thes parameter for the photoelectron
electron measurements in which the resonance in Na appedfsulting from the process Na y—Na(3p)+e". Besides
rather strongly in the %5 excitation cross sectiofp7].” In  the two cusp features associated with the Ng(4nd
accord with our analysis, they note the significant contripu/N&(3d) thresholds, there is a complex resonance structure

tion of the 4 orbital to the resonance between the Ng)(4 between these two thresholds. It is interesting that_/ﬂ1e
and Na(3l) thresholds. While our photodetachment resultspar_ameter approachesl below the _Na_(ﬁ) _threshold, Im-
are not able to give any information on tH® resonance plying that the. preferred angular d|§tr|but|on OT th? phqto-
spectrum, the fact that Johnston and Burrow see only Onelectron there is at 90 ° to the laser linear polarization direc-

b h 0 flon. In Fig. 6, the light lines indicate results obtained by
resonance at about t eosame energy as resonance removing the effects of thg{0}; resonance at 1.3628 eV
may indicate that théP° resonance is too weak to be ob-

. : ) ) photoelectron kinetic energy. One sees that this resonance is
served in electron scattering or that it overlaps with tie responsible for both the broad peak and the deep window
resonance. In either case, their analysis finds a significant 4,5 appear in our results below the NejZhreshold.

contribution to the resonan@ in this energy region, which Between the Na(@) and Na(4) thresholds, our analysis
is in agreement with our analysis. using the standard projection operator method also finds a
The single doubly excited state that we predict is respon= _» type resonance state located at0.05110 a.u.(or
sible for nearly all of the structure in the partial cross sec+ »=4.2966), in agreement with the results Zatsarienl.
tions shown in Fig. 3 is dominated by the4p (36.2%9 and  [34]. However, the effects of this resonance state are not so
3d4p (34.49% configurations. Its position is well above the prominent and hence are not analyzed in either Fig. 3 or Fig.
Na(4s) threshold; thus it has mixed characteristics of both & although, of course, these effects are included in our re-
core-excited shape resonance and a Feshbach resonance sls.
configuration components are similar to the resonance ap-
pearing between the LiE) and Li(3p) threshold, which is C. Na~ photodetachment near the Na 5, 4d, 4f, and 5p
dominated by the &p (35.299 and 3p3d (34.19% configu- thresholds
rations. Actually, wave functions of these two states, one pguria| cross sections for all open channels in the energy
each in the photodetachment spectra of and Na, display  range from below the Na@ threshold to just above the
the same angular symmetry as the one denoted{8y;  Na(5p) threshold are shown in Fig. 7. Compared with the
[equivalent to K,T)*=(1,1)" or (n,,n,,m)=(0,2,1)] in  energy region near lower thresholds, the partial cross sec-
H™ photodetachment below thre=3 threshold. A compari- tions show more complex resonance structures. While no
son of this resonance in Hwith the corresponding one in 1P° resonance has been predicted in the energy region be-
Na~ is shown by the density plots in Fig. 4. Notice the tween the Na(5) and Na(4l) threshold, our nonstandard
additional peak neaw equal to O(or 7/2) in the hyper- projection operator method analysis indicates there are five
spherical angular plot for Na[cf. Fig. 4a)], which indicates  doubly excited state resonances in this energy region. As
an additional node and hence s drbital contribution, as the shown in Fig. 8, our Na(¢) partial cross-section results give
Na(4s) threshold lies below both the Nad} threshold and  excellent predictions of the positions and widths of the reso-
the resonance energy. Such peaks are absent in the densitynces as well as with the broad shape of the spectrum as
plot for the corresponding state in"Hcf. Fig. 4b)]. The  compared with recent relative measurements of Haeffler
important 4 orbital contribution explains the breadth of this et al. between the Na(§ and Na(%) thresholdg25]. How-
resonance, as well as its prominence in tlsepértial cross ever, some discrepancies in the magnitudes may be observed
section. The importance of tlressnpcomponent of the reso- for photon energies above 4.75 eV, particularly above the
nance above thes threshold indicates the complexity of the Na(4d) threshold. We have confirmed the convergence of
correlation. In the standard projection operator method, thisur results in this region and have no theoretical explanation
configuration would be excluded. for these discrepancies. However, as shown in the inset fig-
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FIG. 4. Doubly excited statek(,T)"=(1,1)" wave-function density plots itta) Na~ and (b) H™. This state in Na is located at
—0.06146 a.u.fw=4.0145 eV); it is obtained using our nonstandard projection operator method and its effects on the partial cross
sections are shown in Fig. 3. Ift) we give the doubly excited state wave-function density plots for Nar the state located at
—0.056 73 a.u.fw=4.1432); it is obtained using the standard projection operator method and its effects on the partial cross sections are
shown in Fig. 5. The top panels are plotted in prolate spheroidal coordinades . at a value ofR= \/r12+r22 which corresponds to the
maximum wave-function amplitude; the middle panels are plotted in hyperspherical coordipzaes e=tan 1(r,/r;) at the same value
of R; the bottom panels are plotted in,(r,) coordinates with angular variables averaged.

ure, when the experimental data between the Nj(dnd the correlation indexp?, of Fano and Coop€9] is small.
Na(5p) thresholds are normalized to our theoretical predic-Liu and Starac¢26] have recently proved that when-0,
tions in this energy region, the agreement is excellent. Agnirroring behavior of partial cross sections is to be expected.
noted in Ref.[25], this may indicate a problem with the We point out here such behavior in the partial cross sections
background above the Nag¥ threshold. shown in Fig. 7, e.g., the Naf} and Na(%) partial cross
Some observations can be made regarding these total aséctions between thes&nd 4 thresholds are nearly mirror
partial cross sections shown in Fig. 7. The Ng)(3and images of one another.
Na(3p) partial cross sections give the largest contribution to  In the energy region shown in Fig. 8 we find that five
the total cross section; the other partial cross sections ai@oubly excited states are responsible for the structure in the
relatively small. Since most of the doubly excited states in-spectrum. The effects of each of these five resonances on the
volve orbitals associated with higher thresholds, the effect oNa(4s) partial cross section shown in Fig. 8 are shown in
these resonance states is largest on the partial cross sectigranels(a)—(e) of Fig. 9. Panelf) in Fig. 9 shows the effect
having the smallest magnitude. Indeed, these partial crogy removing all five resonances. The nearly linear cross sec-
sections are often completely dominated by the doubly extion that resultgcf. Fig. 9f)] proves that the five resonances
cited resonances, showing such interference effects as asyie have identified are indeed responsible for all the observed
metric peaks and nearly zero minima. However, these resctructure. Figure 10 gives a similar analysis of the effect of
nance features are not prominent in the total cross sectiogach of these five resonances on the photoelectron angular
indicating that only a relatively small fraction of the total distribution asymmetry parametgd for the process Na
cross section interacts with these doubly excited states, i.et;, y—Na(3p)+ e in this energy region. Figure 1) shows
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that removing each of these five resonances results in a
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smooth linear dependence for tBgarameter, proving again

that they are solely responsible for the observed structure in FIG. 7. Partial cross sections for the processes Na

the B parameter. Density plots for each of these five reso-—Na(nl)+e~, nl=3s, 3p, 4s, 3d, 4p, 5s, 4d, 4f, and 5, and the

nances are presented in Fig. 11, plotted in both prolate sphéstal cross section. The energy scale is relative to thé taesh-

roidal coordinates and hyperspherical angle coordinates aid. The vertical dashed lines indicate the locations of the thresh-

the values oR=/r2+rZ indicated in the figure caption. The olds.

densities are also plotted in angle-averagedr(,) coordi-

nates. We discuss the characters of each of these five rese0.037 90 a.u. below the Nathreshold [cf. Figs. 8, 9a),

nances in turn. and 1@a)]. Its most important configurations ares®p
There is a broad " type resonance state located below (35.56%, 5s6p (27.26%, and 415p (20.67%. Its probabil-

the Na(5%) threshold at a photon energy of 4.6557 @/ ity density angular plots in Fig. 18) show a mixture of the

0
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FIG. 6. Angular distribution asymmetry paramegeof the pho- FIG. 8. Partial cross section for the process Nay— Na(4s)

toelectron resulting from the process Nay—Na(3p)+e™, plot- +e” in the photon energy region from the Na)5to the Na(%)

ted vs photoelectron kinetic energy. The plot shows the energyhreshold. Curves: present results in dipole velo¢iylid) and di-
region from the Na(p) threshold to above the Napd threshold.  pole length(dotted gauges. Circles: relative experimental measure-
Thick curves: present results in dipole velocigolid) and dipole  ments of Haefflert al. [25] normalized to the theoretical predic-
length (dotted gauges. Thin curves: results obtained by removingtions between the Na& and Na(4l) thresholds. The vertical

the doubly excited state located at0.061 46 a.u(photoelectron dashed lines indicate the locations of the thresholds. The inset
kinetic energy= 1.3628 eV from the calculation. The vertical shows a renormalized comparison between theory and experiment
dashed lines indicate the locations of the thresholds. between the Na(d) and Na(%) thresholds.
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photoelectron for the process N& y— Na(3p)+e~, plotted vs
photoelectron kinetic energy over the energy region from below the
Na(5s) threshold to above the Naf)} threshold. Thick curves:
present results in dipole velocitgolid) and dipole lengthidotted

removing one or more doubly excited states from the calculationsgauges. Thin curves: results obtained by removing one or more

(@ Doubly excited state with symmetryK(T)A=(2,1)" at
—0.037 90 a.u. fw=4.6557 eV) removed;(b) doubly excited
state with symmetry K,T)"=(3,0)" at —0.03493 a.u.fw
=4.7365 eV) removed(c) doubly excited state with symmetry
(K, T)A=(2,1)" at —0.03229 a.u.%w=4.8084 eV) removedyd)
doubly excited state with symmetry K(T)A=(1,0)" at
—0.03170 a.u.fw=4.8243 eV) removed;(e) doubly excited
state with symmetry K, T)*=(2,1)" at —0.03130 a.u.fw
=4.8353 eV) removed(f) all five doubly excited states removed.
The vertical dashed lines indicate the locations of the thresholds.

symmetries of K,T)*=(2,1)" [or (n, ,n,,m)=(0,4,1)]
and K,T)*=(3,1)* [or (n, ,n,,m)=(0,6,1)], which char-
acterize, respectively, the dominant resonances below the
=4 andn=5 thresholds in H. This mixing is indicated by
the additional peaks near equal to O(or 7/2) in the hyper-
spherical angular pldicf. Fig. 11@] and is due to the fact
that the Na(8) threshold is lower in energy than the Nai4
threshold.

doubly excited states from the calculations. The specifications of
the resonances removed in pan&@s—(f) are the same as in the
corresponding panels of Fig. 9.

wave-function density plot in hyperspherical angles in
prolate spheroidal coordinajeshows a weak peak near
equal to 0 orw/2 (or nearu=*1), indicating the presence
of the 5s6p configuration.

The resonance located at a photon energy of 4.81 eV in
Figs. 8, 9¢), and 1(c) is caused by a *+" state which is
located at a photon energy of 4.8084 &f —0.03229 a.u.
below the N&d threshold. Its wave-function density plots,
shown in Fig. 11c), indicate this is a K,T)*=(2,1)" or
(ny,n,,m)=(0,4,1) state, which has the same angular
nodal structure as the one below the Ns)3hreshold[cf.

Fig. 11(a)]. Its (r4,r,) plot shows one node in each direction
of ry andr,, implying that it is an excited state of the series
of states characterized byK(T)*=(2,1)*. However, the
nodal lines in its wave-function density plots are not so sharp

The broad feature near photon energy of 4.75 eV in Figsas in the corresponding ones for doubly excited resonances

8, 9b), and 1@b) is caused by a =" type doubly excited
state which is located at a photon energy of 4.736 (e
—0.03493 a.u. below the Nathreshold. The breadth of

in H™, indicating significant mixing of different angular
symmetries due to the nonhydrogenic core of' N&imilar
non-Coulomb core effects on two-electron resonance states

this resonance might be explained by the significant contrihave been shown in the analyses of Baal.[10,12 for the

bution made by the €p configuration(22.5%). Since the
energy position of this resonance is well above the 8a(5

photodetachment spectrum of Li
A —" state located at a photon energy of 4.8243 @V

threshold, this is another example of a core-excited reso—0.031 70 a.u. below the Nathreshold is responsible for
nance. Compared with wave functions for the doubly excitedhe peak near 4.825 eV shown in Figs. &d)9 and 1Qd).

states of H, this state is dominated by the symmetry
(K,T)"=(3,0)", or (ny,n,,m)=(0,7,0) [cf. Fig. 11b)].
Similar to the resonance below the Na{3threshold, the

This state is particularly interesting because its correlation
pattern, shown in Fig. Xi), is similar to the one denoted by
(K,T)A=(1,0)" in H™, whose probability density has a
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FIG. 11. Wave-function density plots of the doubly excited states below the dya(#reshold. (8 (2,1)* state at
—0.03790 a.u.fw=4.6557 eV) (b) (3,0)” state at —0.03493 a.u.fw=4.7365eV), (c) (2,1)" state at —0.03229 a.u.fw
=4.8084 eV) (d) (1,0)” state at—0.031 70 a.u. xw=4.8243 eV),(e) (2,1)" state at—0.031 30 a.u.{w=4.8353 eV). The top panel for
each resonance is plotted in prolate spheroidal coordinaﬁ§m= (a) 41 a.u.,(b) 43 a.u.,(c) 30 a.u.,(d) 50 a.u.,(e) 30 a.u. The
middle panels are plotted in hyperspherical angle coordinataad 6,, at the sameR values. The bottom panels are plotted m ,f,)
coordinates with averaging over the angular variables.

nodal line iné#,, (equivalently, in\). This state does not fall electron-transmission spectroscopy experimefag|. Al-

in the category of either K, T)*=(n—2,1)" or (K,T)A  though it has been sugges{&Y] that the lack of resonances
=(n—1,0)" for n=4. It is a propensity rule forbidden state is d_ue to the negative polarizabilities as_sociated with these
and is not seen in the spectra of either theoretical predictiongxcited Nafip) states fom=4 [40], the existence of a reso-
or experimental measurements for iphotodetachment, but Nance below the Na(® threshold sheds some light on the
is visible in Na photodetachment owing to the non- Properties of doubly excited resonances. Negative polariz-

Coulomb core of Na and the consequent more approximateabilities imply an asy_mptotically repulsive_ potenti.al, but at
doubly excited state symmetries short range the effective electron-electron interaction may be

The window and very narrow peak just below the N4 attractive, allowing the existence of a bound state. However,

threshold in Figs. 8, @), and 10e) is produced by a the long-range repulsive potential might be the reason why

. e AL + there is only one doubly excited resonance below the
type state. It can be identified as anothé, T)"=(2,1) a(bp) threshold. Our theoretical prediction employs the

state. Compared with the ones at photon energies of 4.65%44nqard projection operator method. Owing to the closeness
eV and 4.8084 e\[cf. Figs. 11a) and 11c)], which have, ¢ e resonance to the Nag¥and Na(4) thresholds, how-
respectively, zero and one node g and r,, the wave-  gyer, we have also carried out a number of nonstandard pro-
function density plot in (;,r;) coordinatedcf. Fig. 11€)]  jection operator calculations that include the configurations
has two npdes in bothl.andrz. Thl/is it is the third member 4d4f, 4dsp, and 45g, among others. While the energy of
of the series characterized bi((T)*=(2,1)". the resonance is reduced to 4.8695 @ur —0.03004 a.u.
The peak above the Naf# threshold shown in Figs. 7 pejow the Nd threshold, these calculations find that the
and 8 at a photon energy of 4.86 eV is actually a doublyconfigyrations involving d and/or 4 orbitals have only
excited state associated with the next threshold, NR(5 yery small weightings in the configuration representation for
which is located at photon energy of 4.892 eV. The resoys resonance. We conclude that despite the breadth of this

nance energy from the standard projection operator methoghsonance feature, it is not a core-excited shape resonance.
is 4.8800 eV(or —0.029 66 a.u. below the Nathreshold,

which agrees with the result of Zatsanm_ayal. [34]. This IV. DISCUSSION

resonance is well resolved both experimentdlBs] and

theoretically and, as shown in the inset in Fig. 8, agreement Very few predictions for thé P doubly excited state reso-
is excellent. However, no resonance was reported imances of Na have been reported, although our present re-
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TABLE I. 'P° autoionizing levels of Na.

Present results Stewaet al. [20]  Zatsarinnyet al. [34] Haeffleret al. [25]
E. (au)® Ex(eV)® fw (eV) ho (eV) ho (eV) ho (eV)
2.64
—0.061 46 3.4665 4.0145 4,122 4.10
4.12
4.16
—0.05110 3.7487 4.2966 4.30
—0.03790 4.1078 4.6557
—0.03493 4.1886 4.7365 4.73268)
—0.03229 4.2605 4.8084 4.80695
—0.03170 4.2763 4.8243 4.82643)
—0.03130 4.2874 4.8353 4.8313%®)
—0.03004 4.3216 4.8695 4.89

8Energy with respect to the Nathreshold.
PEnergy with respect to the NagB ground state.

sults show that there exists a rich structure of resonances—" type states only appear as extremely narrow reso-
below the first few thresholds of Na. We compare our prenances. In the spectra of Nghotodetachment, we even find
dicted energies with results of Reff20,25, and [34] in  a resonance whose probability density has a nodal lirggin
Table I. Stewartkt al. [20] find a single!P° resonance be- in violation of the propensity rulefs,7] developed for H
low the Na(3) threshold, in agreement with our results, but photodetachment spectra. Such resonances have not been ob-
their energy position is significantly higher than ours, owingserved in the spectrum of H
to the different(i.e., standard and nonstandanojection Relative to the respective double detachment thresholds
operator methods used to obtain these results, as discussecbinLi ~ and Na , corresponding highly excited, two-electron
Sec. lll B. Only two of the six'P° resonances that are pre- states are expected to appear at similar energies in the two
dicted by Zatsarinnyet al. [34] agree with the present pre- spectra, even though Na has a different ordering of excited
dictions. Very recently, Haeffleat al.[25] gave energies and atom thresholds. Indeed, these two spectra show parallel
widths for the resonances lying between the NA(&nd resonance structures, i.e., states with similar probability den-
Na(4d) thresholds obtained by fitting results of their partial sities, having similar angular and radial correlation patterns,
cross-section measurements to the Shore profile formulaere found. However, there are some differences due to the
[41]. The agreement between our calculated energies and thikfferent ordering of the excited thresholds, reflecting differ-
fitted experimental energies is very good, as might be exent core effects. For example, while the most prominent
pected from the excellent agreement between the predicta@gsonance structures appear betweenrtheand (h—1)d
and measured Nag} partial cross-section results shown in thresholds in Na spectra, they appear between theand
Fig. 8. np thresholds in Li. This fact can be related to the polariz-
Since our analyses using the nonstandard projection ombilities of the excited states of Li and Na.
erator method indeed characterize all features in the photo- Polarizabilities of the excited states play an important role
detachment specti@oth in the partial cross sections and in in the formation of resonances since they dominate the long-
the B parameters we are confident that this method pro- range interaction between the neutral atom and the additional
vides a better description of the doubly excited state wavelectron. However, positive polarizability is not the most im-
functions, including those responsible for core-excited shapgortant criterion for the formation of a two-electron reso-
resonances. In all cases, doubly excited states show stromgnce; rather an attractive effective interaction including
configuration mixing, reflecting the complexity of electron electron correlation is. In the Lispectrun{10,12, there is a

correlations in this system. resonance series converging to each of the excited state
The analysis in the preceding section shows that the synmthresholds that has a positive polarizability. But no reso-
metry notations for the doubly excited states for till nances were found to be associated with those thresholds

hold, at least approximately, for Nain this energy range. having negative polarizabilities. While the most prominent
By comparing the wave-function density plots for corre-resonance series are those converging tonthehresholds,
sponding doubly excited states of Hand Na, it is evident  there are less prominent resonance series converging to the
that the nodal structure in Nais not as sharp as in'H  nd thresholds, except for® All of these thresholds have
reflecting a mixing of different angular symmetries, which positive polarizabilities. However, there is only one reso-
we attribute to the non-Coulomb Nacore that the excited nance associated with the Nay(b threshold, which has a
pair of electrons in Na see. Even though these mixing ef- negative polarizability. An effective potential point of view
fects do not change the correlation pattern of the wave funcallows one to understand this result. This formation of a
tions dramatically, the effects on the spectra are significantloubly excited resonance indicates an attractive effective po-
Spectra in this energy region clearly show the prominence ofential, at least at short range. However, the repulsive long-
“ —" type resonances, in contrast to the case of, Wvhere  range interaction may produce only a narrow potential well,
“+" type doubly excited states dominate the spectra andhus reducing the number of bound states in the effective
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potential. Such reasoning may explain the sole resonangeolarizability. In many cases, our predictions are either the
below the Na(p) threshold. first or else the first to characterize the doubly excited reso-
An interesting common feature appears in the first resonance states in this energy region of the Nzhotodetach-
nance appearing just above each of the Nx(@nd Na(%s) ment spectrum.
thresholds. Both doubly excited states have strong contribu- Throughout the paper, we have further provided insights
tions from a configuration having either @ 4r a 5s orbital.  into the resonance features appearing in the spectra. It is
Thus both resonances exhibit shape-resonance-type behahown that configurations are strongly mixed, indicating the
ior. The breadth of each of these resonances and the pronimpropriety of single configuration designations. Mirroring
nence of the 4 and 5 partial cross sections support this effects among the partial cross sections have been under-
observation. Another piece of information comes from thestood as a common resonance feature at high levels of exci-
wave-function density plots in hyperspherical angular vari-tation of the residual atorf26] and examples are noted here.
ables, where a weak peak nearequal to O(or 7/2) indi-  The nonhydrogenic nature of the Naore leads to promi-
cates that one electron is relatively far away from thenence of doubly excited resonances that are absent’in H
nucleus. On the other hand, both resonances also have stropfjotodetachment spectra, as was also found in analyses of
contributions from the configurations associated with boundhe Li~ photodetachment spectrufi0,12,13. Similarities
orbitals, which is reflected by the dominance of the angulaand differences of the resonance structures in the H™,
symmetry character of the corresponding Feshbach resand Na photodetachment spectra below particular thresh-
nances in H. This is another example showing that the cor-olds are discussed and related to different threshold orderings
relation in Na is rather complex, that all configurations are and different atom polarizabilities. Although the appearance
strongly mixed, and thus a single configuration is no longer af resonance series is sensitive to the asymptotic interaction

proper label for these doubly excited states. of the pair of correlated electrons due to polarization, the
more complicated short-range behavior of the electron-
V. CONCLUSIONS electron correlation is the key to understanding the two-

) ) . electron dynamics.

We have presented detailed theoretical studies for Na  \ye have compared our work on the Nahotodetach-
photodetachment over the energy region from the NR(3 ment spectrum and on the importahP® doubly excited
threshold to the Na() threshold(i.e., for 0.548 e¥<iw  states in its spectrum with all prior theoretical and experi-
<5 eV). Spectra of both the partial cross sections and thghental work known to us. Detailed comparisons are given
photoelectron asymmetry parameferfor the process Na  with the work of Moores and Norcro$&9], whose four-state
+y—Na(3p)+e" are provided. We have also analyzed all close-coupling calculation fairly accurately describes the
doubly excited resonances in the energy region indicated ugyg~ photodetachment cross section below the NB(3
ing a nonstandard projection operator method that enables ygreshold. Our predictions for the Nafypartial cross sec-
to characterize not only Feshbach resonances but also thoggn petween the Na@ and Na(4) thresholds are in ex-
states having properties of core-excited shape resonances.dg|lent agreement with the recent measurements of Haeffler

the energy region between the Naj4and Na(3l) thresh- et a1, [25] presented in the following paper.
olds, we find a single doubly excited state dominates the

partial cross section and the parameter for the process
Na + y—Na(3p) +e". In the energy region from the vicin-
ity of the Na(%s) threshold to the Na(#) threshold, we find We thank G. Haeffler, D. Hanstorp, I. Yu. Kiyan, and D.
there are five resonances, having three different kinds of raPegg for useful discussions and for providing us with the
dial and angular symmetry, which determine both the strucexperimental data of Ref25] prior to publication. We also
ture in the partial cross sections and that in thparameter thank P.D. Burrow for discussions concerning electron-
corresponding to the Na¢j state. Below the Na(B) sodium collisions. This work has been supported in part by
threshold, we have identified an additional-" type reso- the U.S. Department of Energy, Office of Basic Energy Sci-
nance state even though the Npj5state has a negative ences, under Grant No. DE-FG-03-96ER14646.
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