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We have measured the near-threshold cross sections for the photodetachment of Li− into the
e−sks,dd-Li s2p1/2d, e−sks,dd-Li s3pd, e−skpd-Li s3sd, and e−skpd-Li s4sd continuum channels and the photode-
tachment of K− into the e−sks,dd-Ks4p3/2d continuum channel. The data was analyzed using both a top-of-
barrier model and a modified effective range theory. Both approaches explicitly take into account the signifi-
cant polarization potential in the final continuum channels. The study involving both experiment and theory
enabled us to investigate the effect of the polarization on near-threshold photodetachment. Furthermore, since
photodetachment and electron scattering are related in the half-collision concept, we were able to determine
low-energy electron scattering quantities such as phase shifts, elastic cross sections, ands wave scattering
lengths for electron scattering on excited Li and K atoms. The results allowed us to predict a virtual state in the
e−sksd-Li s3pd system.
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I. INTRODUCTION

In this paper we explore, in a systematic manner, the ef-
fect of the polarization on cross sections for photodetach-
ment in the vicinity of excited-state thresholds. We consider
specifically the photodetachment of Li− and K−. The dipole
polarizabilities of excited states of the alkali-metal atoms are
large.

In a one-photon detachment process a single electron is
detached from a negative ion following the absorption of a
single photon. This bound-free transition can be represented
as

hn + X−sid → Xsfd + e−sk,d. s1d

The final continuum state channel in the above reaction is
characterized by the quantum state of the residual atom and
the linearskd and angulars,d momenta of the detached elec-
tron. In the present work the residual atom is left in an ex-
cited state following detachment. The threshold behavior of
the cross section for photodetachment process is determined
by the interaction between the residual atom and the elec-
tron. Just above the threshold for the opening of this con-
tinuum channel, the energy dependence of the cross section
for photodetachment from an atomic negative ion is gov-
erned by the Wigner law[1]

s = Ak2,+1 = BsE − Ethd,+1/2, s2d

whereE="v is the photon energy,Eth is the threshold en-
ergy and, represents the lowest allowed orbital angular mo-
mentum of the detached electron. Higher values of the angu-
lar momentum are effectively suppressed by the presence of
the centrifugal barrier.

The Wigner law has been successfully tested for boths
andp wave detachment[2–4]. However, the energy range of
validity of the Wigner law is limited if the dipole polarizabil-
ity of the residual atom in the final continuum state is large,
as it is in the case of excited states. The first photodetach-
ment experiments on threshold behavior for leaving alkali
atoms in excited state were conducted more than 20 years
ago [5–8]. Theory does not predict the range of validity of
the Wigner law. In the derivation of the Wigner law it is
assumed that the interaction between the ejected electron and
the residual atom fall off faster than 1/r2 at large distances.
In reality, however, the electron induces an electric dipole
moment in the atom, which is proportional to the dipole po-
larizability of the atom. The induced dipole thus formed acts
back on the electron. The interaction between the ejected
electron and the electric dipole is the polarization potential,
−a /2r4, wherea is the dipole polarizability of the state of
the atom. The effect of the polarization potential on the near-
threshold behavior of the photodetachment cross section will
be most significant when the residual atom has a large polar-
izability. O’Malley et al. [9] developed a modified effective
range theory(MERT) applicable to the polarization potential.
The exact solutions to the Schrödinger equation with the
polarization potential arer1/2M±tflnsk/ fd1/2rg, whereM±t are
Mathieu functions of order ±t, t is the characteristic expo-
nent andf =Îa [10–12]. In the derivation of the MERT of
O’Malley et al. [9], t and the ratiom=M+ts0d /M−t are ex-
panded in terms offk. Because of this, the range of applica-
bility of the MERT of O’Malley et al. is very small whena
is large. Watanabe and Greene[11] and Fabrikant[13] devel-
oped MERTs for the polarization potential in which they re-
tained the exact values oft andm. These MERTs can, there-
fore, be applied over a wider energy range than the MERT of
O’Malley et al.

We have applied the single-channel version of the MERT
of Watanabe and Greene(WGMERT) to fit measured cross
sections for the photodetachment of Li− into the e−sks,dd
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-Li s2p1/2d, e−sks,dd-Li s3pd, e−skpd-Li s3sd, and e−skpd
-Li s4sd final-state channels, and for the photodetachment of
K− into thee−sks,dd-Ks4p3/2d channel. With the WGMERT,
the data can be fitted over a much broader energy range than
it could be with either the Wigner law or the MERT of
O’Malley et al. We used the MERT of Fabrikant(FMERT)
[13] to obtain virtual state energies of thee−sksd-Li s2p1/2d,
e−sksd-Li s3pd ande−sksd-Ks4p3/2d systems. We also fitted the
photodetachment data using a top-of-barrier(TOB) model
[14]. In the analysis we neglected the quadrupole interaction
between a residual atom in anp3/2 state and an outgoingd
wave electron. This should be a reasonable approximation
since thed wave contribution to the near-threshold photode-
tachment cross section should be small compared to thes
wave contribution due to the centrifugal barrier. Our analysis
of the cross section for the photodetachment of Li− into the
final-state channel ofe−sks,dd-Li s2p1/2d has been reported
elsewhere[15].

Previously, Moores and Norcross[16] computed the pho-
todetachment cross sections for Li−, Na− and K− using for the
final state close-coupling wave functions that were obtained
using the LS representation. They noted that the range of
validity of the Wigner law is very narrow for the cross sec-
tion of the photodetachment of the alkali negative ion into an
electron and the first excited state of the alkali atom above
the threshold of that excited state. Taylor and Norcross[17]
computed the cross section for the photodetachment of K−

into e−sksd and Ks4p3/2d continuum channel in the vicinity of
the Ks4p3/2d threshold. They performed a four-state close-
coupling calculation of thee−-K collision process in which
they retained the 4s 2Se, 4p 2Po, 3d 2De, and 5s 2Se states of
the atom. The equations were formulated in the LS represen-
tation. The matrix elements computed were fitted to a qua-
dratic form representation, and the fits were used to compute
the photodetachment cross section in thej j coupling scheme.

Photodetachment involving an excited residual atom in
the final continuum state, is equivalent, in the half-collision
concept, to electron scattering on an excited atomic target.
The latter process has received little attention experimentally
due to the technical difficulties associated with target prepa-
ration and the production of low-energy electrons. In the
present work we have been able to circumvent this problem
by extracting information on low-energy electron-excited
atom scattering from WGMERT fits to the corresponding
measured photodetachment threshold data. Parameters de-
rived from these fits have been used to investigate the effect
of a highly polarizable atom target on the scattering of low-
energy electrons. Polarization-sensitive quantities such as
phase shifts,s wave scattering lengths, virtual states and
Ramsauer minima have been obtained from the fits to the
measured data.

II. EXPERIMENTAL PROCEDURE

We investigated the threshold behavior of partial photode-
tachment cross sections of the type

hn + X−s1Sd → X * snpd + e−sks,dd. s3d

The residual atom is left in anp excited state following
detachment and the detached electron is described bys andd

waves. The electron detachment plus excitation processes
were studied for three cases in which the excited residual
atoms were left in the Lis2p1/2d, Lis3pd, and Ks4p3/2d states.
We also measured near-threshold partial cross sections for
processes of the type

hn + X−s1Sd → X * snsd + e−skpd, s4d

where the outgoing electron is described by ap wave. Here,
the excited residual atoms were left in the Lis3sd and Lis4sd
states. In the case of the photodetachment of K−, we were
able to resolve the fine structure splitting between
Ks4p1/2d-Ks4p3/2d. Similarly, we were also able to resolve
the fine structure splitting between Lis2p1/2d and Lis2p3/2d.
We measured the partial cross section for the photodetach-
ment of K− into the e−-Ks4p3/2d continuum above the
Ks4p3/2d threshold. We also measured the partial cross sec-
tion for the photodetachment of Li− into thee−-Li s2p1/2d con-
tinuum above the Lis2p1/2d threshold. In the case of the pho-
todetachment of Li− into the e−-Li s3pd continuum the
extremely small fine structure between Lis3p1/2d and
Li s3p3/2d splitting was not resolved.

In the photodetachment measurements, two laser beams
and a negative ion beam were merged collinearly. A sche-
matic of the apparatus is shown in Fig. 1. Details of the
experimental procedures can be found in two earlier papers
by Haeffleret al. [18] and Anderssonet al. [19]. The advan-
tage of the collinear beam geometry is that it allows one to
simultaneously enhance both the sensitivity and energy reso-
lution of the measurement. The high sensitivity was achieved

FIG. 1. Schematic of the collinear laser-ion beam apparatus used
in the photodetachment experiments. A beam of negative ions is
merged with two laser beams labeledg1 andg2. Atoms are created
in the interaction region as a result of detachment induced by theg1

laser. These atoms, after being excited to Rydberg states by theg2

laser, are stripped in an electric field generated by the vertical elec-
trodes labeled1 and 2. Positive ions, produced in this state-
selective detection scheme, are detected using a channel electron
multiplier (CEM).
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by using an interaction volume that was 0.7 m long and by
efficiently collecting and selectively detecting the residual
atoms produced in the detachment process. The high energy
resolution is the result of the significant reduction in kine-
matic broadening that is inherent in the collinear arrange-
ment. The longitudinal velocity distribution associated with
the ions leaving the ion source is compressed upon accelera-
tion. This phenomenon, however, can only be exploited in
the collinear beam geometry. In the present apparatus the
energy resolution, which was approximately 25meV, was
determined solely by the bandwidth of the laser. The beam of
negative ions was extracted from an ion source, accelerated
to the desired energy, which was typically a few keV, and
then mass analyzed. The interaction region was carefully
shielded in order to avoid stray electric fields from the field
ionizer to leak into the interaction region. An electrostatic
quadrupole deflector was used to merge the ion beam with
the laser beams.

A typically two-color selective detection scheme is shown
in Fig. 2. One laser was used to detach electrons from the
moving ions in the beam. The wavelength of this laser was
scanned in each experiment in the vicinity of the threshold
for the opening of the particular partial detachment channel
of interest. In the case of the Lis2p1/2d and Ks4p3/2d thresh-
olds, this laser was operated in the visible. In the case of the
Li s3sd, Lis3pd and Lis4sd thresholds, the laser was operated
in the ultraviolet wavelength region. An excimer-pumped
dye laser was used to generate the visible radiation and the
visible output of the dye laser was frequency doubled to
generate the ultraviolet radiation. Both the fundamental and
frequency-doubled laser light were linearly polarized. The
wavelength scale of the dye laser was calibrated using well-
known reference lines generated by optogalvanic spectros-
copy when a portion of the laser beam is passed through a
hollow cathode lamp filled with Ar or Ne. These reference
lines were used to establish an absolute scale. A fraction of

the laser beam was also passed through a calibrated Fabry-
Pérot interferometer in order to generate fringes that were
used to interpolate between the absolute wavelength mark-
ers. A second laser was used in the state-selective detection
process. This laser was operated in the visible. Since more
than one photodetachment channel is open at an excited state
threshold, one must isolate the particular continuum channel
of interest in order to study the corresponding partial cross
section. State-selective detection of the Lis2p1/2d Li s3sd,
Li s3pd, and Ks4p3/2d atoms was achieved by using the sec-
ond laser to resonantly photoexcite these residual atoms to a
high-lying Rydberg state before they had time to relax radia-
tively. The Rydberg atoms so produced were efficiently ion-
ized by applying an electric field to the beam. The resonant
ionization process, however, was not applicable to the selec-
tive detection of Lis4sd atoms since the 4s state lies too close
to the ionization limit for visible radiation to be used in the
resonant step, and tunable infrared sources were unavailable
to us at the time of the experiment. In this case, the residual
Li s4sd atoms were directly photoionized. To partially com-
pensate for the smaller cross section associated with the non-
resonant step, we used a more powerful laser, a Nd:YAG
laser. The yields of positive ions produced in either the reso-
nant or non-resonant ionization processes were normalized to
the intensity of the first laser and the ion beam current. This
normalized signal, which is proportional to the partial cross
section, was used to monitor the behavior of the cross section
near threshold. The signal-to-background ratio for the detec-
tion of positive ions was high since background contribu-
tions from positive ions arising from double detachment in
collisions with gas particles were small at the residual pres-
sure of 10−9mbar typically used in the experiments. This
background contribution was measured when the pulsed la-
ser was off. The collisional detachment background was fur-
ther reduced by using time-resolved detection. The timing
cycle was initiated by the laser pulse. The detection of the
positive ions, arising from the resonance ionization of the
residual atoms, was delayed relative to the laser pulse to
account for the finite time of flight between the interaction
region and the detector. A narrow time window was set up in
the electronics to coincide with the arrival of the positive
ions at the detector. Within this time window the contribution
from the collisionally-induced background is small since
these events are randomly distributed in time. The experi-
mental data was corrected for the Doppler shift. This could
be performed since the velocity of the accelerated ions is
well known. A Wigner law fit, Eq.(2), was then applied to
the data in order to determine the experimental threshold
position. Generally, the Wigner law is considered valid if the
deviation of the fit representing the law in some energy range
is less than some arbitrarily chosen fraction. The range of
validity of the Wigner law was determined based on a 10%
criterion. The data was fit to a nonlinear least squares func-
tion and the threshold energies were determined from the
best fit to the data. The uncertainty in the threshold energies
which are given in Sec. IV represent the quadrature summa-
tion of several uncertainties. These uncertainties are the un-
certainty from the calibration of the laser wavelength, the
uncertainty in the velocity of the ions and the uncertainty in
the fit to the Wigner law. In the case of thresholds where the

FIG. 2. A typical two-color laser scheme used to detach elec-
trons from negative ions and to state-selectively detect the residual
atoms produced in the process. The arrow labeled FI represents the
electric field ionization process.
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residual atom is left in an exciteds state, the uncertainty
from the calibration of the laser wavelength is the dominat-
ing term in determining the uncertainty in the threshold en-
ergy. For the thresholds where the residual atom is left in an
excitedp state, the uncertainty in the fit to the Wigner law
gives the largest contribution.

III. THEORY

To adequately describe the near-threshold photodetach-
ment of alkali-metal negative ions into a free electron and an
excited state alkali-metal atom, the polarization potential in
the final continuum channel needs to be explicitly taken into
account. This we did by applying the single-channel version
of WGMERT [11], FMERT [13], and the TOB model[14].
The appropriate polarizability to use is the channel polariz-
ability an,1k,, wheren and ,1 are respectively the principal
quantum number and orbital angular momentum of the re-
sidual atom[11]. The channel polarizability reduces to the
static dipole polarizability for all the channels we considered
except for the channels where the residual atom is in ap state
and the ejected electron is ad wave [20]. However, thed
wave contribution to the photodetachment cross section near
threshold should be small due to the centrifugal barrier. In
our analysis we used the static dipole polarizability for all
the channels we considered. We quote the values of the static
dipole polarizability in Table I. The static dipole polarizabil-
ities of the excited states of Li were computed by Sadegh-
pour [21]. The static dipole polarizability for Ks4pd was ob-
tained from Ref.[11]. To check the approximation of using
the static dipole polarizability rather than the channel polar-
izability for the npkdchannel, we also analyzed the K− data
using the channel polarizabilitysa4pkd=690d for this channel
[11]. We found that using the channel polarizability for the
npkd channel rather than the static dipole polarizabilty
changes the K− total photodetachment cross section by less
than 0.03%. In our analysis, we did not explicitly take into
account spin-orbit coupling other than using the threshold
energy of Lis2p1/2d and Ks4p3/2d. Throughout this paper we
used atomic units unless explicitly stated.

The solutions to the Schrödinger equation for a charged
particle and an atom interacting via the long-range polariza-
tion potential, −a /2r4, are r1/2M±tflnsk/ fd1/2rg, where M±t

are the Mathieu functions of order ±t and f =Îa [10,11]. In
transforming the Schrödinger equation to Mathieu’s differen-
tial equation, the Langer factors,+1/2d2−,s,+1d=1/4 is
introduced, where, is the orbital angular momentum of the
charged particle[12,14]. Thus, the long-range form of the

potential for scattering of a charged particle from an atom
with a large polarizability is effectively the sum of a repul-
sive centrifugal-type potential and an attractive polarization
potential,

Vsrd =
s, + 1/2d2

2r2 −
a

2r4 . s5d

This potential gives rise to a barrier even for zero angular
momentum.

Ward and Macek[14] derived an analytical expression for
the transmission modulus squared termuTu2 describing tun-
neling through, and transmission over, the barrier that arises
from the potential of Eq.(5). This expression is

uTu2 =
1

1 + exps2pad
, s6d

where

a =
, + 1/2

2

1 − b
Î1 + b

2F1S1

2
,
3

2
;2;

1 − b

1 + b
D , s7d

b =
2Îak

s, + 1/2d2 , s8d

and2F1(
1
2 , 3

2 ;2 ;s1−bd / s1+bd) is a hypergeometric function.
The quantityk is the linear momentum of the ejected elec-
tron. ExpandinguTu2 about the threshold energy for excitation
of the atom gives

uTu2 < e−2pa < S 2Îak

8s, + 1/2d2D2,+1

, s9d

which has the samek-dependence as the Wigner law.
The height of the barrier isVmax=s,+1/2d4/8a. Using

this equation, the heights of the barriers for thee−-Li s2pd,
e−-Li s3pd, e−-Li s3sd, e−-Li s4sd, and e−-Ks4pd continuum
states are determined to be 6.16310−5, 2.7310−6, 1.53
310−4, 1.8310−5 and 1.3310−5, respectively. For a given
,, the height of the barrier is smaller the larger the polariz-
ability. A low potential barrier results in a sharp increase of
the photodetachment cross section, which is most pro-
nounced in the case of ans wave ejected electron.

The TOB factor,uTu2, describes the general behavior of
the cross section for near-threshold photodetachment. How-
ever, a more detailed description of the cross section can be
obtained using WGMERT[11]. This effective range theory
explicitly takes into account the polarization potential. It was
developed specifically for the problem of photodetachment
of K− in the energy range near the Ks4pd detachment thresh-
old, wheree−sksd-Ks4pd and e−skpd-Ks4sd are open chan-
nels. Recently, Ward and Macek[14] and Wardet al. [15]
used WGMERT to analyzeab initio calculations ofe+-H and
e+-He collisions, respectively. The analysis demonstrated
that to describe the behavior of the near-threshold positro-
nium formation cross section it is necessary to take into ac-
count explicitly the polarization potential in the effective
range theory[14,15].

In the present work we applied WGMERT to the problem
of the photodetachment of Li− and K− into continuum states

TABLE I. Static dipole polarizabilities,a [11,21].

Excited-state atom a

Li s2pd 126.8

Li s3pd 28235

Li s3sd 4130.5

Li s4sd 35233.5

Ks4pd 600
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involving an electron and an excited-state atom. A compari-
son of the near-threshold cross section calculated using
WGMERT with experimental photodetachment data enabled
us to extract parameters that vary slowly with energy. From
these slowly-varying parameters, one can obtain quantities
associated with low-energy electron scattering from excited-
state atoms. In applying WGMERT, we considered for each
partial photodetachment cross section only the specific final-
state continuum channel that was measured in the experi-
ment. We did not take into account any other channel,
whether open or closed. This enabled us to treat the problem
as a single-channel problem and accordingly, we used the
single-channel version of WGMERT. The advantage of treat-
ing the problem as a single-channel problem is that it en-
abled us to determines wave scattering lengths, phase shifts
and elastic cross sections for low-energy electron scattering
from excited-state atoms.

Details of the derivation of WGMERT and its application
to K− photodetachment are given in Ref.[11]. In the Appen-
dix we present the single-channel version of WGMERT that
we used in the analysis of the experimental data. We give the
WGMERT expression for the photodetachment cross section.
We also compare the WGMERT equation for tand, with a
MERT for tand,, Eq. (4.3) of O’Malley et al. [9], and state
how the familiar O’Malley et al. MERT for k cotd, and
tand, s,ù1d are obtained from this MERT. Furthermore, we
compare the WGMERT equation for tand, to the FMERT
equation for tand,.

The WGMERT expression for the partial wave photode-
tachment cross section for single channel scattering is given
by Eq. (A16) from the Appendix

sph
, =

N8s,dvk2,+1

fG f fs,d − K22
P0s,dGgfs,dg2 . s10d

The cross section is expressed in terms of quantities that vary
slowly with energy,K22

P0s,d and N8s,d, and quantities that
vary rapidly with energy,G f fs,d and Ggfs,d. The term
N8s,d=NuDP0s,du2, whereN is the normalization constant of
the partial wave photodetachment cross section[Eq. (A1)]
andDP0s,d is the part of the dipole matrix element that var-
ies slowly with energy. In our analysis, we tookK22

P0s,d and
DP0s,d to be constants.

In the case of the photodetachment of the Li− ion into a
continuum state involving an excited Lisnsd atom, the ejected
electron is described by a purep wave. We extracted the
slowly-varying parametersK22

P0s,=1d andN8s,=1d by fitting
the experimental relative cross section data to the WGMERT
expression for the photodetachment cross sectionsph

,=1 at two
points near threshold. OnceK22

P0s,=1d andN8s,=1d are de-
termined we used them at all the other energies to compute
the p wave photodetachment cross sectionsph

,=1.
For the photodetachment of the Li− and K− ions into a

continuum state involving a residual atom in an excitedp
state, the ejected electron is, in general, represented by both
s and d waves. However, near threshold thes wave domi-
nates over thed wave due to the centrifugal barrier associ-
ated with the latter. Therefore, we assumed that near thresh-
old the ejected electron was entirely represented by as wave.

The experimental data was fitted to the WGMERT expres-
sion for thes wave photodetachment cross sectionsph

,=0 at
two points near threshold in order to extractN8s,=0d and
K22

P0s,=0d. It is known that thed wave contributionsph
,=2 to

the photodetachment cross section becomes more significant
as the energy above threshold is increased. We assumed that
any difference between thes wave WGMERT fit and the
experimental data at higher energies is due to thed wave
contribution to the photodetachment cross section. With this
assumption, we extractedK22

P0s,=2d andN8s,=2d by fitting
the WGMERTd wave photodetachment cross section to the
difference between the experimental data and the WGMERT
s wave photodetachment cross section. However, we recog-
nize that a difference between the experimental data and the
WGMERT s wave photodetachment cross section could also
be due to the parametersK22

P0s,=0d and N8s,=0d varying
with energy or to multipole terms of higher order than the
polarization potential. The partial cross section for the pho-
todetachment of Li− or K− ions into an electron and an ex-
cited p atom is the sum of thes andd wave contributions.

Once the slowly varying parameterK22
P0s,d has been de-

fined, the, phase shiftssd,d associated with elastic scattering
of an electron from a particular excited state of the atom can
be determined fromK22

P0s,d according to Eq.(A17) from the
Appendix

K, = tand, = k2,+1SK22
P0s,dGggs,d − G fgs,d

G f fs,d − K22
P0s,dGgfs,d

D , s11d

whereK, is the single-channelK-matrix. The elements of the
matrix Gs,d are given in the Appendix. This is the WGMERT
equation for tand,. The corresponding elastic cross section is
determined from the phase shiftd,.

Poles in the single-channelS-matrix are obtained by solv-
ing the equation, tand,=−i. In solving this equation we used
the form of the tand, given by FMERT(see Appendix) and
took the slowly varying parameterM to be a constant.

IV. RESULTS

Figures 3–6 show, respectively, the near-threshold cross
sections for the photodetachment of Li− into
e−sks,dd-Li s2p1/2d, e−sks,dd-Li s3pd, e−skpd-Li s3sd, and
e−skpd-Li s4sd continuum states. Figure 7 shows the cross
section for the photodetachment of K− into the e−sks,dd
-Ks4p3/2d continuum. Also shown in Figs. 3–7 are the TOB
and WGMERT fits to the experimental data. The nonstatisti-
cal fluctuations that appear in the experimental data are due
to interference caused by multiple reflections in the optical
components used in the experimental apparatus. In Table II
we list the threshold energies that have been experimentally
determined by fitting the Wigner law to the photodetachment
signal in the near vicinity in each of the individual thresh-
olds. In Table III we give the extracted slowly-varying pa-
rameter K22

P0s,d for the e−sksd-Li s2p1/2d, e−sksd-Li s3pd,
e−skpd-Li s3sd, e−skpd-Li s4sd and e−sksd-Ks4p3/2d final con-
tinuum states. We also present in Table III thes wave scat-
tering lengthsA0 and the position of the poleskp in the
single-channelS-matrix obtained usingK22

P0s,d. Furthermore,
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in this table we give the uncertainties inK22
P0s,d, A0 and kp

that correspond to the uncertainty in the threshold energy.
The cross section for photodetachment of Li− into the

e−sks,dd-Li s2p1/2d continuum exhibits a steep rise above
threshold over a very narrow energy range of only 3 meV
(see Fig. 3). Beyond this, it changes much more slowly with
energy. The cross section satisfies the Wigner law, but only
over an extremely narrow energy range of 0.4 meV. The en-
ergy range over which the cross section sharply increases is
approximately 50 times the height of thes wave barrier as-
sociated with the long-range potential given in Eq.(5). Both
the TOB factor,uTu2, and thes wave WGMERT cross section
agree very well with the experimental data near threshold,
and reasonably well over the entire energy range considered.
The TOB factor,uTu2, was normalized to the measured rela-
tive cross section data near the peak of the cross section, at a
photon energy ofE=2.46995 eV. Thes wave WGMERT
cross section was fitted to two experimental data points near
threshold, atE=2.4665 eV and 2.4691 eV. This cross sec-
tion falls below the experimental data after the peak in the
cross section. We assumed that this difference is due to the
neglect of thed wave WGMERT cross section. Using this
assumption, we fitted thed wave WGMERT cross section to
this difference at two energies above the threshold, atE
=2.47962 eV and 2.48689 eV. The sum of thes wave and
the extractedd wave WGMERT cross sections agrees very
well with the experimental data. FromK22

P0s,=0d that was

extracted from the fit, we determined quantities for low-
energye−-Li s2p1/2d scattering. Thes wave scattering length
for e−-Li s2p1/2d scattering is −65. This large and negative
scattering length is indicative of a virtual state in the
e−sksd-Li s2p1/2d system. The pole in the single channel
S-matrix associated with the virtual state was found atkp=
−0.0008−i0.01, corresponding to a virtual state energy of
Evir =−0.002+i0.0003 eV. Ward and Macek[14] reported
that a virtual state pole for a polarization potential is slightly
shifted to the left of the negative imaginaryk-axis relative to
its position for a short-range interaction. Only in the limit
where the polarizability tends to zero is the pole on the nega-
tive imaginary axis atkp= i /A0.

Bae and Peterson[22] predicted a virtual state in the
e−sksd-Li s2pd system at an energy 0.002 below the Lis2pd
threshold. This energy corresponds tokp=−i0.06. These in-
vestigators determined the value by applying Nesbet’s mul-
tichannel scattering theory[23] to obtain a parametric form
for the photodetachment cross section. However, the para-
metric form is strictly applicable to short-range interactions
only. For short-range interactions, the scattering lengthA0 is
given by A0= i /kp. Bae and Peterson’s value for the virtual
state energy corresponds to a scattering length of −15.7[24].
These values of the scattering length and virtual-state energy
are very different to the values obtained by using WGMERT.
This difference is not surprising, however, since the paramet-
ric form of the photodetachment cross section does not take

FIG. 3. The relative partial cross section for the photodetach-
ment of Li− into the e−sks,dd-Li s2p1/2d continuum above the
Li s2p1/2d threshold. The experimental data is shown by the black
solid circles, the sum of thes wave and extractedd wave WG-
MERT fits by the solid line, thes wave WGMERT fit by the dashed-
dotted line, the extractedd wave WGMERT fit by the dotted line,
and the TOB factor,uTu2, normalized to the experimental data, is
shown by the dashed line. The nonstatistical fluctuation with a fre-
quency of about 0.002 eV is an artifact caused by multiple reflec-
tions in optical components that gives small fluctuations in the laser
intensity.

FIG. 4. The relative partial cross section for the photodetach-
ment of Li− into the e−sks,dd-Li s3pd continuum above the Lis3pd
threshold. The experimental data is shown by the black solid
circles, the sum of thes wave and extractedd wave WGMERT fits
by the solid line, thes wave WGMERT fit by the dashed-dotted
line, the extractedd wave WGMERT fit by the dotted line, and the
TOB factor, uTu2, normalized to the experimental data, is shown by
the dashed line. The nonstatistical fluctuation, such as the small
increase in the signal around 4.45265 eV, is an artifact caused by
multiple reflections in optical components that causes small fluctua-
tions in the laser intensity.
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into account explicitly the significant polarization potential
in the final channel.

Using the K22
P0s,=0d value that we extracted from the

WGMERT fit to the cross section for photodetachment of Li−

via the e−sks,dd-Li s2p1/2d continuum channel, we deter-
mined thes wave phase shift and the elastic cross section for
low-energye−sksd-Li s2p1/2d scattering. Figures 8 and 9 show,
respectively, thes wave phase shift and the elastic cross sec-
tion.

The behavior of the cross section for photodetachment of
Li− into thee−sks,dd-Li s3pd continuum(see Fig. 4) is similar
to that for the photodetachment of Li− into the
e−sks,dd-Li s2p1/2d continuum. However, the cross section for
the final channele−sks,dd-Li s3pd rises much more sharply
than the cross section for the final channele−sks,dd
-Li s2p1/2d. The cross section for photodetachment of Li− into
the e−sks,dd-Li s3pd continuum reaches its peak only
0.18 meV above threshold, which corresponds to an energy
of approximately 70 times the height of thes wave barrier. In
this case the Wigner law is satisfied over the much smaller
energy range of 0.1 meV. This behavior is to be expected

FIG. 5. The relative partial cross section for the photodetach-
ment of Li− into the e−skpd-Li s3sd continuum above the Lis3sd
threshold. The experimental data is shown by the black solid
circles, thep wave WGMERT fit by the solid line, and the TOB
factor, uTu2, normalized to the experimental data, is shown by the
dashed line.

FIG. 6. The relative partial cross section for the photodetach-
ment of Li− into the e−skpd-Li s4sd continuum above the Lis4sd
threshold. The experimental data is shown by the black solid
circles, thep wave WGMERT fit by the solid line, and the TOB
factor, uTu2, normalized to the experimental data, is shown by the
dashed line.

FIG. 7. The relative partial cross section for the photodetach-
ment of K− into the e−sks,dd-Ks4p3/2d continuum above the
Ks4p3/2d threshold. The experimental data is shown by the black
solid circles, the sum of thes wave and extractedd wave
WGMERT fits by the solid line, thes wave WGMERT fit by the
dashed-dotted line, the extractedd wave WGMERT fit by the dotted
line, and the TOB factor,uTu2, normalized to the experimental data,
is shown by the dashed line. The very small peak situated just
below the threshold is caused by broadband emission from the laser
(amplified spontaneous emission).

TABLE II. Threshold energies,Eth, in eV obtained by fitting the
Wigner law to the near-threshold photodetachment experimental
data.

Excited-state atom Eth

Li s2p1/2d 2.465865(20)

Li s3pd 4.452310(20)

Li s3sd 3.99111(7)

Li s4sd 4.95890(9)

Ks4p3/2d 2.118573(12)
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since the polarizability of Lis3pd is approximately 200 times
larger than the polarizability of Lis2pd. Both the steeper rise
in the cross section above threshold and the narrower range
of validity of the Wigner law can be attributed to the larger
polarizability of Lis3pd. The TOB and WGMERT fits repro-
duce the main shape of both cross sections, namely a sharp
rise followed by a plateau region. However, the WGMERT
fit for the Lis3pd case is not as good as it is for the Lis2p1/2d
case. This can be understood since the Lis3pd energy level is
very close to the Lis3dd level, which accounts for the ex-
tremely large polarizability of Lis3pd. This also means that
the single-channel approximation used in the analysis will
not be as good in the case where the final continuum channel
is e−sks,dd-Li s3pd. In the case of photodetachment of Li− via
the e−sks,dd-Li s3pd channel, the TOB factor,uTu2, was nor-
malized to the experimental data very close to threshold, at
E=4.45246 eV. Thes wave WGMERT cross section was
fitted at two points near threshold, atE=4.45236 eV andE
=4.45249 eV. Thed wave WGMERT fit to the difference
between the experimental data and thes wave WGMERT
cross section was made at two points further away from
threshold, atE=4.45258 eV and 4.45269 eV. Using the ex-
tractedK22

P0s,=0d, we determined the value ofs wave scat-
tering length fore−-Li s3pd scattering to be −236. The posi-
tion of a virtual-state pole in the single-channelS-matrix was
located to be at kp=−0.0007−i0.002 sEvir =−0.00006
+ i0.00004 eVd. To our knowledge, this is the first prediction
of a virtual state in thee−sksd-Li s3pd system. Thes wave
phase shift fore−-Li s3pd elastic scattering rises rapidly from

zero at the Lis3pd threshold to a maximum of 0.3 rad at an
electron energyk2/2=4310−6 and then decreases slowly to
0.15 rad at an electron energy ofk2/2=2310−5. The zero-
energy cross section is very large, 23104pa0

2, due to the
presence of the virtual state.

The near-threshold cross section for the photodetachment
of Li− into the e−skpd-Li s3sd continuum (see Fig. 5) rises
more slowly with energy than the cross section for the pho-
todetachment of Li− into the e−sks,dd-Li s3pd continuum.
This can be attributed to two factors. First, the photodetach-
ment of Li− into the e−skpd-Li s3sd continuum, necessitates
that the outgoing electron is a purep wave. In this case the
cross section near threshold, according to the Wigner law,
varies ask3. Second, the polarizability of the Lis3sd state is
approximately seven times smaller than the polarizability of
the Lis3pd state. The experimental cross section for the pho-
todetachment of Li− into thee−skpd-Li s3sd continuum peaks
at an energy approximately 3 meV above threshold. The
range of validity of the Wigner law was found to be 1.4 meV
in this case. Thep wave WGMERT fit agrees very well with
the experimental data near threshold, but starts to deviate
from it at 3 meV above threshold, which is the energy at
which the experimental cross section begins to flatten. Thep
wave WGMERT was fitted to the experimental data atE
=3.99250 eV andE=3.99382 eV. The TOB factor,uTu2, was
normalized to the experimental data near threshold, atE
=3.99421 eV. The TOB fit agrees reasonably well with the
experimental data near threshold. UsingK22

P0s,=1d extracted
from the WGMERT fit, we found a pole in the single-channel
S-matrix at kp=0.02−i0.02 sEp=0.001−i0.008 eVd. The p

FIG. 8. Thes wave phase shift for elastice−-Li s2p1/2d scattering
computed using WGMERT.

TABLE III. The low-energy electron scattering quantities andK22
P0s,=0,1d determined from the analysis

of the measured Li− and K− near-threshold photodetachment cross sections.

Final state K22
P0 A0 kp

e−sksd-Li s2pd −0.18±0.02 −65±5 −0.0008s1d− i0.01

e−sksd-Li s3pd −0.7±0.3 −s2.4±1.1d3102 −0.0007s3d− i0.002

e−skpd-Li s3sd −1.5−0.9
+0.4 0.02−i0.02

e−skpd-Li s4sd 0.8−0.3
+1.2 0.002s1d− i0.007s1d

e−sksd-Ks4p3/2d −0.08±0.02 −s3.2±0.7d3102 −0.00005s3d− i0.003s1d

FIG. 9. The elastic cross section fore−-Li s2p1/2d scattering com-
puted using WGMERT.
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wave phase shift for elastice−-Li s3sd scattering increases
monotonically with energy.

The cross section for the photodetachment of Li− into the
e−skpd-Li s4sd continuum (Fig. 6) varies more rapidly with
energy near threshold than the cross section for the photode-
tachment of Li− into thee−skpd-Li s3sd continuum. This can
be attributed to the fact that the polarizability of Lis4sd state
is approximately eight times larger than that of the Lis3sd
state. In both processes, the outgoing electron is represented
by a purep wave. In the case of thee−skpd-Li s4sd process,
the range of validity of the Wigner law was determined to be
0.97 meV. The experimental cross section for this channel
peaks approximately 1 meV above threshold. The cross sec-
tion for the photodetachment of Li− into the e−skpd-Li s4sd
continuum varies more slowly with energy than that for the
photodetachment of Li− into thee−-Li s3pd continuum. Again,
this can be understood in terms of the Wigner law. According
to this law, the threshold energy dependence of the cross
section for the photodetachment of Li− into the e−skpd
-Li s4sd channel isk3, whereas in the case of photodetach-
ment into thee−sksd-Li s3pd channel the energy dependence
is k. Li atoms in the Lis3pd and Lis4sd states have compa-
rable polarizabilities. In the case of thee−skpd-Li s4sd chan-
nel, we fitted thep wave WGMERT cross section to two
experimental data points near threshold, atE=4.95943 eV
andE=4.96003 eV. Thep wave WGMERT fit to the experi-
mental data is reasonably good for energies up to approxi-
mately 3 meV above threshold. We found a pole in the
single-channelS-matrix at kp=0.002−i0.007sEp=−0.0006
− i0.0004 eVd. This pole corresponds to a resonance with a
negative energy position. The parameterK22

P0s,=1d for the
e−-Li s4sd channel is opposite in sign to the same parameter
for the e−-Li s3sd channel. As a consequence, thep wave
phase shift fore−-Li s4sd scattering is remarkably different
from the p wave phase shift fore−-Li s3sd scattering. Thep
wave phase shift fore−-Li s4sd rises from zero at threshold to
a maximum of 0.06 rad at an outgoing electron energy of
approximately 2310−5 then steadily decreases. Thep wave
phase shift passes through zero at an electron energy of ap-
proximately 4310−4 which gives rise to a Ramsauer mini-
mum in the corresponding elastic cross section.

The behavior of the cross section for the photodetachment
of K− into thee−sks,dd-Ks4p3/2d continuum(Fig. 7) closely
resembles that of the cross section for the photodetachment
of Li− into the e−sks,sd-Li s2p1/2d continuum. In both cases,
the residual atom is left in its first excited state, which is ap
state. The photodetachment cross section of K− has a steeper
rise than that of Li−. This is reasonable since the polarizabil-
ity of K s4pd is approximately five times larger than the po-
larizability of Lis2pd. The photodetachment cross section of
K− rises steeply to its peak position at 0.6 meV above thresh-
old, which corresponds to an energy of approximately 40
times the height of thep wave barrier. The steep rise in the
near threshold photodetachment cross section was previously
reported by Taylor and Norcross. who performed a four-state
close-coupling calculation for the cross section of the photo-
detachment of K− into thee−sksd-Ks4p3/2d continuum chan-
nel [17]. We found that the K− photodetachment cross sec-

tion satisfies the Wigner law for a limited energy range of
0.2 meV. Thes wave WGMERT gives a good fit to the ex-
perimental data very close to threshold. We determined ans
wave scattering length of −670 fore−-Ks4p3/2d scattering.
We found a pole in the single-channelS-matrix at kp=
−0.00005−i0.003sEvir =−0.0001+i0.000004 eVd. This pole
corresponds to a virtual state of thee−sksd-Ks4p3/2d system.
From Fig. 7, it can be seen that thed wave contribution to
the photodetachment cross section becomes larger than thes
wave cross section by an energy of only 0.003 eV. This
seems unreasonable due to the large centrifugal barrier for
thed wave. Thus, the assumption that the difference between
the experimental data and thes wave WGMERT is purely
due to thed wave contribution is poor. We see that the en-
ergy dependence of the parametersN8s,=0d and K22

P0s,=0d
cannot be neglected. UsingK22

P0s,=0d we computed thes
wave phase shift fore−-Ks4p3/2d scattering. This phase shift
rises from zero at threshold to a maximum of 1.3 rad at an
outgoing electron energy of 5310−5. It then slowly de-
creases to 0.99 rad at an electron energy of 2.5310−4. The
zero-energy elastic cross section is 4.43105pao

2.

V. CONCLUSIONS

Photodetachment is a process that allows one to gain im-
portant information on the structure and dynamics of nega-
tive ions. In the present experiment we have investigated, in
high resolution, the threshold behavior of photodetachment
cross sections involving negative ions of the alkali-metal at-
oms. Such measurements allow one, in principle, to accu-
rately determine threshold energies and electron affinities.
The use of WGMERT to fit the experimental cross section
for photodetachment in the threshold region enables the data
to be fitted beyond the range of either the Wigner law or the
MERT of O’Malley et al.Specifically, we have examined the
photodetachment of Li− into continuum states in which the
excited residual atom was left in bothp states[Li s2p1/2d and
Li s3pd], ands states[Li s3sd and Lis4sd]. We have also stud-
ied the photodetachment of K− into a continuum state in
which the excited residual atom is Ks4p3/2d. This research
enabled us to examine the role of the dipole polarization on
the threshold behavior. The dipole polarizabilities of the
alkali-metal atoms in the five excited states studied are very
large. We found that, in all cases, the measured near-
threshold cross sections could be fitted to theoretical forms
based on the TOB model and the single-channel WGMERT,
in which the dipole polarization in the continuum state is
taken into account explicitly. Qualitatively, the large polariz-
abilities of the excited residual atoms were seen to effect
dramatically the energy dependence of the near-threshold
cross sections. The range of validity of the Wigner law was
severely restricted. The cross section for an ejecteds wave
electron just above threshold increases rapidly with energy
over an extremely narrow energy range and then becomes
essentially constant. From the agreement of the WGMERT
fits with experimental data, it can be concluded that to de-
scribe the near-threshold photodetachment of the alkali-metal
negative ion into an excitedp state atom and an outgoings
wave electron or into an exciteds state atom and an outgoing
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p wave electron, it is sufficient to consider only the polariza-
tion interaction. Higher order multipole interactions can be
neglected. Also, the good agreement of the WGMERT fits
with the data indicate that for the channels considered, the
single-channel approximation is reasonable. However, it
should be noted that we were unable to fit experimental data
of the photodetachment of Li− into thee−sks,dd-Li s4pd con-
tinuum channel for the entire energy range with the single-
channel version of the WGMERT. This is reasonable since
the levels 4p, 4d and 4f of Li are extremely close together.
The closeness of the levels accounts for the huge polarizabil-
ity of Li s4pd, namelya=236700[21].

One of the most interesting outcomes of this work was the
ability to extract useful information on low-energy electron
scattering on excited targets from the fits to the measured
photodetachment thresholds. Direct measurements of elec-
tron scattering on excited atoms are very rare due to techni-
cal difficulties associated with target preparation. We have
determined, for example, thes wave scattering lengths for
e−-Li s2p1/2d, e−-Li s3pd and e−-Ks4p3/2d scattering. In all
cases the scattering lengths were found to be large and nega-
tive, indicative of the presence of virtual states, and the cor-
responding zero-energy elastic cross sections were large.
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APPENDIX: THE SINGLE-CHANNEL VERSION
OF THE WGMERT FOR THE PARTIAL WAVE

PHOTODETACHMENT CROSS SECTION,
AND A COMPARISON OF THE VARIOUS MERTS

FOR THE PHASE SHIFT dø

The derivation of the WGMERT and its application to K−

photodetachment are given in Ref.[11]. Here, we present
briefly the single-channel version that we used to analyze the
experimental data.

The partial photodetachment cross section is given by

sph
, = NvzkCi

−uDuC0lz2 = NvuDzs,du2, sA1d

where, is the orbital angular momentum of the ejected elec-
tron, N is the normalization constant,v is the photon energy
andDzs,d is the dipole matrix element. The kinetic energy of
the ejected electron is determined by the energy conservation
rule

k2

2
= v − EA− D, sA2d

whereEA is the electron affinity of the atom andD is the
excitation energy of the excited-state residual atom.

In the single-channel approximation the dipole matrix el-
ement has the form

Dzs,d = S k,+1/2

G f fs,d − K22
P0s,dGgfs,dDDP0s,d, sA3d

where the parameterK22
P0s,d varies slowly with energy. The

quantityDP0s,d is the part of the dipole matrix element that
varies slowly with energy. In Eq.(A3), G f fs,d andGgfs,d are
elements of the matrixGs,d. This matrix depends solely on
thea, k and,. The elements of the matrixGs,d vary rapidly
with energy and are given by

G f fs,d = BP
−1/2k,+1/2 cosj, sA4d

Ggfs,d = k,+1/2s− BP
−1/2GP cosj + BP

1/2 sinjd, sA5d

G fgs,d = − BP
−1/2k−,−1/2 sinj, sA6d

Gggs,d = k−,−1/2sBP
−1/2GP sinj + BP

1/2 cosjd, sA7d

where, for energies above threshold,BP, GP andj are

BP = sh1
2 + h2

2d−1, sA8d

GP = − BPsh1h3 + h2h4d, sA9d

j = arctansh1/h2d. sA10d

The parametersh1, h2, h3 andh4 depend only on the char-
acteristic exponentt and the ratiom of the Mathieu func-
tions, and are given by

h1 =
1

2
FSm+

1

m
D + Sm−

1

m
D 1

cos 2d
G , sA11d

h4 =
1

2
FSm+

1

m
D − Sm−

1

m
D 1

cos 2d
G , sA12d

h2 = +
1

2
S 1

m
− mDtan 2d, sA13d

h3 = −
1

2
S 1

m
− mDtan 2d, sA14d

where

d =
p

2
st − , − 1/2d. sA15d

Substituting Eq.(A3) into Eq.(A1) enables the photodetach-
ment cross section to be expressed in terms of the quantities
that vary slowly with energy,K22

P0s,d andDP0s,d, and quan-
tities that vary rapidly with energy,G f fs,d andGgfs,d,

sph
, =

N8s,dvk2,+1

fG f fs,d − K22
P0s,dGgfs,dg2 , sA16d

whereN8s,d=NuDP0s,du2. SinceN8s,d is defined in terms of
DP0s,d, it varies slowly with energy. The WGMERT expres-
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sion for the photodetachment cross section, Eq.(A16), cor-
rectly satisfies the Wigner law. This can be seen sinceG f fs,d
tends topa3/4k2/3 andGgfs,d tends toa−1/4 ask→0,.

The WGMERT equation for tand, for elastic scattering of
an electron from a particular excited state of the atom is
given by

tand, = k2,+1SK22
P0s,dGggs,d − G fgs,d

G f fs,d − K22
P0s,dGgfs,d

D . sA17d

The WGMERT equation for tand, [Eq. (A17)] is equiva-
lent to the MERT developed by O’Malleyet al. [9] which is
given by Eq.(4.3) of their paper. The slowly varying param-
eter B in Eq. (4.3) is equal to the negative ofK22

P0s,d in
WGMERT, Eq.(A17). Starting from Eq.(4.3) [9], O’Malley
et al. consideredB to be linearly dependent on energy and
expanded botht and m in terms of fk, where f =Îa. This
gave rise to the following expressions fork cotd0 with ,
=0,

k cotd0 = −
1

A0
+

pa

3A0
2k +

4a

3A0
k2 lns0.25Îakd + ¯

sA18d

and for tand, with ,ù1,

tand, =
pak2

s2, − 1ds2, + 1ds2, + 3d
. sA19d

In Eq. (A18), A0 is the s wave scattering length which is
defined asA0;−limk→0tand0/k. The s wave scattering
length can be expressed in terms of the slowly varying pa-

rameter K22
P0s,=0d according to A0=Îa /K22

P0s,=0d [14].
Equations (A18) and (A19) are the familiar MERT of
O’Malley et al. [9]. Since an expansion oft andm in terms
of fk was made in deriving these equations, they are valid
only for a very narrow energy range whena is large.

In FMERT, single-channel scattering is considered and
the polarization potential is explicitly taken into account
[13]. The FMERT equation for tand, is

tandl = −
Mc + d

Ma + b
, sA20d

whereM is a slowly-varying parameter. The coefficientsa,
b, c andd in Eq. (A20) vary rapidly with energy and depend
on a, k and ,. The analytical expressions for these coeffi-
cients in terms of,, t andm are [25]

a = − d = S 1

m
− mDcospt, sA21d

b = S 1

m
+ mDsinpt + s− 1dlS 1

m
− mD , sA22d

c = S 1

m
+ mDsinpt − s− 1dlS 1

m
− mD . sA23d

The WGMERT equation for tand,, Eq. (A17) is equivalent
to the FMERT for tand,, Eq. (A20). The slowly-varying pa-
rameterM in the FMERT is equal to the inverse of the
slowly-varying parameterK22

P0 in the single-channel version
of WGMERT. Fabrikant[13] consideredM to depend either
linearly with energy or inverse linearly with energy.
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