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Photodetachment of KÀ
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EigenchannelR-matrix calculation results are presented for the photodetachment of K2 in the energy region
between the K(5s) and K(7p) thresholds. Present results are compared with prior experimental studies,
including the recent relative K(5s) partial cross section measurements of Kiyanet al. @Phys. Rev. A84, 5979
~2000!#, and resonances observed in electron-potassium scattering. Detailed analyses and identifications of1Po

resonance structures are presented. Comparisons with H2 and other alkali-metal negative ions provide further
information on the structure and dynamics of negative ions.
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I. INTRODUCTION

Photodetachment plus excitation of atomic negative i
is a fruitful means of observing correlated doubly excit
states. H2 has been most intensively studied theoretica
and experimentally due to its importance of a fundamen
three-body system@1#. Because their structures of valen
electrons resemble the one of H2, metastable He2 @2,3# and
light alkali-metal negative ions, such as Li2 @4,5# and Na2

@6,7#, have also be a focus of a number of recent theoret
and experimental studies.~Note that only the most recen
references are given; readers may consult these refere
for earlier works.! The spectrum of doubly excited states
K2 is relatively unexplored. Most of the previous theoretic
and experimental studies on photodetachment of K2 @8# and
electron-potassium scattering@9# are limited to the energy
region from threshold to the vicinity of the K(4p) threshold,
the first excited state of neutral potassium. Since the s
orbit splitting of the K(4p) doublet is about 7 meV, the fin
structure is resolved in experimental measurements and
quires theoretical calculations inj j coupling to give accurate
descriptions. Very recently, Kiyanet al. reported experimen
tal measurements for the processes K21g→K(5s)1e2 for
the energy region from above the K(6p) threshold to the
vicinity of K(5 f ) threshold, revealing seven resonances@10#.
More interestingly, they found an anomalous behavior t
the widths of the four resonances observed below the K(f )
threshold do not decrease monotonically, as predicted b
semiclassical model describing that the doubly excited st
of nonhydrogenic negative ions are formed as bound st
of an induced dipole potential@2,11#.

In this paper, eigenchannelR-matrix calculations for pho-
todetachment of K2 using a two-active-electron model a
presented. The study covers the energy region from the
cinity of the K(5p) threshold to just above the K(7p)
threshold. Since the spin-orbit splitting of these high-lyi
excited states of neutral potassium are small,LS coupling is
sufficient. Results for total and partial cross sections and
the photoelectron angular distribution asymmetry param
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b are presented. For energies in the vicinity of the K(5d)
and K(5f ) thresholds, present results are compared with
cent experimental measurements of Kiyanet al. @10#. The
main focus of this paper is on the identification and analy
of the resonance structures that appear in the energy re
studied, shedding light on resonance formation in nega
ions. We will address the differences of structures betw
H2, a pure three-body system with distinct approxima
symmetry@12–14#, and the alkali-metal negative ions, whic
can be accurately described by a two-active-electron mo

II. THEORY

The eigenchannelR-matrix method@15,16# and a two-
active-electron model are employed in this study. For
energy region below the double detachment threshold, alk
metal negative ions may be adequately treated as two ac
electrons moving in a central field resulting from the nucle
charge and the frozen inner shell electrons. This method
proved successful in previous applications to H2, metastable
He2 and alkali-metal negative ion photodetachme
@3,5,6,17,18#. The method has been described in detail
Ref. @18# and the method for analyzing doubly excited-sta
resonances and their effects has been described in Ref@3#.
Thus, we present here only a brief overview of the eige
channelR-matrix method and of the methods for analyzin
excited, two-electron resonances.

A. Brief overview of the eigenchannelR-matrix method

The eigenchannelR-matrix method@15,16# aims to deter-
mine variationally an orthogonal and complete basis se
wave functions,the eigenchannel wave functions, at given
energyE, whose normal logarithmic derivatives are consta
across a reaction surfaceS enclosing a reaction volumeV.
For treatments of two-electron excitations, the reaction v
umeV is that part of six-dimensional configuration space
which both electrons lie within a sphere of radiusr 0. In
practice, for each range of excitation energy,r 0 is chosen to
be sufficiently large that the probability of both electro
being outsider 0 is negligible. Thus,r 0 has to be large
enough to encompasses all possible doubly excited-s
wave functions in the energy range considered. The com
cated many-electron interactions withinV are treated by
s
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CHIEN-NAN LIU PHYSICAL REVIEW A 64 052715
bound state, configuration interaction~CI! techniques using a
basis of independent electron orbital wave functions obtai
from a model potential for the K1 core andLS coupling to
represent the many-electron wave function. The model
tential has the form,

V~r !52
1

r
@Zc1~Z2Zc!e

2a1r1a2re2a3r #

2
ac

2r 4 ~12e2(r /r c)3
!2. ~1!

For the K2 calculation, the nuclear charge isZ519, the
charge of the K1 core isZc51, and the polarizability of the
K1 core is given by the value, 5.457 a.u.@19#. The empirical
parameters (a1 ,a2 ,a3 ,r c) depend on electron orbital angula
momentuml and are fitted using a least-squares method
reproduce the experimentally measured energy levels of
K atom @20#. The values used in the present calculation
given in Table I. The calculated energy levels using
model potential are presented and compared with experim
tally observed results@20# in Table II, indicating the accuracy
of these energies and the wave functions as well.

At a given energyE, one describes the wave functio
inside the reaction volume as a linear combination ofthe
eigenchannel wave functionsthus generated. Outsider 0, it is

TABLE I. Empirical parameters for the K1 model potential.a

l a1 a2 a3 r c(a.u.)

0 5.398 774 15.041 973 2.129 288 0.8
1 4.174 006 6.691 497 1.767 564 0.8
2 6.163 766 7.605 658 2.027 534 0.8
>3 10.016 154 0.783 871 1.562 949 0.8

aCf. Eq. ~1!.

TABLE II. Energy levels of K(nl). Energies are shown with
respect to the K1 threshold in a.u. The experimental energies
weighted average of all fine-structure levels.

nl Calc. Energy Expt. Energya

4s 20.1595161 20.1595164
4p 20.1001545 20.1001545
5s 20.06371234 20.06371242
3d 20.06139328 20.06139328
5p 20.04690452 20.04690459
4d 20.03468437 20.03468437
6s 20.03444187 20.03444182
4 f 20.03135650 20.03135653
6p 20.02735725 20.02735720
5d 20.02198149 20.02198150
7s 20.02157669 20.02157684
5 f 20.02006194 20.02006193
5g 20.02001394 20.02001371
7p 20.01793623 20.01793618

aReference@20#.
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assumed there is only a single electron, and thus, only sin
detachment processes are considered. All long-range m
pole interactions in the outer region are treated numeric
by close-coupling procedures in order to obtain a basis se
multichannel wave functions that describe the outgoing e
tron and the residual atom@18#. By thus treating the long-
range multipole interactions, the effects due to the polari
tion of the residual atom are included. By matching line
combinations of the multichannel basis functions for the
ner and outer regions at the reaction surface, one may d
mine the exact final-state wave function that satisfies the
coming wave boundary condition. Further details of t
method are presented in Ref.@18#.

B. Identification of resonances and the corresponding doubly
excited states

In order to obtain predictions for resonance energies
widths for comparison with other theoretical and experime
tal results, two different approaches are used. For a sin
isolated resonance, one may perform a least-squares fittin
the calculated partial cross section to a resonance profile
mula @21–23#. However, in the energy region where a res
nance is not completely separated from adjacent features
to thresholds or other resonances, one may analyze ins
the eigenphase sum as a function of energy@24,25#. Note,
that in some instances in which resonances are located c
to a threshold, the overlap of changes in the eigenphase
with the threshold prevents us from predicting a width.

To characterize the states responsible for the resona
in the cross-section spectra, a standard projection oper
method is used. Doubly excited states associated with thnl
threshold are obtained by diagonalizing the Hamiltonian
ing a basis that excludes all one-electron orbitals correspo
ing to open channels. Those discrete states that lie below
nl threshold are the doubly excited states that manifest th
selves as resonances in the cross sections. The doubly
cited state wave functions are checked by a projection p
cedure in which cross sections are calculated using a fi
state wave function that is orthogonalized to these dou
excited states. By examining its effects on the cross sect
one can make sure that removed doubly excited state is
deed responsible for a specific resonance.

C. Numerical details

The radius of theR-matrix sphere,r 0 is chosen to be 180
a.u.. This radius is large enough to encompass the do
excited states in the considered energy range. Inside
R-matrix sphere, 58 closed-type~i.e., zero at the radiusr 0)
and two open-type~i.e., nonzero at the radiusr 0) one-
electron orbital wave functions are calculated for each of
orbital angular momental, where 0< l<6. In total, 2504
closed-type, two-electron configurations are included in
calculation for the final-state wave function. For each ch
nel in which one electron may escape from the reaction v
ume, two open-type orbitals for the outer electron are
cluded in addition to the closed-type basis set. For a gi
photon energy, besides all open channels, closed chan
having the inner electron at the next higher-principal qu

e
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PHOTODETACHMENT OF K2 PHYSICAL REVIEW A 64 052715
tum number state are also included in the calculation.
nally, the value for the electron affinity for K2 employed in
this paper is 501.459 meV@26#.

III. RESULTS

Figure 1~a! shows an overview of the present results
the total cross section for photodetachment of K2 in the
photon energy range from 2.8 to 4.4 eV. This energy ra
encompasses the region from below the K(5s) threshold to
the K(7p) threshold. As one may see, the total cross sec
diminishes rapidly as the photon energy increases, and s
the resonance features. Figure 1~b!–~d! examine regions
where weaker but richer resonance structures near hig
excited thresholds of K are found in the present calculatio
Detailed analyses for each of the energy regions corresp
ing to each panel in Fig. 1 are presented in the follow
sections. A complete list of all1Po resonances that prese
calculations predict in this energy region are presented
Table III with their energy positions and widths.

A. KÀ photodetachment near the K 5s, 3d, and 5p thresholds

The most prominent features in the total cross section
the energy region shown in Fig. 1~a! are the two resonance
in the vicinity of the K(5s) and K(5p) thresholds, located a
3.1101 9 and 3.5507 6 eV, respectively. The former is loca
at just 1.77 meV above the K(5s) threshold, and is thus

FIG. 1. ~a! Total cross section for photodetachment of K2.
Present dipole velocity~length! results are plotted using the soli
~dotted! line. ~b!–~d! Total cross section in the energy regions ne
excited-state thresholds, K(nl), whose positions are indicated b
vertical dashed lines.
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characterized as a shape resonance. It is produced by a
bly excited state with dominant 5snp configurations, includ-
ing 5s7p(26.8%), 5s8p(24.9%), and 5s9p(17.9%). The
one close to the K(5p) threshold is produced by a doubl
excited state whose leading configuration components
5p6s(32.3%), 5p7s(32.0%), and 5p4d (10.6%). These
two doubly excited states are obtained by applying the s
dard projection operator method with respect to the K(5s)
and K(5p) thresholds, respectively.

In the vicinity of the K(5s) threshold, Johnston and Bu
row observe a resonance at 2.60 eV above the K(4s) ground
state, equivalent to a photon energy of 3.10 eV in the p
todetachment spectra of K2, with a width of 60 meV@27#.
They suggested a term designation of 5s3d 3D due to its
proximity to the resonance observed in electron-potass
scattering measurements by Eyb, who observed an ang
distribution characteristic of ad-wave @28#. While the mea-
sured width for the3D resonance is about 60 meV, the pr
dicted 1Po resonance at 3.110 19 eV is probably either t
weak to have been observed by them, or obscured by the3D
resonance, in electron-potassium scattering experime
Note that there are only three resonances observed so f
electron-potassium scattering in the neighborhood of
K(5s) and K(3d) thresholds. The other two were also o

r

TABLE III. 1Po resonance energies and widths of K2 in the
energy region below the K(7p) threshold.

Present Results Experimenta

\v(eV) E4s(eV) b G(meV) Label \v(eV) G(meV)

3.11019 2.60872 4.4687
3.55076 3.04929 19.0179
3.86853 3.36706 24.1621
3.89414 3.39267 4.3301
4.03092c 3.52946 80.0404c

4.09714 3.59567 1.0800

4.20712 3.70565 11.6913
4.22383 3.72236 12.7825 a 4.2229~4! 14.5~6!

4.24330 3.74183 1.4376 b 4.24329~6! 1.41~8!

4.24750d 3.74603 3.1870 c 4.2486~4! 3.5~7!

4.25498 3.75351 1.2817

4.27590e 3.77443 d 4.292~2! 10~2!

4.29472 3.79325 1.4722 e 4.2945~1! 1.5~2!

4.2958031 3.79433 0.002 f 4.29576~4! 0.10~8!

4.29606 3.79459 0.1420 g 4.2960~2! 0.30~3!

4.32339c 3.82192 27.7183c

4.35350 3.85203

aReference@10#.
bEnergy with respect to the K(4s) ground state.
cResulting from fitting the calculated total cross section to a re
nance profile formula@cf. Eq. ~2!#.
dShape resonance.
eDoubly excited-state energy obtained by the standard projec
operator method.
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CHIEN-NAN LIU PHYSICAL REVIEW A 64 052715
served by Eyb at 2.4 and 2.68 eV above the K(4s) state, or
equivalently 2.9 and 3.18 eV photon energies in the pho
detachment spectra of K2, and were assigned asSandP or F
states, respectively@28#.

The total cross section shows a characteristic thresh
behavior corresponding to detachment into ans-wave con-
tinuum at the K(5p) threshold. According to Wigner’s
threshold law@29#, the photodetachment cross sections
should behave near a threshold as

s}k2l 11, ~2!

wherek and l are, respectively, the linear and angular m
menta of the outgoing electron. Detachment into ans-wave
continuum exhibits a sharp onset in the cross section bec
of the threshold behaviors}(E2Ethreshold)

1/2. Such char-
acteristic threshold behavior allows experimentalists to m
sure electron affinities with very high precision. In th
present case, the total cross section near the K(5p) threshold
takes the form of a upward step.

B. KÀ photodetachment near the K 4d, 6s, 4f ,
and 6p thresholds

As shown in Fig. 1~b!, the total cross section exhibits
feature apparently resulting from two overlapping res
nances in the energy region just below the K(4d) threshold.
Indeed, the eigenphase sum analysis reveals two resona
at 3.868 53 and 3.894 14 eV, respectively. In order to acco
for these resonances, the standard projection oper
method was used to search for doubly excited states be
the K(4d) threshold. As a result, two doubly excited stat
are found in this energy region. The effects of each of th
two states on the total cross section are illustrated in Fig
While the state lower in energy is responsible for the m
prominent peak, the other one produces the shoulderlike

FIG. 2. Total cross section near the K(4d) threshold. Thick
curve: present results in dipole velocity approximation. Thin cur
results obtained by removing one doubly excited state from
calculation. The vertical dashed lines indicate the locations of
thresholds.~a! The doubly excited state responsible for the re
nance at 3.868 53 eV removed.~b! The doubly excited state respon
sible for the resonance at 3.894 14 eV removed. The arrows ind
the energy locations of the doubly excited state that has been
moved from the cross section result shown in the thin curve.
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ture. The overlapping of the two resonances implies we
interaction between the two responsible states. Indeed
though both states have strong configuration mixing, th
configuration components indicate different characte
While the resonance located at 3.868 53 eV results from
doubly excited state with the leading configurations of 4d6p
(31.1%) and 4d7p (16.5%), the other located at 3.893 4
eV is dominated a state having strong 6s7p (32.1%) and
6s8p(18.8%) components.

While there is no visible threshold behavior associa
with the K(4f ) threshold at 3.988 87 eV, no resonance
associated with the threshold. It is worthwhile to note, t
K(4 f ) excited state has a negative polarizability, implying
repulsive asymptotic behavior the induced dipole potentia
this state. Therefore, it is less likely to support a resona
series. However, a negative polarizability does not forbid
formation of doubly excited resonances since the interac
in the region close to the nucleus could be attractive due
electron-electron correlation. For example, it has been fo
in the case of Na that a resonance is associated with
Na(5p) excited state having a negative polarizability@6#.

The resonance structure in the total cross section in
energy region below the K(6p) threshold is better illustrated
in Fig. 3. In the vicinity of the K(4f ) threshold, the total
cross section is actually dominated by a broad window re
nance, while another much narrower resonance appears
below the K(6p) threshold. Applying the standard projectio
operator method with respect to the K(6p) threshold reveals
two doubly excited states. Effects of each of these two re
nances on the total cross section are also shown in Fig
indicating that both resonances are produced by doubly
cited states associated with the K(6p) state. The resonanc
located at 4.030 92 eV has a very broad width, which exte

:
e
e
-

te
re-

FIG. 3. Total cross section near the K(4f ) threshold. Thick
curve: present results in dipole velocity approximation. Thin cur
results obtained by removing one doubly excited state from ca
lations. The vertical dashed lines indicate the locations of
thresholds.~a! The doubly excited state responsible for the res
nance at 4.030 92 eV removed.~b! The doubly excited state respon
sible for the resonance at 4.097 14 eV removed.~c! Present results
in an energy region within60.5 meV of the K(6p) threshold. The
arrows indicate the energy locations of the doubly excited state
has been removed from the cross-section result shown in the
curve.
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PHOTODETACHMENT OF K2 PHYSICAL REVIEW A 64 052715
over the K(4f ) threshold@cf. Fig. 3~a!#. While the state re-
sponsible for this resonance is dominated by the config
tions 6p7s (30.2%), 6p5d (21.3%), and 6p8s (15.4%),
the other resonance located at 4.096 56 eV@cf. Fig. 3~b!# is
produced by a doubly excited state dominated by the c
figurations 6p9s (30.4%), 6p8s (19.4%), and 6p10s
(14.7%). Their similar 6pns configuration compositions in
dicate that both states belong to the same series that
verges to the K(6p) threshold.

Figure 3~c! shows the region close to the K(6p) thresh-
old, illustrating a characteristic threshold behavior cor
sponding to detachment into ans-wave continuum. In the
present case, the total cross section near the K(6p) threshold
takes the form of a downward step, instead of a cusp.
validity of the threshold law is restricted to an extreme
narrow energy range of 0.1 meV, so it is difficult to obser
the feature experimentally. It has been pointed out that
huge dipole polarizabilities of excited atomic states~cf. Table
IV ! result in the small range of validity of the Wigner la
@18#. The experimental report@10# of a cusp structure at th
K(6p) threshold is most likely due to the narrow resonan

C. KÀ photodetachment near the K 5d and 7s thresholds

Partial cross sections for all open channels in the ene
region below the K(7s) threshold are presented in Fig.
Figure 5 shows the angular distribution asymmetry para
eterb in the same energy region for all open channels exc
for those of K(ns)1ep that have a constant value (b52)
due to symmetry considerations@30#. These two figures il-
lustrate that each doubly excited state may produce very
ferent resonance profiles in different partial cross section
well as theb parameters. As shown in Fig. 6, the prese
results fors(5s) partial cross section, corresponding to t
process K21g→K(5s)1e2, agree in general with the rela
tive measurements of Kiyanet al. @10#, except for some dis-
crepancies in the magnitude for photon energies above
K(5d) and K(7s) thresholds, and the slight shift in the po
sition of the broad window near 4.22 eV. The letters a–c
Fig. 6 are the labels used in the experimental paper@10# for

TABLE IV. Dipole polarizabilities of K(nl).

nl Dipole polarizability~a.u.!

4s 307
4p 619
5s 4996
3d 1401
5p 7204
4d 35665
6s 32866
4f 211585
6p 44170
5d 193034
7s 139013
5f 3936137
5g 23097696
7p 180730
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FIG. 4. Partial cross sections for the processes K21g→K(nl)
1e2, nl54s, 4p, 5s, 3d, 5p, 4d, 6s, 4f , 6p, 5d, and 7s. The
solid ~dotted! lines indicate present results in dipole veloci
~length! approximation. The vertical dashed lines indicate the lo
tions of the thresholds.

FIG. 5. Photoelectron angular distribution asymmetry para
etersb(nl). The solid~dotted! lines indicate present results in d
pole velocity~length! approximation. The vertical dashed lines in
dicate the locations of the thresholds.
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CHIEN-NAN LIU PHYSICAL REVIEW A 64 052715
the resonances obtained by fitting the measured cross se
to the Shore profile formula. In contrast to the experimen
reporting of three resonances in this energy region, five re
nances are identified in this work~cf. Table III!, using the
eigenphase sum analysis. The two additional resonance
located at 4.207 85 and 4.254 93 eV.

While there is only a visible window, labeled as resonan
a, near 4.22 eV in thes(5s) partial cross section~cf. Fig. 6!,
the total cross section also suggests a single resonance@cf.
Fig. 1~b!#. However, eigenphase sum analysis reveals
resonancea actually results from two overlapping reso
nances at 4.207 12 and 4.223 83 eV, respectively. The e
tence of two resonances is clearly indicated by other pre
tions in the present paper. For example, the K(6p) partial
cross section shows two overlapping windows whose lo
tions are consistent with the predicted resonance energie@cf.
Fig. 4~d! and Table III#. At the same positions,b(4d) shows
two dips ~cf. Fig. 5!. While the resonance at 4.223 83 e
dominates over the other at 4.207 12 in the total cross
tion, as well as in most of the partial cross section, the K(4f )
partial cross section exhibits a seemingly single, but we
resonance peak at the position corresponding to the latte

Applying the standard projection operator method w
respect to the K(5d) threshold one obtains three doubly e
cited states. The resonance at 4.207 12 eV is produced
doubly excited state whose most important configurations
5d7p(28.4%) and 6d5 f (18.2%). In contrast, the one a
4.223 83 eV results from a perturber state associated with
higher K(7s) threshold, indicated by the its leading config
rations 7s8p(17.3%), 7s7p(13.5%), and 5d6 f (13.5%).
Their configuration compositions are consistent with
weak interaction between the two states whose reson
profiles overlap. The leading configuration for the state
sponsible for the prominent resonanceb at 4.243 30 eV are
5d9p(17.2%), 7s8p(16.0%), and 5d8p(14.1%). The pres-

FIG. 6. Partial cross section for the process K21g→K(5s)
1e2 in the photon energy range from 4.19 to 4.26 eV. Curv
present results in dipole velocity~solid! and dipole length~dotted!
approximations. Circles: relative experimental measurements
Kiyan et al. @10# normalized to the theoretical predictions. The ins
shows a normalized comparison between theory and experim
near the K(7s) threshold. The vertical dashed lines indicate t
locations of the thresholds.
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ence of the configuration 7s8p indicates the influence of the
perturber state.

To further identify the perturber state, projection opera
methods are applied with respect to the K(7s) state and two
doubly excited states are found. Although all configuratio
involving the 5d orbital are removed, the one lower in en
ergy actually coincides with the one responsible for the re
nance at 4.223 83 eV located below the K(5d) threshold,
indicating that doubly excited state series converging to
K(5d) and K(7s) thresholds overlap. This state plays a ro
as a perturber since it is associated with the higher-thres
K(7s). The other is responsible for the resonance feat
located just below the K(7s) threshold at 4.254 98 eV, leav
ing the resonance located at 4.247 50 eV unexplained. H
ever, based on these analyses, one may conclude that
nancec is not a resonance associated with K(7s), but a
core-excited resonance associated with K(5d). This is con-
sistent with the result from an eigenphase sum analy
which shows an increase less thanp in the vicinity of this
resonance.

The inset of Fig. 6 clearly shows the calculateds(5s)
partial cross section in the vicinity of the resonance loca
at 4.254 98 eV, just 0.01 meV below the K(7s) threshold.
Agreement with the measureds(5s) partial cross section is
excellent in this small energy range. It is obviously incorre
to characterize this feature as a ’’threshold cusp‘‘ as in R
@10#. In this case, there is only one channel with ap-wave
continuum associated with the K(7s) excited state. There
fore, one would not expect a cusp behavior at the K(7s)
threshold. Indeed, the inset of Fig. 6 clearly show that this
not a ’’threshold cusp.’’Actually, thes(5s) partial cross sec-
tion is dominated by the resonance in the vicinity of t
K~7s! threshold, showing no visible threshold feature. A
eigenphase sum analysis confirms the existence o
resonance.

D. KÀ photodetachment below the K 5f threshold

Results for thes(5s) partial cross section in the energ
region below the K(5f ) threshold are presented in Fig. 7 in

:

of
t
nt

FIG. 7. Same as in Fig. 6 in the photon energy range from 4
to 4.30 eV. The inset shows the comparison between theory
experiment near the K(5f ) threshold.
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way similar to that of Sec. III C. The agreement between
calculated and measured results in this energy region is g
except for the discrepancy in the width of the window stru
ture near 4.29 eV. Note that the calculated results in
region have been checked and confirmed. Also, the obse
breadth of the resonance at 4.29 eV could be sensitive to
background variation in the relative measurements usin
parallel beam arrangement. The present theoretical ana
reveals four resonances, which are as many as those
sented in Ref.@10# by fitting the measureds(5s) partial
cross section to the Shore formula. However, detailed c
acterization of these resonances revealed in the pre
analysis is quite different from the induced-dipole-poten
model used in Ref.@10#. The standard projection operato
method generates the wave functions of the doubly exc
states responsible for these resonances, except for the
labeled asg due to its proximity to the K(5f ) threshold.
Nevertheless, the eigenphase sum analysis confirms its
tion at 4.296 06 eV, just 0.15 meV below the K(5f ) thresh-
old. Effects of these three doubly excited states are show
Fig. 8, respectively.

While the results of fitting the measureds(5s) partial
cross section assign the window centered at 4.292 eV
resonanced, Fig. 8~a! reveals that the corresponding doub
excited state produces an even broader feature. The lea
configuration components for this broad resonance
4.275 90 eV are 5f 7d(21.6%), 6f 5g(18.3%), and
5 f 6d(17.5%). Figure 8~b! shows a linear cross section an

FIG. 8. Partial cross section for the process K21g→K(5s)
1e2 in the photon energy range from 4.26 to 4.30 eV. Thi
curves: present results in dipole velocity~solid! and dipole length
~dotted! approximations. Thin curves: results obtained by remov
one or more doubly excited states from the calculations. The v
cal dashed line indicates the location of the K(5f ) threshold.~a!
The doubly excited state responsible for the resonance at 4.27
eV removed.~b! The doubly excited state responsible for the re
nance at 4.294 72 eV removed.~c! The doubly excited state respon
sible for the resonance at 4.295 8031 eV removed. The arrows
dicate the energy locations of the doubly excited state that has
removed from the cross-section result shown in the thin curve.
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an enhanced feature of the neighboring resonancef resulting
from the second doubly excited state being removed, indi
ing that resonancee located at 4.294 72 eV manifests itself a
a peak. This resonance is produced by a state whose m
configuration components are 5f 8d(19.2%), 8f 5g(16.9%),
and 5f 9d(16.4%). Therefore, these two states respons
for resonancesd and e share very similar 5f nd and 5gn f
configuration compositions.

The measured K(5s) partial cross section shows an e
tremely narrow resonance at 4.295 76 eV. The measu
width of this resonance is 0.10 meV, which is far narrow
than other features in the measured K(5s) partial cross sec-
tion. The current study predicts a resonance located
4.295 803 1 eV with an even smaller width of 2meV. Fig-
ure 8~c! shows that the narrow resonance removed after p
jecting out the corresponding doubly excited state. This re
nance is produced by a state whose leading configurat
are 7p6d(17.2%) and 8s7p(15.1%). In contrast to the
states responsible for resonancesd ande, there is almost no
contribution from the 5f nd in its configuration composition
Also, there is no single strong 5f ng component. Neverthe
less, the collective contribution from the 5f ng configurations
for 5<n<9 is about (17.6%). The diffused distribution o
the 5f ng configurations as well as the strong presence
7pnl configurations might explain its very different chara
ter compared with the two lower resonances. Another m
convincing evidence comes from the wave-function dens
plot of this state, which shows characteristics of a grou
state in a series. Therefore, this state cannot possibly be
to the same series as the two lower resonancesd ande. It is
most likely a doubly excited state associated with the K(7p)
threshold, instead of the K(5f ) threshold.

E. KÀ photodetachment below the K 7p threshold

The resonance structure in the total cross section in
energy region below the K(7p) threshold is better illustrated
in Fig. 9, showing a dominating broad resonance followed
a narrower one just below the K(7p) threshold. The structure
resembles the one in the energy region below the K(6p)
threshold@cf. Fig. ~3!#, except for the sloped background.
addition, the threshold behavior at the K(7p) threshold also
takes the form of a step. Another similarity is that there a
no resonances associated with the next lower threshold
each case@i.e., the K(4f ) and K(5g) thresholds, which lie
below the K(6p) and K(7p) thresholds respectively#. Both
K(4 f ) and K(5g) have negative polarizabilities. Effects o
each of the two resonances below the K(7p) threshold are
also shown in Fig. 9. While the state responsible for
broad resonance located at 4.323 39 eV is domina
by the configurations 7p8s(24.4%), 7p6d(24.0%), and
8p7d(16.6%), the other resonance located at 4.353 50 e
produced by a state having strong configuration compon
7p8d(28.1%) and 7p10s(20.0%).

IV. DISCUSSION

A complete list of energies and widths~when possible! for
the present predictions for1Po resonances in the energy re
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gion below the K(7p) threshold is presented in Table I
together with recent experimental results from Kiyanet al.
@10# obtained by fitting their measured partial cross sect
to the Shore profile formulas. Agreement between pres
predictions and the recent experimental measuremen
good, except for resonancesa and d. Although the experi-
mental study assigned the window located at 4.292 eV in
K(5s) partial cross section as resonancea, the present pape
reveals that two overlapping resonances result in the
served window feature. One can see separate resonance
files in, for example, thes(6p) partial cross section~cf. Fig.
4! or in b(4d) ~cf. Fig. 5!. These examples suggest th
fitting the measured cross section to a resonance profile
mula might not be sufficient in determining resonance
rameters. Also, the calculated the K(5s) partial cross section
deviates from the experimental results, as the theoretical
diction shows a much broader feature for the resonancd.
Besides these resonances observed by Eyb@28# and Johnston
and Burrow@27# ~cf. Sec. IIIA!, Zatsarinnyet al. reveals a
few autodetachment states in the same energy region by
rying out configuration-interaction calculations@31#. How-
ever, none of these resonances has a1Po term value.

Combining current results and knowledge acquired fr
prior studies on He2 and alkali-metal negative ion
@2–7,17,18#, one may make more detailed comparisons
tween these systems with two active electrons and H2, a
pure three-body system. It has been shown that the adia
cal potential-energy curves of H2 in hyperspherical coordi-
nates exhibit very close avoided crossings, reflecting w
channel interactions and the underlying approximate sym
try @32#. Also, propensity rules for radiative and nonradiati
transitions are found, explaining characteristics of differ
resonance series@32,33#. Previous studies found that th
resonance structures in the cross sections of He2 photode-
tachment reflect the same propensity rules@3#. In the cases of

FIG. 9. Total cross section near the K(7p) threshold. Thick
curve: present results in dipole velocity approximation. Thin cur
results obtained by removing one doubly excited state from
calculation. The vertical dashed line indicates the location of
K(7p) threshold.~a! The doubly excited state responsible for t
resonance at 4.323 39 eV removed.~b! The doubly excited state
responsible for the resonance at 4.353 50 eV removed. The ar
indicate the energy locations of the doubly excited state that
been removed from the cross-section result shown in the thin cu
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negative alkali-metal ions, the energy levels of the neu
alkali-metal atom are not degenerate, resulting in com
cated interchannel coupling and the breaking down of
proximate symmetry. For example, there exists a very br
resonance in Li2 located between the Li(3s) and Li(3p)
thresholds with a width of 0.36 eV@34#. In contrast, the
width of the intrashell resonance in H2 in then53 manifold
is only about 30 meV@34#. The breadth of the resonance
Li2 is due to the coupling between the closed 3pes channel
and the 3sep continuum channel@34,35#. This kind of inter-
channel coupling does not occur in H2. ~Note that these
channel notations are valid in the asymptotic region, wh
the independent-particle picture is adequate.! The predicted
broad resonances in K2 at 4.030 92, 4.275 90, and 4.323 3
eV ~cf. Fig. 1! are most likely due to a similar mechanism
Also, for alkali-metal atoms heavier than Li, the energy le
els are no longer ordered according to their principal qu
tum numbers, indicating less hydrogenlike properties.
though the wave functions of the doubly excited states
the lighter negative alkali-metal ions, like Li2 and Na2, still
resemble the ones in H2, the nodal structures become mo
obscure as the core becomes heavier@5,6#. However, the im-
pact on the dynamics is more dramatic. For example, so
doubly excited states are quasiforbidden in H2 photodetach-
ment by propensity rules@32,33#, but they produce resonanc
features that may be observed in photodetachment of alk
metal negative ions@5#. One certainly observes the tren
that, as the negative alkali-metal ions become heavier,
approximate symmetry of pure three-body systems
strongly modified by interchannel coupling.

Another profound difference resulting from the lack
degeneracy of the atomic levels is the asymptotic behavio
the electron-atom interaction, which plays a decisive role
the number of bound states. The interaction between an e
tron and an excited hydrogen atom has an asymptotic be
ior like that of a permanent dipole potential,V52a/2r 2,
resulting in an infinite number of bound states ifa is posi-
tive. Other than excited hydrogen, electron-atom interact
has the asymptotic form like that of an induced-dipole p
tential, V52a/2r 4, wherea is the dipole polarizability of
the corresponding atomic state. Ifa.0, such an asymptoti-
cally attractive potential may only support a finite number
bound states. Combining a long-ranged centrifugal poten
l ( l 11)/2r 2, and an attractive induced-dipole potential r
sults in a potential barrier in the asymptotic region. Su
potential behavior could explain the common occurrence
shape resonances in negative ions. However, while a n
tive dipole polarizability implies an asymptotically repulsiv
potential, it does not necessary imply no bound state. A re
nance associated with a state having a negative dipole p
izability was reported in Na2 @6#. Note that the induced-
dipole behavior originating from the independent-partic
picture is valid only in the asymptotic region, not in th
region close to the nucleus, since the dominant electr
electron repulsion guarantees a repulsive effective poten
in the vicinity of the nucleus. In fact, the electron correlati
at a small distance from the nucleus plays an important
in the formation of bound states. Table IV shows the cal
lated dipole polarizabilities of the potassium states using
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model potential employed in the present study@cf. Eq. ~1!
and Table IV#. No predicted resonance in K2 in this paper is
associated with a state of neutral potassium having a n
tive polarizability.

A semiclassical model based on a single-channel induc
dipole potential plus a centrifugal potential has been use
derive a formula describing resonance positions@2#. Results
from recent experimental measurements are found to o
this formula@2,10#. Nevertheless, it is important to note th
the attractive singularity of 1/r 4 at r 50 due to the induced
dipole potential does not represent the correct repulsive
tential behavior near the nucleus. Since the repulsive po
tial is very steep, the inner turning point is almo
independent of energy. As a result, the phase of the W
wave function has an almost constant contribution from
inner turning point, while the contribution from the out
turning point is sensitive to the energy and the asympt
behavior of the potential. One may subsequently follow
same derivation applying the Bohr-Sommerfeld quantizat
rule as in Ref.@2# and obtain the same formula for resonan
state spectrum. However, this formula may be applied o
to a single series of resonances. The common occurrenc
interchannel coupling in negative alkali-metal ions certai
limits the applicability of this formula. Also, without theore
ical input, it is impossible to distinguish resonances wh
more than one series are involved. For example, the se
4D resonances in He2 predicted in the vicinity of He(n
55) thresholds belong to five different series characteri
by their approximate quantum numbers@3#.

The same semiclassical model has also been used to
rive a formula describing resonance widths@11#. An anoma-
lous behavior is predicted that, as a series of resonance
proaches the corresponding threshold, the widths do
necessarily decrease monotonically. Resonancef was consid-
ered as evidence for the anomalous width behavior@11#. But,
this formula for resonance widths resulting from an inac
rate assumption on the potential in the region near
nucleus is questionable. Since the wave function of the d
bly excited state responsible for resonancef shows charac-
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ys
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teristics of the lowest state of the corresponding series, re
nancef cannot possibly belong to the same series as the
lower resonancesd ande. Therefore, it is incorrect to assum
that all four observed resonances below the K(5f ) threshold
belong to a single series.

V. CONCLUSIONS

A detailed study for K2 photodetachment over the energ
region from the K(5s) threshold to the K(7p) threshold has
been presented. The present results for the K(5s) partial
cross section between the K(6p) and K(5f ) thresholds are in
good agreement with the recent measurements of Ki
et al. @10#. Using the standard projection operator method,
1Po resonances in the energy region studied are analy
and their corresponding doubly excited states are identifi
A complete list of energies and widths for these predic
1Po resonances is given. An example is found that two ov
lapping resonances results in a single window feature
served in the K(5s) cross section, thus suggesting that fittin
the measured cross section to a resonance profile form
might not be sufficient in determining resonance paramet
Comparing current results and prior studies on He2 and
other alkali-metal negative ions, one observes that, as
alkali-metal negative ions become heavier, the approxim
symmetry of pure three-body systems breaks down, repla
by complicated interchannel coupling. The asymptotic b
havior of electron-atom interaction plays a decisive role
the structure of negative ions. However, a pure induc
dipole potential is not sufficient to describe the structure a
dynamics of nonhydrogenic negative ions. One has to t
into account effects due to interchannel coupling and e
tron correlation in the region close to the nucleus.
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