
a

PHYSICAL REVIEW A FEBRUARY 1997VOLUME 55, NUMBER 2
Electron scattering by Ca atoms and photodetachment of Ca2 ions: An R-matrix study
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We have performed close-coupling calculations on electron scattering by Ca atoms and on photodetachment
of Ca2 ions by using a six-state (1S- 3P- 3D- 1D- 1P- 1P) R-matrix method. We predict a strong interaction
between (4s21S1ed)2D and (4s4p3P1ep)2D channels that gives rise to two relatively broad resonance
peaks in thed-wave cross section. In addition, one obtains a strong and a weak peak in the total scattering cross
section. Our calculations on the photodetachment cross section of Ca2 ions yield results that are in good
qualitative agreement with the experimental data by allowing for the opening of a detachment channel con-
nected to the excited state 4s4p3P. @S1050-2947~97!01401-7#

PACS number~s!: 34.80.Bm, 34.80.Dp, 32.80.Fb
tu

h-

m
e

ar

ri
c
c
t
ar
te
th

ha
m
w
th
o
i-
in
ty
k
d
es
y
io

t-
e

as
rb
nt

t of
en-
the
he

of
gy
ithin
s of

n-

kin

ua-
e-
de-
only

up.
ties
ere
eri-

e

een

ron
ode-

of
d

m

I. INTRODUCTION

Negative alkaline-earth ions have been extensively s
ied during the past few years@1–10#. These studies were
concerned with bound states@1–4# as well as with scattering
states@5–8#. Only two articles deal with the photodetac
ment of negative Ca2 ions @9,10#. The growing interest in
the study of electron interaction with alkaline-earth ato
has been stimulated by the experimental discovery that th
closed-shell atoms form stable negative ions. Pegget al. @1#
were the first to discover the stability of Ca2. Hence, in all
the subsequently published work on negative alkaline-e
atoms this ion has always been included as a standard.

Except for earlier close-coupling calculations by Fab
kant @11#, all of the more recent theoretical studies on ele
tron scattering by Ca atoms are essentially one-channel
culations, though correlation effects are taken into accoun
a variety of ways. The close-coupling results of Fabrikant
marred by the fact that the atomic wave function is genera
in a model potential that gives rise to some inaccuracy
can hardly be assessed. In the work of Amusiaet al. @12# and
in later studies by Gribakinet al. @7#, both based on solving
the Dyson equation, an effective potential is derived t
governs the motion of the projectile electron within the ato
and contains carefully incorporated correlation effects. Ho
ever, it cannot directly be recognized how the coupling of
various channels affects the collision cross section. The w
of Yuan and Zhang@5# draws on a static exchange approx
mation where correlation effects are accounted for by us
an averaged correlation potential familiar from densi
functional theory. In a recent calculation by Semytkows
and Sienkiewicz@8#, a relativistic polarized orbital metho
was used to generate the polarization potential. All of th
one-channel calculations@5–8# gave similar results, i.e., the
agree in the essential features of the predicted cross sect

There is one experimental study by Romanyuket al. @13#
on the low-energy regime of electron collision with Ca a
oms. These experiments refer to impact energies of a few
and have recently been refined@14#. Within the range of
0–10 eV, the authors find a strong peak around 0.7 eV
main feature of the total cross section and a small nea
peak at 1.7 eV. The position of the two peaks has rece
551050-2947/97/55~2!/1020~8!/$10.00
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been found to be shifted up by about 0.4 eV as a resul
experimental refinements. All the theoretical studies m
tioned above agree reasonably well in the prediction of
first peak, but they fail in explaining the occurrence of t
second small peak. Experiments by Johnstonet al. @15# on
electron transmission in Ca vapor within an energy regime
0–4 eV provide less directly, information on the low-ener
cross section of Ca atoms. Two resonances are found w
this energy range. The results can be explained in term
strongly mixed 4s23d2D and 4s4p22D states of the Ca2

ion, which proves to be in accord with their configuratio
interaction calculation.

As for the photodetachment of Ca2 ions, only two calcu-
lations have so far been carried out. One is due to Griba
et al. @9# and the other one to Fischer and Hansen@10#. The
work of the former authors was based on the Dyson eq
tion, while the latter draws on a multiconfiguration Hartre
Fock scheme. Both calculations, however, refer to photo
tachment cross sections below 0.2 Ry. Hence they can
in part be compared to the measurements of Heinickeet al.
@16#, whose photon energies extend considerably higher
These experiments date relatively far back. As the proper
of the negative ion were clear at that time, the authors w
not able to give an unambiguous explanation of their exp
mental results.

In the present article we report a six-state (1S, 3P, 3D,
1D, 1P, and 1P) close-coupling calculation based on th
R-matrix algorithm of Berringtonet al. @17#. As will be evi-
denced by our results, there is a strong interaction betw
the shape resonant channel (4s21S1ed)2D and the excita-
tion channel (4s4p3P1ep)2D which is responsible for the
additional weak structure in the total cross section of elect
scattering. Furthermore, the general features of the phot
tachment cross section as measured by Heinickeet al. @16#
can be explained fairly well, if one allows for the opening
a detachment channel2P that is connected to an excite
4s4p3P state.

II. METHOD OF CALCULATION

TheR-matrix method for electron-atom and photon-ato
interactions has been discussed in great detail by Burkeet al.
1020 © 1997 The American Physical Society
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TABLE I. Parameters of the Slater-type basis functions.

Orbitals Cjnl I jnl j jnl Orbitals Cjnl I jnl j jnl
5s 2.54691 1 25.48182
.00038 2 1.00000
.04462 2 .78772
.04017 3 .74615
.44399 3 13.33072

58.84367 4 8.95486
2.62595 4 2.27416
.17142 5 2.18162

2.00035 5 .45902
235.76805 5 6.47786

6s 28.17160 1 19.97310
2.27835 1 32.50886

221.12326 2 17.23940
26.19336 2 8.40361
136.64572 3 7.46907

2178.73075 3 3.96008
125.38981 3 2.95632

290.43788 4 3.10847
3.47253 4 1.63082

2.53497 4 1.06899
.03586 4 .74974

4p 25.99628 2 11.93492
210.78447 2 8.05561
10.00783 3 1.45560

29.42999 3 1.41968
2.02857 4 .78363
13.07262 4 4.54967

5p 113.17938 2 6.64369
2107.26783 2 6.55201

2.10465 3 1.39197
.06686 3 .77051

2.00004 4 .26677
23.31572 4 3.84949

2.00022 5 .43101
.01328 5 1.53292

6p 2912.38655 2 9.12943
1129.34405 2 16.24803
1572.08914 3 7.39661
265.90903 3 3.63176
sin

th
te
5.39315 3 2.31770
2.15663 3 1.50250

3d 16.17439 3 5.21826
.62689 3 .86934

2.13045 4 1.06762
2.13068 4 1.10783
6.61293 5 3.95258
11.05389 5 5.18334
.00002 6 .55407

2.00002 6 .56221
4d 7.04736 3 5.81731

.42628 3 .95906
2.09616 4 .88798
2.09972 4 1.18356
7.78032 5 5.09555
2.22618 5 5.14651
.01447 6 1.26286

2.00003 6 .48676

5d 3.54344 3 4.84963
.05814 3 .93013

2.01527 4 .57552
.03195 4 1.13505

23.12069 5 3.99648
6.09399 5 4.03649
.00159 6 .86441
.00000 6 .27130

6d 23.79912 3 5.41866
1.10750 3 .87237

2.83305 4 1.05910
.13869 4 1.12616
9.15256 5 3.98919
25.22434 5 5.53250
2.00062 6 .59944
.00086 6 .62214

4 f 2.02724 4 1.62358
.00000 4 .25314

2.48491 4 1.52121
.00446 4 .76441

2.21390 4 1.35822
tti
e-
ls

es-

of
-

.

e

@18#. The present calculations have been carried out by u
the R-matrix package of Berringtonet al. @17#. In an
R-matrix calculation, the wave function of theN11 electron
system is given the form

Ck~X1•••XN11!5(
i j

ci jkF i~X1•••XNr̂N11sN11!

3ui j ~r N11!1(
j
djkf j~X1•••XN11!,

~1!

where the basis functions under the first sum refer to
continuum, those under the second sum to bound sta
Bound-state orbitals are cast as linear combinations
Slater-type orbitals
g

e
s.
of

Pnl5(
j
Cjnl r

I jnlexp~2j jnl r !, ~2!

The pertinent parameters and coefficientsCjnl for 1s,
2s, 2p, 3s, 3p, and 4s orbitals are identical with those
of the Hartree-Fock orbitals given by Clementi and Roe
@19# for the Ca ground-state. In addition to these Hartre
Fock orbitals, another set of ten virtual orbita
(5s,6s,4p,5p,6p,3d,4d,5d,6d,4f ) is used in constructing
the wave function. The number of Slater-type orbitals nec
sary to sufficiently approximate these orbitalsPnl according
to Eq. ~2! increases as the number of spherical nodes
Pnl becomes larger. A 4f orbital can satisfactorily be repre
sented by five Slater-type basis functions, a 6s orbital, how-
ever, requires 11 basis functions. The parameters in Eq~2!
are optimized independently by using the provenCIV3 com-
puter code@20# in fitting the energy levels of atomic Ca. Th
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1022 55JIANMIN YUAN AND L. FRITSCHE
results are compiled in Table I. The atomic energy levels t
are used as a reference and the calculated energies are
in Table II. The R-matrix boundary was chosen to b
RA550 a.u. In forming the (N11!-electron configurations in
Eq. ~1!, all excitations of the two 4s-valence electrons into
any of the virtual orbitals are allowed for only excluding th
possibility of having more than one electron in a 4f orbital.
As for the construction of the continuum states, we use 6
15 angular-momentum orbitals, depending on the energ
the projectile electron, each of these orbitals being expres
as a linear combination of 20 numerical basis functions.

III. RESULTS AND DISCUSSION

A. Electron scattering by Ca atoms

The low-energy electron-scattering cross section of Ca
oms is distinct by a low-lyingd-wave-shape resonanc
around 1.0 eV that was predicted at different positions
various authors@5–8,12#. Some calculations seemed to ind
cate that there was an additionalp-wave-shape resonanc
near zero energy@12,21#. However, the existence of a stab
negative ion Ca2 that contains an extra electron bound in
4p orbital excludes the possibility of ap-wave-shape reso
nance in the continuum. Some recent calculations@5–7# gave
a Ramsauer-Townsend minimum structure in the cross
tion below thed-wave resonance peak. The only direct me
surement of the total cross section of Ca was carried ou
Romanyuket al. @13,14#. These authors obtained a ma
peak around 0.7 eV and a minor structure at 1.7 eV. T
recently refined their measurement and found the domin
peak moved to higher energy at 1.2 eV@14#. By using an
electron transmission technique, Johnstonet al. @15# ob-
served a relatively broad resonance centered at 1.160.15 eV
and a sharp resonance at 2.860.15 eV. They interpreted
these structures as caused by configuration interaction
tween the core excited resonance state 4s4p22D and the
shape resonance state 4s23d2D. In our earlier one-channe
calculations@5#, the shape resonance state 4s23d2D was pre-
dicted to show up at 1.75 eV close to the excitation thresh
of the 4s4p3P state. For this reason, one expects a stro
interaction between these two states. This is, in fact, subs
tiated by the present calculations that the following resu
refer to.

The dependence of the total cross section of Ca atom
the impact energy is shown in Fig. 1 together with the
spective partial cross sections and the experimental resul
Romanyuket al. @13#. The most conspicuous feature consi
in two broad peaks of the elastic2D partial-wave cross sec

TABLE II. Calculated energies of the first six lowest states
atomic Ca.

State Energy~Ry!

(4s2)1S 21353.565 21
(4s4p)3P 21353.432 58
(4s3d)3D 21353.346 06
(4s3d)1D 21353.341 23

(4s4p13d4p)1P 21353.339 00
(4s5p13d4p)1P 21353.228 24
at
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tion at 1.2 and 2.6 eV, respectively. Furthermore, there
characteristic peak at 1.16 eV and a smaller one at 2.2 e
the energy dependence of the total cross section. The be
ior of the 2D partial cross section is indicative of the inte
action between the two channels (4s21S1ed)2D and
(4s4p3P1ep)2D. If there are no perturbations from othe
channels, the core excitation resonance usually appears
the excitation threshold and displays a relatively sharp str
ture. This contrasts with the present case, where one doe
find any resonant structures near the 4s4p3P excitation
threshold~about 1.8 eV!, but rather two well-separated broa
peaks around 1.2 and 2.6 eV. The positions agree reason
well with those predicted by Johnstonet al. @15# who also
calculated the width of the two peaks and obtained fa
small values, in particular 0.08 eV for the second peak. O
calculation yields a considerably larger width. As for the fi
peak of the2D partial-wave cross section, we find that i
width is considerably reduced compared to that found
early one-channel calculations@5#. Moreover, its position is
shifted from 1.75 down to 1.2 eV. These changes can
attributed mainly to the interaction of the shape resona
state with the core excitation state. A mixture of the co

FIG. 2. Cross section for electron-impact excitation of t
Ca(3P) state. The filled square refers to the calculated result of R
@11#.

f

FIG. 1. Total, elastic total, and elastic partial cross sections
electron scattering by Ca atoms. The filled squares refer to
experimental values given in Ref.@13#. The calculated threshold
are indicated by vertical lines.
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FIG. 3. Energy dependence of the eigenphases of the first three symmetries and the correction to the total cross section by reg
measured electron affinity:~a! the eigenphases of2S symmetry,~b! the eigenphases of2P symmetry,~c! the eigenphases of2D symmetry,
and ~d! total cross section after inclusion of a correction that allows for the difference bwtween the calculated electron affin
experimental electron affinity. The filled squares in~d! refer to the experimental data of Ref.@13#. The threshold energy referring to th
Ca(3P) excited state is indicated by the vertical line.
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excitation state with the shape resonance state will certa
reduce the lifetime of the former, which is consistent w
the obtained broadening of the second structure. As alre
stated by Johnstonet al. in reference to the effect of thi
channel interaction, it is not clear anymore whether the fi
peak can still be characterized as relating to a shape r
nance and the second one to a core excitation. It shoul
noted that the2S and 2P partial cross sections do not chan
as much as those referring to the2D partial wave if one
compares it to the one-channel calculation@5#. In comparing
our results with the earlier experimental total cross section
Romanyuket al. @13,14#, one should bear in mind that th
relevant structures of the energy dependence have to
shifted up by about 0.4 eV according to their more rec
experiment. However, the new results are given only in re
tive units of the cross section for which reason we ha
included the earlier results in Fig. 1. Taking these data w
the appropriate energy shift as the best presently avail
reference, we find that the calculated positions of the la
and small peaks are in good agreement with the obse
tions. As regards calculations by other authors on this pr
lem, there are two results by Amusiaet al. @12# that have
been already mentioned above and by Gribakinet al. @7#
who deal, however, with the momentum-transfer cross s
tion only. As for Amusiaet al., these authors arrived at va
ly

dy
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ues for the position and magnitude of the maind-wave peak
that agree closely with ours.

The total cross section that refers to the first excited s
4s4p3P is shown in Fig. 2, where we have also included
few partial cross sections and the theoretical results of F

FIG. 4. Energy dependence of the Euler angles referring to
transformation matrix that interconnects the ionization chann
(4s21S1ed)2D, (4s4p3P1ep)2D, and (4s4p3P1e f )2D, and
the eigenchannels.
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FIG. 5. Total and partial cross sections for photodetachment of the Ca2 ion: ~a! 2S partial cross section,~b! 2P partial cross section,~c!
2D partial cross section, and~d! total cross section. Solid lines refer to the length form, dotted lines to the velocity form. The experim
result from Ref.@16# is indicated by the filled squares in~d!. Vertical lines depict calculated excitation thresholds.
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rikant @11#. The near threshold values of the two calculatio
are close to each other, but our cross section drops off fa
than that of Fabrikant as the impact energy increases.
strong interaction between the two channels (4s21S
1ed)2D and (4s4p3P1ep)2D and the resonance of2D
symmetry is obviously reflected in the dominance of t
2D partial cross section.
Figure 3 shows the dependence of the eigenphase

states with2S, 2P, and 2D symmetry on the collision en
ergy. Obviously, there are two distinct upward curve p
tions that refer to the2D symmetry and reflect the presen
of the two resonant states. In fact, the very low-energy2P
phase shift is closely related to the electron affinity~EA! of
the negative Ca2 ions@3,5,22#. In the calculation of Kim and
Greene@3#, the binding energy of the extra electron w
estimated from thep-wave phase shift by using the so-calle
generalized quantum-defect method@3,23#. In our earlier
model calculation@5#, thep-wave phase shift was also use
to obtain an estimate of the electron affinity. In his study
the decaying of negative ions in an electric field@22#, Fabri-
kant found very small sensitivity of thep-wave phase shift to
the value of the binding energy and predicted an elect
affinity of 0.021 eV for Ca atoms very close to the mo
s
ter
he

of

-

f

n
t

recent experimental data@24#. From the point of view of
generalized quantum-defect theory, since the quantum de
changes continuously as one crosses zero energy, the
zero-energyp-wave phase shift and the corresponding par
cross section are largely determined by the position of
near-zero bound state of the negative ion~if the binding oc-
curs! and the polarizability of the neutral target, regardless
the detailed form of the interaction between the projec
and the target atom.

The above discussion suggests a simply feasible m
correction to the total cross section which Fig. 1 refers
This correction can be done by using our earlier model
tential method where we introduce an adjustable scaling
tor that is given two values such that the model poten
yields two binding energies, one at 0.076 eV, close to
R-matrix value, and the other one at 0.023 eV close to
most recent experimental value obtained on the electron
finity of Ca @24#. The correction to ourR-matrix total cross
section is then given by the difference between the co
spondingp-wave partial cross sections of these two bindi
energies. The results are plotted in Fig. 3~d!. Obviously, the
model potentialp-wave partial cross section associated w
an electron affinity of 0.076 eV is very close to ou
R-matrix result at low scattering energy. The correction b
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comes considerable only at low energies. Its effect cons
merely in rising the shoulder of the total cross section be
the main peak. Otherwise, it causes hardly any change to
cross section above the main peak.
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In order to demonstrate the coupling of the three ioni
tion channels (4s21S1ed)2D, (4s4p3P1ep)2D, and
(4s4p3P1e f )2D, we introduce the transformation matri
between the ionization channels and the eigenchannels,
ten in terms of the associated three Euler angles,
F cosa cosbcosg2sina sing sina cosb cosg1cosa sing 2sinb cosg

2cosa cosb sing2sina cosg 2sina cosb sing1cosa cosg sinb sing

cosa sinb sina sinb cosb
G .
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The energy dependence of the three Euler angles is show
Fig. 4. The interaction of the two channels is connected w
the off-diagonal elements of the matrix, which are known
vary smoothly with energy.

B. Photodetachment of Ca2 ions

An early experiment on the photodetachment of Ca2 is
due to Heinickeet al. @16#. However, at that time the exist
ence of a stable negative Ca2 ion was not known yet and
hence the interpretation of the experiment lacked conclus
ness. More recent experiments by Hanstorpet al. @25# are
concerned with the photodetachment of metastable exc
Ca2 ions. These authors were able to correlate the result
Heinickeet al.with the existence of a stable Ca2 state. As
this point may now be considered clarified, we shall use
results of Heinickeet al. as a basic reference.

As for the theory of photodetachment with stable Ca2

ions there are two studies by Gribakinet al. @9# and by Fis-
cher and Hansen@10#. Gribakinet al. treated the bound stat
of the absorbed electron by solving the Dyson equati
thereby including correlation effects. However, the free el
tron is only described at a Hartree-Fock level. By contra
Fischer and Hansen use a multiconfiguration Hartree-F
scheme to incorporate correlation effects into both initial a
final states. The results of Gribakinet al. and Fischer and
Hansen refer to an energy range up to 0.2 Ry. To provid
complete understanding of the experiments it appeared in
pensable to us to extend the calculations further up to hig
energies even beyond the opening of the first target exc
tion channel to cover the full experimental range of pho
energies.

We use a configuration-interaction wave function to d
scribe the ground-state and the excited state of the ta
The radial part of the wave function is constructed by us
analytic Slater-type basis functions which are, howev
less suited to describe the rather diffuse loosely bo
negative ion states. Furthermore, the first six orbit
(1s,2s,2p,3s,3p,4s) are chosen to agree with the Hartre
Fock orbitals of the neutral atom. As for the bound orbital
the negative ion that is involved in the photodetachment p
cess, the above level of accuracy is insufficient. We there
generate this orbital by using the algorithm ITER@17# within
theR-matrix computer code. This amounts to adding 20 n
merical basis functions for each angular momentum and
tending the wave function beyond theR-matrix boundary.
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The calculation yields21353.570 74 Ry for the ground-stat
energy of the Ca2 ion. If one subtracts this from the targe
ground-state energy, one obtains an electron affinity
0.005 52 Ry, which is very close to the results calculated
other authors@2,3#. This indicates that the valence correl
tion has been included adequately in our calculation. On
other hand, if one would use only the analytic orbitals with
the CIV3 computer code, one would obtain a total energy
the Ca2 ion of 21353.566 04 Ry, which agrees less favo
ably with high-quality calculations. Notwithstanding th
comparability of the above affinity energy to results
equivalent calculations that only allow valence correlation
the present study, it is by a factor of 3 larger than the exp
mental value that has recently been confirmed to be 0.0
Ry @24#. The origin of this discrepancy may be seen in t
omission of core-core and core-valence correlations and
the neglect of relativistic effects@2,26–28#.

The results of the present calculation on the total pho
detachment cross section are shown in Fig. 5 along with
experimental results of Heinickeet al.. The latter data were
originally given in arbitrary units. We have scaled them a
propriately to alleviate a comparison with our results. Ob
ously the main features of the experiment are fairly w
described by our calculation. As one can see from the pa
cross sections that Figs. 5~a!–5~c! refer to, the second pea
observed around 3 eV is definitely connected to the2P par-
tial cross section. The latter can only play a role once
channel that relates to the excitation of the 4s4p3P state has
been opened. There is also a contribution of the excita
channels connected to2S and 2D symmetry, but it is less
significant compared to the case of2P symmetry. Below the
first excitation threshold, one is only dealing with the pho
detachment channels (4s21S1es)2S and (4s21S1ed)2D
that structure the2S and 2D partial cross sections. The phys
ics mirrored by these data is the same as that discusse
Fischer and Hansen in theirs-wave andd-wave analysis
@10#.

In comparing our results to those of the latter authors
find good agreement only in the position of the Cooper mi
mum, but otherwise the photodetachment cross sections
fer sizably in magnitude, particularly around the first pe
near the threshold. Also, the agreement between the le
and velocity form of our results is not as good as in Fisc
and Hansen’s work. The main difference between our ca
lation and theirs resides in the description of the target sta
They use a numerical multiconfiguration Hartree-Fo
scheme to obtain a ground-state energy for the targe
21353.570 04 Ry, which is by 0.004 83 Ry lower than ou
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1026 55JIANMIN YUAN AND L. FRITSCHE
However, as argued by Fischer and Hansen, a descriptio
the neutral target within this range of accuracy should
sufficient because the photodetachment cross section is
sizably sensitive to the target state but rather to the c

FIG. 6. The main contribution of the individual ionization cha
nels to the~a! 2S partial cross section,~b! 2P partial cross section
and~c! 2D partial cross section. Solid lines refer to the length for
dotted lines to the velocity form. The calculated excitation thre
olds are indicated by vertical lines.
on

ev
of
e
ot
n-

tinuum wave function and that of the extra electron bound
the neutral target. One should therefore hardly expect
large a discrepancy between our results and those of Fis
and Hansen. Another difference between our and their ca
lations can be seen in the generation of the initial state of
photodetached ion. Due to the inclusion of more numeri
basis functions, we can allow the wave function to exte
even to theR-matrix boundary. This ensures a relatively a
curate description of the very loosely bound state, which
an indispensable requirement for treating photodetachme

In order to clarify the origin of the structures in the ener
dependence of the photodetachment cross section which
5 refers to, we have extracted from our calculations the c
tribution of the major ionization channel to the three part
cross sections. The result is shown in Fig. 6. As follows fro
inspection of Fig. 6~a!, there are two weak shape resonanc
that relate to the ionization channels (4s4p3P1ep)2S and
(4s4p1P1ep)2S. From Fig. 6~b!, it can clearly be seen tha
the increase of the total cross section at 2.5 eV origina
mainly in the contribution of the (4s4p3P1ep)2P ioniza-
tion channel. The sharp increase of the cross section in
6~b! is most likely caused by the interaction between t
(4s4p3P1ep)2P and the (4s4p1P1ep)2P channels.
Channel contributions to the2D partial cross section are
displayed in Fig. 6~c!. The behavior of the (4s4p3P
1ep)2D cross section reflects the channel interaction
referred to in discussing the2D partial cross section of Fig
1. The sharp shape resonance structure of
(4s4p1P1ep)2D channel is also produced by our calcul
tion, which was used by Walter and Peterson@29# in their
measurement of electron affinity of Ca atoms.

In summary, we have carried out calculations on elect
scattering by Ca atoms and photodetachment of Ca2 ions by
using theR-matrix method. Interactions between certa
channels are found to be important to explain the essen
features of the experimental data. The results of our calc
tion agree reasonably well with the experiments. As for
photodetachment cross section there is a quantitative disc
ancy between our results and those obtained from other t
ries. In order to resolve the considerable differences betw
the existing theories, further independent calculations
experiments at an improved accuracy level appear to be
desirable.
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