PHYSICAL REVIEW A, VOLUME 64, 052715

Photodetachment of K

Chien-Nan Litf
Max Planck Institute for the Physics of Complex Systemthnitaer Strasse 38, D-01187 Dresden, Germany
(Received 26 February 2001; revised manuscript received 11 June 2001; published 12 Octoper 2001

EigenchanneR-matrix calculation results are presented for the photodetachment @f ke energy region
between the K(5) and K(7p) thresholds. Present results are compared with prior experimental studies,
including the recent relative K& partial cross section measurements of Kigdral. [Phys. Rev. A84, 5979
(20001, and resonances observed in electron-potassium scattering. Detailed analyses and identificafons of
resonance structures are presented. Comparisons witlinid other alkali-metal negative ions provide further
information on the structure and dynamics of negative ions.
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. INTRODUCTION B are presented. For energies in the vicinity of the &)(5
and K(5f) thresholds, present results are compared with re-
Photodetachment plus excitation of atomic negative iongent experimental measurements of Kiyenal. [10]. The
is a fruitful means of observing correlated doubly excitedmain focus of this paper is on the identification and analysis
states. H has been most intensively studied theoreticallyof the resonance structures that appear in the energy region
and experimentally due to its importance of a fundamentastudied, shedding light on resonance formation in negative
three-body systenil]. Because their structures of valence ions. We will address the differences of structures between
electrons resemble the one of Hmetastable He[2,3] and H™, a pure three-body system with distinct approximate
light alkali-metal negative ions, such asLj4,5] and Na symmetry{12—14], and the alkali-metal negative ions, which
[6,7], have also be a focus of a number of recent theoretica¢an be accurately described by a two-active-electron model.
and experimental studiegNote that only the most recent
references are given; readers may consult these references Il. THEORY
for earlier works) The spectrum of doubly excited states in i .
K~ is relatively unexplored. Most of the previous theoretical | ne €igenchanneR-matrix method[15,16 and a two-

and experimental studies on photodetachment of & and active-elec_tron model are employed in this study. For the_
electron-potassium scatterifg] are limited to the energy energy region below the double detachment threshold, alkali-

region from threshold to the vicinity of the K@} threshold, metal negative ions may be adequately treated as two active

. . . ; . electrons moving in ntral field resulting from the nuclear
the first excited state of neutral potassium. Since the spln(-a ectrons moving in a central field resulting from the nuclea

orbit splitting of the K(4) doublet is about 7 meV, the fine charge and the frozen inner shell electrons. This method has

roved successful in previous applications to, ihetastable

structure is resolved in experimental measurements and r e and alkali-metal negative ion photodetachment

quires theoretical calculations_jm coupling to give accurate [3,5,6,17,18 The method has been described in detail in
descriptions. Very recently, Kiyaet al. reported experimen-  Ref [18] and the method for analyzing doubly excited-state
tal measurements for the processesty—K(5s)+e" for  regonances and their effects has been described in[Ref.

the energy region from above the K{p threshold to the Thys we present here only a brief overview of the eigen-

vicinity of K(5f) threshold, revealing seven resonand®.  channelR-matrix method and of the methods for analyzing
More interestingly, they found an anomalous behavior thakycited, two-electron resonances.

the widths of the four resonances observed below thef K(5
threshold do not decrease monotonically, as predicted by a
semiclassical model describing that the doubly excited states
of nonhydrogenic negative ions are formed as bound states The eigenchannd®-matrix method 15,16 aims to deter-
of an induced dipole potentig®,11]. mine variationally an orthogonal and complete basis set of
In this paper, eigenchannBtmatrix calculations for pho- wave functionsthe eigenchannel wave functioret given
todetachment of K using a two-active-electron model are energyE, whose normal logarithmic derivatives are constant
presented. The study covers the energy region from the viacross a reaction surfa&enclosing a reaction volumé.
cinity of the K(5p) threshold to just above the Kfj For treatments of two-electron excitations, the reaction vol-
threshold. Since the spin-orbit splitting of these high-lyingumeV is that part of six-dimensional configuration space for
excited states of neutral potassium are snigfl,coupling is  which both electrons lie within a sphere of radiig In
sufficient. Results for total and partial cross sections and fopractice, for each range of excitation enengyis chosen to
the photoelectron angular distribution asymmetry parametebe sufficiently large that the probability of both electrons
being outsider, is negligible. Thus,ry has to be large
enough to encompasses all possible doubly excited-state
*Current address: Department of Physics, Cardwell Hall, Kansagvave functions in the energy range considered. The compli-
State University, Manhattan, Kansas 66506. cated many-electron interactions withw are treated by

A. Brief overview of the eigenchannelR-matrix method
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TABLE |. Empirical parameters for the Kmodel potentiaf. assumed there is only a single electron, and thus, only single-
detachment processes are considered. All long-range multi-
| a a as re(a.u.) pole interactions in the outer region are treated numerically

by close-coupling procedures in order to obtain a basis set of

0 5.398 774 15.041973 2.129 288 0.8 . - . -
multichannel wave functions that describe the outgoing elec-

1 4.174 006 6.691 497 1.767 564 0.8 . .

5 6.163 766 7 605 658 5027534 0.8 tron and the residual atofi8]. By thus treating the long-

—3 16 016 154 0'783 871 1'562 949 0'8 range multipole interactions, the effects due to the polariza-

- ) ' ) ' tion of the residual atom are included. By matching linear

°Ct. Eq. (1) combinations of the multichannel basis functions for the in-

ner and outer regions at the reaction surface, one may deter-
mine the exact final-state wave function that satisfies the in-
aoming wave boundary condition. Further details of the
method are presented in R¢L8].

bound state, configuration interactigdl) techniques using a
basis of independent electron orbital wave functions obtaine
from a model potential for the K core andLS coupling to

represent the many-electron wave function. The model po-
tential has the form, B. Identification of resonances and the corresponding doubly

excited states

V(r)=— E[ZC+(Z—Zc)e“"‘1'+a2re‘a3r] _In order to obtain predictions for resonance energies and
r widths for comparison with other theoretical and experimen-
tal results, two different approaches are used. For a single
1— e—(r/rc)3)2. (1)  isolated resonance, one may perform a least-squares fitting of
the calculated partial cross section to a resonance profile for-
) mula[21-23. However, in the energy region where a reso-
For the K calculation, the nuclear charge 5=19, the  pance is not completely separated from adjacent features due
charge of the K core isZ.=1, and the polarizability of the {5 thresholds or other resonances, one may analyze instead
K™ core is given by the value, 5.457 a[@9]. The empirical  the eigenphase sum as a function of endi24,25. Note,
parametersd; ,a,as,r¢) depend on electron orbital angular that in some instances in which resonances are located close
momentuml and are fitted using a least-squares method tqg a threshold, the overlap of changes in the eigenphase sum
reproduce the experimentally measured energy levels of thgith the threshold prevents us from predicting a width.
K atom[20]. The values used in the present calculation are T characterize the states responsible for the resonances
given in Table I. The calculated energy levels using thein the cross-section spectra, a standard projection operator
model potential are presented and compared with experimeinethod is used. Doubly excited states associated with the
tally observed resulf20] in Table 1, indicating the accuracy threshold are obtained by diagonalizing the Hamiltonian us-
of these energies and the wave functions as well. _ing a basis that excludes all one-electron orbitals correspond-
At a given energyE, one describes the wave function ing to open channels. Those discrete states that lie below the
inside the reaction volume as a linear combinationtt® | threshold are the doubly excited states that manifest them-
eigenchannel wave functiotisus generated. Outsidg, itis  selves as resonances in the cross sections. The doubly ex-
. ~ cited state wave functions are checked by a projection pro-
TABLE II. Energy levels of Kfl). Energies are shown with  cequre in which cross sections are calculated using a final-
res_pect to the K thresho_ld in a.u. The experimental energies aregiate wave function that is orthogonalized to these doubly
weighted average of all fine-structure levels. excited states. By examining its effects on the cross section,
one can make sure that removed doubly excited state is in-

A

~ o

n Cale. Energy Expt. Energy deed responsible for a specific resonance.

4s —0.1595161 —0.1595164

4p —0.1001545 —0.1001545 C. Numerical details

oS —0.06371234 —0.06371242 The radius of thdR-matrix spherer, is chosen to be 180

3d —0.06139328 —0.06139328 a.u.. This radius is large enough to encompass the doubly

5p —0.04690452 —0.04690459 excited states in the considered energy range. Inside the

4d —0.03468437 —0.03468437 R-matrix sphere, 58 closed-tyfee., zero at the radius,)

6s —0.03444187 —0.03444182 and two open-type(i.e., nonzero at the radius,) one-

af —0.03135650 —0.03135653 electron orbital wave functions are calculated for each of the

6p —0.02735725 —0.02735720 orbital angular momenté, where G<I<6. In total, 2504

5d —0.02198149 —0.02198150 closed-type, two-electron configurations are included in the

7s —0.02157669 —0.02157684 calculation for the final-state wave function. For each chan-

5f —0.02006194 —0.02006193 nel in which one electron may escape from the reaction vol-

5¢ —0.02001394 —0.02001371 ume, two open-type orbitals for the outer electron are in-

7p —0.01793623 —0.01793618 cluded in addition to the closed-type basis set. For a given

photon energy, besides all open channels, closed channels

aReferencd20]. having the inner electron at the next higher-principal quan-
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TABLE Ill. 'P° resonance energies and widths of ka the
energy region below the K@) threshold.

Present Results Experiméht

ho(eV) Ex(eV)? T'(meV) Label #w(eV) I'(meV)

3.11019 2.60872  4.4687
3.55076 3.04929  19.0179
' i v 3.86853 3.36706  24.1621
A 3.89414 3.39267  4.3301
4.0309F  3.52946 80.0404
4.09714 3.59567 1.0800

-
»

o
.wco

e
pry

4.20712 3.70565 11.6913

4.22383 3.72236 12.7825 a 4.22294) 14.56)
4.24330 3.74183 1.4376 b 4.243296) 1.41(8)
g 424750  3.74603 3.1870 ¢ 4.248G4) 3.57)
417 419 421 423 425 4.25498 3.75351  1.2817

e
o

Total Cross Section (Mb)

- o
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-

o

42759CF  3.77443 d 429220  1002)
4.29472 3.79325  1.4722 e  4.29451) 1502
f
g

o
©

4.2958031 3.79433  0.002 4.295764) 0.108)
l 4.29606 3.79459  0.1420 4.296@2) 0.3003)

43233F  3.82192 27.7188

4.35350 3.85203

0.8 Il Il 1
4.26 4.28 4.30 4.32 4.34 4.36

Photon Energy (eV)

FIG. 1. (a) Total cross section for photodetachment of .K
Present dipole velocitylength results are plotted using the solid *Referencd 10].
(dotted line. (b)—(d) Total cross section in the energy regions nearEnergy with respect to the K&} ground state.
excited-state thresholds, K(), whose positions are indicated by °Resulting from fitting the calculated total cross section to a reso-
vertical dashed lines. nance profile formulécf. Eq. (2)].

dShape resonance.

tum number state are also included in the calculation. Fi€Doubly excited-state energy obtained by the standard projection
nally, the value for the electron affinity for Kemployed in  operator method.
this paper is 501.459 mep\26].

characterized as a shape resonance. It is produced by a dou-
. RESULTS bly excited state with dominantsh p configurations, includ-

Figure 1a) shows an overview of the present results forin9 557P(26.8%), $8p(24.9%), and 89p(17.9%). The
the total cross section for photodetachment of i the  ON€ close to the K(B) threshold is produced by a doubly
photon energy range from 2.8 to 4.4 eV. This energy rangé’xc'ted state whose leading configuration components are
encompasses the region from below the B)%hreshold to  °P6S(32.3%), P7s(32.0%), and H4d (10.6%). These
the K(7p) threshold. As one may see, the total cross sectiofV0 doubly excited states are obtained by applying the stan-
diminishes rapidly as the photon energy increases, and so §"d Projection operator method with respect to the $(5
the resonance features. Figuréb)k(d) examine regions 2and K(5p) thresholds, respectively.
where weaker but richer resonance structures near higher- N the vicinity of the K(5) threshold, Johnston and Bur-
excited thresholds of K are found in the present calculationgOW Observe a resonance at 2.60 eV above thesKgf#ound
Detailed analyses for each of the energy regions correspondtate, equivalent to a photon energy of 3.10 eV in the pho-
ing to each panel in Fig. 1 are presented in the followingtodetachment spectra of K with a width 0f360 meV[27].
sections. A complete list of aftP° resonances that present 1hey suggested a term designation af38°D due to its
calculations predict in this energy region are presented i,promm!ty to the resonance observed in electron-potassium
Table Il with their energy positions and widths. scattering measurements by Eyb, who obsgrved an angular
distribution characteristic of d-wave[28]. While the mea-
sured width for the®D resonance is about 60 meV, the pre-
dicted 1P° resonance at 3.11019 eV is probably either too

The most prominent features in the total cross section iweak to have been observed by them, or obscured byhe
the energy region shown in Fig(a) are the two resonances resonance, in electron-potassium scattering experiments.
in the vicinity of the K(5) and K(5p) thresholds, located at Note that there are only three resonances observed so far in
3.1101 9 and 3.5507 6 eV, respectively. The former is locate@lectron-potassium scattering in the neighborhood of the
at just 1.77 meV above the K&} threshold, and is thus K(5s) and K(3d) thresholds. The other two were also ob-

A. K™ photodetachment near the K 5, 3d, and 5p thresholds
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FIG. 2. Total cross section near the k{4 threshold. Thick FIG. 3. Total cross section near the K{4threshold. Thick

curve: present results in dipole velocity approximation. Thin curve:CUrve: present results in dipole velocity approximation. Thin curve:
results obtained by removing one doubly excited state from thdesults obtained by removing one doubly excited state_from calcu-
calculation. The vertical dashed lines indicate the locations of thdations. The vertical dashed lines indicate the locations of the
thresholds.(a) The doubly excited state responsible for the reso-thresholds.(a) The doubly excited state responsible for the reso-
nance at 3.868 53 eV removeth) The doubly excited state respon- nance at 4.030 92 eV removdt) The doubly excited state respon-
sible for the resonance at 3.894 14 eV removed. The arrows indicaf@iPle for the resonance at 4.097 14 eV remove#lPresent results
the energy locations of the doubly excited state that has been rd? &n energy region within-0.5 meV of the K(¢) threshold. The
moved from the cross section result shown in the thin curve. arrows indicate the energy locations of the doubly excited state that
has been removed from the cross-section result shown in the thin

served by Eyb at 2.4 and 2.68 eV above the &)(4tate, or curve.

equivalently 2.9 and 3.18 eV photon energies in the photo-

detachment spectra of K and were assigned &andP orF  ture. The overlapping of the two resonances implies weak

states, respectivelj28]. interaction between the two responsible states. Indeed, al-
The total cross section shows a characteristic thresholthough both states have strong configuration mixing, their

behavior corresponding to detachment intosamave con-  configuration components indicate different characters.

tinuum at the K(%) threshold. According to Wigner's While the resonance located at 3.86853 eV results from a

threshold law[29], the photodetachment cross section doubly excited state with the leading configurations d6p

should behave near a threshold as (31.1%) and 4i7p (16.5%), the other located at 3.893 44

ols1 eV is dominated a state having strong7® (32.1%) and
ok, (2 6s8p(18.8%) components.

wherek and | are, respectively, the linear and angular mo- While there is no visible threshold behavior associated

menta of the outgoing electron. Detachment intosamave with the K(4f.) threshold at 3'982.3 87 eV, no resonance s
continuum exhibits a sharp onset in the cross section becau somateo_l with the threshold. I.t IS wort_hwhl_lg tq note_, the
of the threshold behavioso (E— Eypresnoid 2 Such char- 41) excited state has a negative polarizability, implying a
acteristic threshold behavior allows experimentalists to me r_epulswe asymptotic pehawor the induced dipole potential of
sure electron affinities with very high precision. In the his state. Therefore, it is less likely to support a resonance

present case, the total cross section near thegpK¢breshold series. However, a nega}tive polarizability _does not_forbid t_he
takes the forr,n of a upward step formation of doubly excited resonances since the interaction

in the region close to the nucleus could be attractive due to
electron-electron correlation. For example, it has been found
in the case of Na that a resonance is associated with the
Na(5p) excited state having a negative polarizabili6}.

As shown in Fig. 1b), the total cross section exhibits a  The resonance structure in the total cross section in the
feature apparently resulting from two overlapping reso-energy region below the K({® threshold is better illustrated
nances in the energy region just below the Hf4hreshold. in Fig. 3. In the vicinity of the K(4) threshold, the total
Indeed, the eigenphase sum analysis reveals two resonanaaess section is actually dominated by a broad window reso-
at 3.868 53 and 3.894 14 eV, respectively. In order to accountance, while another much narrower resonance appears just
for these resonances, the standard projection operattelow the K(6) threshold. Applying the standard projection
method was used to search for doubly excited states belowaperator method with respect to the K{6threshold reveals
the K(4d) threshold. As a result, two doubly excited statestwo doubly excited states. Effects of each of these two reso-
are found in this energy region. The effects of each of theseances on the total cross section are also shown in Fig. 3,
two states on the total cross section are illustrated in Fig. 2ndicating that both resonances are produced by doubly ex-
While the state lower in energy is responsible for the morecited states associated with the K)6state. The resonance
prominent peak, the other one produces the shoulderlike fedecated at 4.030 92 eV has a very broad width, which extends

B. K™ photodetachment near the K 4, 6s, 4f,
and 6p thresholds
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TABLE IV. Dipole polarizabilities of Knl).

nl Dipole polarizability(a.u)

4s 307

4p 619

55 4996

3d 1401
5p 7204 g ® o O
4d 35665 = )
6s 32866 5 ,
4f ~11585 ® :
6p 44170 S :
5d 193034 2 ¥
7s 139013 E

5f 3936137

59 —3097696

7P 180730

over the K(4) threshold[cf. Fig. 3@]. While the state re-
sponsible for this resonance is dominated by the configura-
tions 6p7s (30.2%), G5d (21.3%), and $8s (15.4%),
the other resonance located at 4.096 56[el Fig. 3b)] is

0
4.16
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4.18

4.2 4.22 4.26

Photon Energy (eV)

FIG. 4. Partial cross sections for the processesti§— K(nl)
+e, nl=4s, 4p, 5s, 3d, 5p, 4d, 6s, 4f, 6p, 5d, and &. The

produced by a doubly excited state dominated by the consolid (dotted lines indicate present results in dipole velocity

figurations §9s (30.4%), &8s (19.4%), and $10s
(14.7%). Their similar @ns configuration compositions in-
dicate that both states belong to the same series that con-
verges to the K(f) threshold.

Figure 3c) shows the region close to the K¢} thresh-
old, illustrating a characteristic threshold behavior corre-
sponding to detachment into aawave continuum. In the
present case, the total cross section near thgpK¢breshold
takes the form of a downward step, instead of a cusp. The
validity of the threshold law is restricted to an extremely
narrow energy range of 0.1 meV, so it is difficult to observe
the feature experimentally. It has been pointed out that the

huge dipole polarizabilities of excited atomic stafefs Table -08
IV) result in the small range of validity of the Wigner law = -09
[18]. The experimental repoffl0] of a cusp structure at the g 1
K(6p) threshold is most likely due to the narrow resonance. g . .

&

o

C. K™ photodetachment near the K 5 and 7s thresholds %

. . . £

Partial cross sections for all open channels in the energyg

[

region below the K(8) threshold are presented in Fig. 4.
Figure 5 shows the angular distribution asymmetry param-
eterB in the same energy region for all open channels except
for those of Kfs)+ ep that have a constant valug€ 2)

due to symmetry consideratiof80]. These two figures il-
lustrate that each doubly excited state may produce very dif-

A

-1

(length approximation. The vertical dashed lines indicate the loca-
tions of the thresholds.

ferent resonance profiles in different partial cross sections a: 11 psd) : ]
well as theB parameters. As shown in Fig. 6, the present ol ' halh
results fora(5s) partial cross section, corresponding to the -1 ' ! Lo '

4.18 4.2 422 4.24 4.26

process K + y—K(5s) + e, agree in general with the rela-
tive measurements of Kiyagt al.[10], except for some dis-

Photon Energy (eV)

crepancies in the magnitude for photon energies above the FIG. 5. Photoelectron angular distribution asymmetry param-
K(5d) and K(7s) thresholds, and the slight shift in the po- etersg(nl). The solid(dotted lines indicate present results in di-
sition of the broad window near 4.22 eV. The letters a—c inpole velocity(length approximation. The vertical dashed lines in-
Fig. 6 are the labels used in the experimental pap@f for  dicate the locations of the thresholds.
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FIG. 7. Same as in Fig. 6 in the photon energy range from 4.26

FIG. 6. Partial cross section for the process Ky—K(5s) . .
+e in the photon energy range from 4.19 to 4.26 eV. Curves:to 4.3_0 eV. The inset shows the comparison between theory and
experiment near the K threshold.

present results in dipole velocitgolid) and dipole lengtidotted

approximations. Circles: relative experimental measurements of

Kiyan et al.[10] normalized to the theoretical predictions. The insetence of the configurationsBp indicates the influence of the

shows a normalized comparison between theory and experimemerturber state.

near_the K(’®) threshold. The vertical dashed lines indicate the  Tqg further identify the perturber state, projection operator

locations of the thresholds. methods are applied with respect to the K)Btate and two
doubly excited states are found. Although all configurations

the resonances obtained by fitting the measured cross sectifvolving the & orbital are removed, the one lower in en-

to the Shore profile formula. In contrast to the experimentakrgy actually coincides with the one responsible for the reso-

reporting of three resonances in this energy region, five resqrance at 4.22383 eV located below the Wj5threshold,

nances are identified in this worlcf. Table Ill), using the ingicating that doubly excited state series converging to the

eigenphase sum analysis. The two additional resonances &5d) and K(7s) thresholds overlap. This state plays a role

located at 4.207 85 and 4.254 93 eV. eis a perturber since it is associated with the higher-threshold

. ; ) ) 7s). The other is responsible for the resonance feature

3, near 4.22 eV in the/(5s) partial cross sectio(cf. Fig. 6), Io(cat()ad just below the K(Fs)n threshold at 4.254 98 eV, leav-

the total cross section also suggests a smglg resoriahce ing the resonance located at 4.247 50 eV unexplained. How-

aéver, based on these analyses, one may conclude that reso-

.nancec is not a resonance associated with K);7but a

. e I¥ore-excited resonance associated with &)\(.5This is con-

t_ence-of two resonances is clearly indicated by other Pred'céistent with the result from an eigenphase sum analysis,

tions in th? present paper. For exgmplg, the ) @artial which shows an increase less thanin the vicinity of this

cross section shows two overlapping windows whose Iocafesonance.

tions are consistent with the predicted resonance endigfies

; g The inset of Fig. 6 clearly shows the calculate@5s)
Fig. 4d) and Table II]. At the same positiong3(4d) shows partial cross section in the vicinity of the resonance located

two Qips (cf. Fig. 5. While the resonance at 4.22383 eV at 4.25498 eV, just 0.01 meV below the k{)7threshold.

. : . ) g‘igreement with the measurert(5s) partial cross section is
tion, as well as in most of the partial cross section, thei(4 excellent in this small energy range. It is obviously incorrect

partial cross section exhibi.tg a seemingly gingle, but Weakto characterize this feature as a "threshold cusp“ as in Ref.
resonance peak at the position corresponding to the latter. [10]. In this case, there is only one channel witpaave

Applying the standard projection operator method with . : ; .

) continuum associated with the excited state. There-
respect to the K(8) threshold one obtains three doubly ex- fore, one would not expect a Cljg) behavior at the (7
cited states. The resonance at 42207 12 evVis produped by'[ﬁ‘reshold. Indeed, the inset of Fig. 6 clearly show that this is
doubly excited state whose most important configurations are .+ a "threshold cusp.” Actually, the-(5s) partial cross sec-

9 6 9 R . ) ’ ; T

5d7p(28.4%) and @57(18.2%). In contrast, the one at tion is dominated by the resonance in the vicinity of the
4.223 83 eV results from a perturber state associated with th}g(k) threshold, showing no visible threshold feature. An

higher K(7s) threshold, indicated by the its leading configu- _. : : -
rations ®8p(17.3%), &7p(13.5%), and B6f(13.5%). f;gigzzize sum analysis confirms the existence of a

Their configuration compositions are consistent with the
weak interaction between the two states whose resonance
profiles overlap. The leading configuration for the state re-
sponsible for the prominent resonarcat 4.243 30 eV are Results for theo(5s) partial cross section in the energy
5d9p(17.2%), B8p(16.0%), and 88p(14.1%). The pres- region below the K(%5) threshold are presented in Fig. 7 in a

resonancea actually results from two overlapping reso-

D. K™ photodetachment below the K 5 threshold
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- an enhanced feature of the neighboring reson&mesulting
0.03 | - R from the second doubly excited state being removed, indicat-
ing that resonancelocated at 4.294 72 eV manifests itself as
0.02 1 a peak. This resonance is produced by a state whose major
4.26 configuration components ard &(19.2%), §59(16.9%),
and 5f9d(16.4%). Therefore, these two states responsible
for resonancesl and e share very similar 5nd and Hnf
configuration compositions.

The measured K(§ partial cross section shows an ex-

Partial Cross Section (Mb)

0.02 S ‘ ‘ e —— tremely narrow resonance at 4.29576 eV. The measured
429 4201 4292 4203 4204 4295 4.296 width of this resonance is 0.10 meV, which is far narrower
. o than other features in the measured KY artial cross sec-
0.03 | (© i ! tion. The current study predicts a resonance located at
RS l 4.295803 1 eV with an even smaller width of 2eV. Fig-
0,02 ure §c) shows that the narrow resonance removed after pro-

jecting out the corresponding doubly excited state. This reso-
nance is produced by a state whose leading configurations
are M6d(17.2%) and 87p(15.1%). In contrast to the

FIG. 8. Partial cross section for the process Ky—K(5s) states responsible for resonanceande, there is almost no
+e” in the photon energy range from 4.26 to 4.30 eV. Thick contribution from the 5nd in its configuration composition.
curves: present results in dipole velocisolid) and dipole length  Also, there is no single strongfg component. Neverthe-
(dotted approximations. Thin curves: results obtained by removingless, the collective contribution from thé g configurations
one or more doubly excited states from the calculations. The vertifor 5<n<9 is about (17.6%). The diffused distribution of
cal dashed line indicates the location of the K(Shreshold.(8)  the 5fng configurations as well as the strong presence of
The doubly excited state responsible for the resonance at 4.275 9Ppnl configurations might explain its very different charac-
eV removed.(b) The doubly excited state responsible for the reso-iqo, compared with the two lower resonances. Another more
nance at 4.294 72 eV remove(d) The doubly excited state respon- convincing evidence comes from the wave-function density
S'.ble for the resonance at 4.295 8031 ev feF"°Ved- The arrows 'gﬂot of this state, which shows characteristics of a ground
dicate the energy locations of the doubly excited state that has be erate in a series. Therefore, this state cannot possibly belong
removed from the cross-section result shown in the thin curve. ; ’ .

to the same series as the two lower resonadcasde. It is

dnost likely a doubly excited state associated with the (7
ereshold, instead of the K% threshold.

4.29 4291 4292 4293 4294 4295 4296

Photon Energy (eV)

way similar to that of Sec. Il C. The agreement between th
calculated and measured results in this energy region is goo
except for the discrepancy in the width of the window struc-
ture near 4.29 eV. Note that the calculated results in this ~ E. K~ photodetachment below the K 'p threshold

region have been checked and confirmed. Also, the observed The resonance structure in the total cross section in the
breadth of the resonance at 4.29 eV could be sensitive to thenergy region below the K@) threshold is better illustrated
background variation in the relative measurements using @ Fig. 9, showing a dominating broad resonance followed by
parallel beam arrangement. The present theoretical analysisnarrower one just below the KgJ threshold. The structure
reveals four resonances, which are as many as those prgssembles the one in the energy region below the (6
sented in Ref[10] by fitting the measuredr(5s) partial  threshold[cf. Fig. (3)], except for the sloped background. In
cross section to the Shore formula. However, detailed chaddition, the threshold behavior at the KO7threshold also
acterization of these resonances revealed in the presepikes the form of a step. Another similarity is that there are
analysis is quite different from the induced-dipole-potentialng resonances associated with the next lower thresholds in
model used in Ref[10]. The standard projection operator ggch casgi.e., the K(4) and K(5g) thresholds, which lie
method generates the wave functions of the doubly excitege|ow the K(&) and K(7p) thresholds respectivelyBoth
states responsible for these resonances, except for the OR@4f) and K(5g) have negative polarizabilities. Effects of
labeled asg due to its proximity to the K(5) threshold.  e5ch of the two resonances below the Kj7threshold are
Nevertheless, the eigenphase sum analysis confirms its locgtsg shown in Fig. 9. While the state responsible for the
tion at 4.296 06 eV, just 0.15 meV below the K(5thresh-  proad resonance located at 4.32339 eV is dominated
old. Effects of these three doubly excited states are shown By the configurations [#8s(24.4%), 6d(24.0%), and

Fig. 8, respectively. 8p7d(16.6%), the other resonance located at 4.35350 eV is

While the results of fitting the measured(5s) partial  produced by a state having strong configuration components
cross section assign the window centered at 4.292 eV agpgq(28.1%) and P10s(20.0%)

resonancel, Fig. 8a) reveals that the corresponding doubly
excited state produces an even broader feature. The leading
configuration components for this broad resonance at
427590 eV are bH7d(21.6%), €&59(18.3%), and A complete list of energies and widtkiwhen possiblgfor
5f6d(17.5%). Figure &) shows a linear cross section and the present predictions fdfP° resonances in the energy re-

IV. DISCUSSION
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o negative alkali-metal ions, the energy levels of the neutral

. alkali-metal atom are not degenerate, resulting in compli-
0.9 m cated interchannel coupling and the breaking down of ap-
proximate symmetry. For example, there exists a very broad

resonance in Li located between the Li& and Li(3p)

é 4.297 4317 4.337 4.357 thresholds with a width of 0.36 eV34]. In contrast, the
S : : - width of the intrashell resonance in"Hn then=3 manifold

§ 17 is only about 30 me\[34]. The breadth of the resonance in
2 09l | i Li~ is due to the coupling between the closque8 channel
5 W and the 3ep continuum channdl34,35. This kind of inter-

g ) T channel coupling does not occur in"H(Note that these
= :

s s . channel notations are valid in the asymptotic region, where
4.207 4317 4.337 4.357 the independent-particle picture is adequalde predicted
Photon Energy (sV) broad resonances in"Kat 4.030 92, 4.27590, and 4.323 39
FIG. 9. Total cross section near the (7 threshold. Thick €V (cf. Fig. 1) are most likely due to a similar mechanism.
curve: present results in dipole velocity approximation. Thin curve:AlSO, for alkali-metal atoms heavier than Li, the energy lev-
results obtained by removing one doubly excited state from theels are no longer ordered according to their principal quan-
calculation. The vertical dashed line indicates the location of thgum numbers, indicating less hydrogenlike properties. Al-
K(7p) threshold.(a) The doubly excited state responsible for the though the wave functions of the doubly excited states for
resonance at 4.32339 eV removel) The doubly excited state the lighter negative alkali-metal ions, like Liand Na, still
responsible for the resonance at 4.353 50 eV removed. The arrowgsemble the ones in H the nodal structures become more
indicate the energy locations of the doubly excited state that hagbscure as the core becomes heapses]. However, the im-
been removed from the cross-section result shown in the thin curvgyact on the dynamics is more dramatic. For example, some
doubly excited states are quasiforbidden in photodetach-
gion below the K(P) threshold is presented in Table Il, ment by propensity rulg$2,33, but they produce resonance
together with recent experimental results from Kiyatnal.  features that may be observed in photodetachment of alkali-
[10] obtained by fitting their measured partial cross sectiommetal negative iong5]. One certainly observes the trend
to the Shore profile formulas. Agreement between preserthat, as the negative alkali-metal ions become heavier, the
predictions and the recent experimental measurements ipproximate symmetry of pure three-body systems is
good, except for resonancesand d. Although the experi- strongly modified by interchannel coupling.
mental study assigned the window located at 4.292 eV in the Another profound difference resulting from the lack of
K(5s) partial cross section as resonarmcéehe present paper degeneracy of the atomic levels is the asymptotic behavior of
reveals that two overlapping resonances result in the obthe electron-atom interaction, which plays a decisive role in
served window feature. One can see separate resonance ptiee number of bound states. The interaction between an elec-
files in, for example, ther(6p) partial cross sectiofcf. Fig.  tron and an excited hydrogen atom has an asymptotic behav-
4) or in B(4d) (cf. Fig. 5. These examples suggest thatior like that of a permanent dipole potential=—a/2r?,
fitting the measured cross section to a resonance profile foresulting in an infinite number of bound statesaifs posi-
mula might not be sufficient in determining resonance pative. Other than excited hydrogen, electron-atom interaction
rameters. Also, the calculated the K)5partial cross section has the asymptotic form like that of an induced-dipole po-
deviates from the experimental results, as the theoretical preential, V= — a/2r*, wherea is the dipole polarizability of
diction shows a much broader feature for the resonahce the corresponding atomic state.df>0, such an asymptoti-
Besides these resonances observed by[Egband Johnston cally attractive potential may only support a finite number of
and Burrow[27] (cf. Sec. lllA), Zatsarinnyet al. reveals a  bound states. Combining a long-ranged centrifugal potential,
few autodetachment states in the same energy region by caid + 1)/2r?, and an attractive induced-dipole potential re-
rying out configuration-interaction calculatiofi831]. How-  sults in a potential barrier in the asymptotic region. Such
ever, none of these resonances ha#4 term value. potential behavior could explain the common occurrence of
Combining current results and knowledge acquired fromshape resonances in negative ions. However, while a nega-
prior studies on He and alkali-metal negative ions tive dipole polarizability implies an asymptotically repulsive
[2-7,17,18, one may make more detailed comparisons bepotential, it does not necessary imply no bound state. A reso-
tween these systems with two active electrons and & nance associated with a state having a negative dipole polar-
pure three-body system. It has been shown that the adiabaizability was reported in Na [6]. Note that the induced-
cal potential-energy curves of Hin hyperspherical coordi- dipole behavior originating from the independent-particle
nates exhibit very close avoided crossings, reflecting weapicture is valid only in the asymptotic region, not in the
channel interactions and the underlying approximate symmeegion close to the nucleus, since the dominant electron-
try [32]. Also, propensity rules for radiative and nonradiative electron repulsion guarantees a repulsive effective potential
transitions are found, explaining characteristics of differentn the vicinity of the nucleus. In fact, the electron correlation
resonance serieg32,33. Previous studies found that the at a small distance from the nucleus plays an important role
resonance structures in the cross sections of Heotode- in the formation of bound states. Table IV shows the calcu-
tachment reflect the same propensity rf@s In the cases of lated dipole polarizabilities of the potassium states using the
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model potential employed in the present stydfl Eqg. (1) teristics of the lowest state of the corresponding series, reso-
and Table IM. No predicted resonance in"Kin this paperis nancef cannot possibly belong to the same series as the two
associated with a state of neutral potassium having a negéwer resonanced ande. Therefore, it is incorrect to assume
tive polarizability. that all four observed resonances below the K(&hreshold

A semiclassical model based on a single-channel inducedselong to a single series.
dipole potential plus a centrifugal potential has been used to
derive a formula dgscribing resonance positifls Results V. CONCLUSIONS
from recent experimental measurements are found to obey
this formula[2,10]. Nevertheless, it is important to note that A detailed study for K photodetachment over the energy
the attractive singularity of i atr=0 due to the induced- region from the K(%) threshold to the K(p) threshold has
dipole potential does not represent the correct repulsive pdieen presented. The present results for the siK(partial
tential behavior near the nucleus. Since the repulsive potereross section between the Kgband K(5f) thresholds are in
tial is very steep, the inner turning point is almostgood agreement with the recent measurements of Kiyan
independent of energy. As a result, the phase of the WKRet al.[10]. Using the standard projection operator method, all
wave function has an almost constant contribution from the'!P° resonances in the energy region studied are analyzed
inner turning point, while the contribution from the outer and their corresponding doubly excited states are identified.
turning point is sensitive to the energy and the asymptoticA complete list of energies and widths for these predicted
behavior of the potential. One may subsequently follow the'P° resonances is given. An example is found that two over-
same derivation applying the Bohr-Sommerfeld quantizatiodapping resonances results in a single window feature ob-
rule as in Ref[2] and obtain the same formula for resonanceserved in the K(5) cross section, thus suggesting that fitting
state spectrum. However, this formula may be applied onlthe measured cross section to a resonance profile formula
to a single series of resonances. The common occurrence nfight not be sufficient in determining resonance parameters.
interchannel coupling in negative alkali-metal ions certainlyComparing current results and prior studies on™ Hand
limits the applicability of this formula. Also, without theoret- other alkali-metal negative ions, one observes that, as the
ical input, it is impossible to distinguish resonances wheralkali-metal negative ions become heavier, the approximate
more than one series are involved. For example, the sevesymmetry of pure three-body systems breaks down, replaced
“D resonances in He predicted in the vicinity of Hef by complicated interchannel coupling. The asymptotic be-
=5) thresholds belong to five different series characterizedhavior of electron-atom interaction plays a decisive role in
by their approximate quantum numbég]. the structure of negative ions. However, a pure induced-

The same semiclassical model has also been used to deipole potential is not sufficient to describe the structure and
rive a formula describing resonance widfiid]. An anoma-  dynamics of nonhydrogenic negative ions. One has to take
lous behavior is predicted that, as a series of resonances apto account effects due to interchannel coupling and elec-
proaches the corresponding threshold, the widths do ndton correlation in the region close to the nucleus.
necessarily decrease monotonically. Reson&maes consid-
er_ed as evidence for the anor_nalous Widt_h behd\ib}. But, ACKNOWLEDGMENTS
this formula for resonance widths resulting from an inaccu-
rate assumption on the potential in the region near the The author thanks A.F. Starace and C.D. Lin for valuable
nucleus is questionable. Since the wave function of the doudiscussions. He also thanks I. Yu. Kiyan for providing the
bly excited state responsible for resonaichows charac- experimental data of Ref10].
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