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Electron Photodetachment from Ions and Elastic Collision Cross
Sections for 0, C, Cl, and F
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Photodetachment cross sections for 0, C, Cl, and F have been computed in the energy range from
threshold to 50 ev by the Klein-Brueckner method. Elastic cross sections for electron scattering from 0,
C, Cl, and F in the energy range 0—15 ev have also been computed. The method of calculation is described
and the results compared with earlier theoretical and experimental work.

I. INTRODUCTION for oxygen" ""and carbon" ions. In all of the work
described in references 8—16 (with the possible excep-
tion of reference 13), the effects of electron exchange,
of core polarization, and of higher multipole inter-
actions are neither disregarded, or at best represented
by semiempirical terms with adjustable coefficients.
Complete neglect of these effects can lead to misleading
results. For example, Breene" predicts a cross section
for photodetachment from carbon ions an order of
magnitude greater than that observed experimentally, '
whereas Yamanouchi" predicts for oxygen ions a cross
section about an order of magnitude smaller than
experiment. "

Of the above-mentioned methods, only that of Klein
and Brueckner" "yields photodetachment cross sections
that are in fair agreement (10—20%) with experiment.
Since computer codes were available" which could be
easily adopted to the KB method, calculations of this
type have been carried out for the photodetachment
from 0, C, F, and Cl . Cross sections for electron
scattering from 0, C, F, and Cl atoms were obtained
as a by-product. This work was motivated primarily
by a desire to compare results obtained by the KB
method with recent experiments on C photodetach-
ment. " The remaining calculations were intended to
provide additional data for detailed comparison with
existing or future experiments.

The original KB calculation for 0 covered only the
range where experimental evidence was available. Since
the method can easily be extended to higher energies,
photodetachment cross sections have been computed
for electron energies as high as 50 ev. Elastic scattering
cross sections for the atoms C, 0, Cl, and F have been
computed in the range 0—15 ev.

~ UR understanding of the related processes of
low-energy ( 15 ev) elastic scattering from atoms

and photodetachment from negative ions is at present
fragmentary. ' Even though much progress has been
made recently both theoretically' and experimentally'
for the important case of atomic hydrogen, little has
been done for heavier atomic systems. Only recently
have experimental techniques been developed which
make possible the measurement of low-energy electron
scattering cross sections from atoms other than the
rare gases. ' The same is true of photodetachment
measurements. ~ On the theoretical side even less has
been done, probably because it is felt that the many-
body aspects of such problems can best be studied by
considering the case of atomic hydrogen.

The theoretical work on low-energy elastic scattering
for non-closed-shell atoms centers on oxygen and
nitrogen. ' "Photodetachment studies have been made
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' See (a) the review by H. W. S. Massey, in Encyclopedia of
Physics, edited by S. Flugge (Springer-Verlag, Berlin, 1956),
Vol. XXXV, pp. 232—306, for information on low-energy electron
scattering from atoms, and (b) the review by L. M. Branscomb in
Advances in Electrortic and Electron Physics (Academic Press Inc. ,
New York, 1957), Vol. IX, pp. 43—94, for information on photo-
detachment from negative ions.
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119, 1283 (1960); (e) T. L. John, Proc. Phys. Soc. (London) A76,
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' L. Robinson, Phys. Rev. 105, 922 (1957).
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's A. Temkin, Phys. Rev. 107, 1004 (1957).
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rr M. Seman and L. Branscomb, Phys. Rev. 125, 1602 (1962).

n) reL. Branscomb, S. Smith, D. Burch, and S. Geltman, Phys.
Rev. 111, 504 (1958)."Since this method forms the basis of the present work we shall
henceforth refer to reference 12 and this method as KB.

8, s' J. Cooper, in Proceedings of the Second International Conference
on the Physics of Electronic and A tomi c Collisions, Boulder,
Colorado, June, 1961 (W. A. Benjamin Inc., New York, 1961),
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II. METHOD OF CALCULATION TABLE I. Values of Cp and Cu used in Eq. (1) for each transition.

The cross section for photodetachment of an electron
in the subshell ml of a negative ion may be derived under
the assumption that the wave functions for the system
both before and after detachment may be expressed as
sums of products of one-electron central field orbitals.
The cross section is"

Transition

0 ('P) ~ 0('P)+e
o ('&) ~0('D)+e
0 ('P) ~0('S)+e
C (4S) -+ C (SP)+e
F ('S) -+ F('P)+e

Cl ('S) -+ Cl('P)+e

Cp

1
5/9
1/9

2
2

C2

2
10/9
2/9
2

a =-srrnfap'P(Pp+k') (Ct tMg P+Ct+rMt~t') cm', (1)

where

(2)

The Gne structure constant nj and Bohr radius ao
have been introduced here so that o. is expressed in cm'
although r is in atomic units, Eq is the binding energy
and k' the energy of the outgoing electron (both in
rydbergs), P~t(r) and P&, t~&(r) are radial wave functions
for the bound el, and free electrons of angular mo-
mentum quantum number 1~1 normalized so that

P„t'(r)dr = 1

Z
V(r) = ——+

dr' p(r')

[r—r'[

electron is bound by energy E&. The correction factor
n/(r'+r„')' is allowed to absorb the effects of polari-
zation and exchange as they affect the binding energy.
r„ is taken, somewhat arbitrarily, to be the average
distance from the nucleus of the outer el electrons of
the neutral atom. 0. is a polarizability parameter which
serves as an eigenvalue once the binding energy 8& is
specified. For free electrons P„t(r) is replaced by P»
in (3) and —Z p by k'. V(r) has been obtained for each
atom from the relation

where p(r') is the charge distribution of electrons
derivable from Hartree or Hartree-Pock wave functions
for an atom of atomic number Z.22 Binding energies have
been obtained from the recent work of Edlen" which
agree well with available experimental evidence. "

The steps in the evaluation of (1) are as follows:

and
P t~s(rt) —+ k

—f sin(kr+3).

(1) V(r) is computed using (4) from the available
wave functions. "

(2) The bound state equation (3) is solved treating n
as an eigenvalue. This yields a value of e and a radial
bound-state wave function P„t(r).

(3) The free wave functions Pst(r) are evaluated for
various energies k' using the value of n found in step (2).

(4) The integrals Mt~t are evaluated for each energy
and from them the cross sections computed using (1).

The cross sections for elastic scattering of electrons
from atoms are obtained as a by-product of the calcu-
lation, since Pst(r) may be interpreted as the lth
partial wave of an electron moving in the 6eld of a
polarized atom. ' Asymptotically,

Pst(r) —+ k ** sin(kr+8t —-,'m. l),

~We have used the Hartree-Fock wave functions of D. R.
Hartree, W. Hartree, and B. Swirles, Phil. Trans. Roy. Soc.
London A238, 229 (1939);of A. Jucys, Proc. Roy. Soc. (London)
A173, 59 (1939) for 0 and C; and the Hartree wave functions of
D. R. Hartree, R. de L. Kronig, and H. Peterson, Physica 1, 895
(1934) and of F. W. Brown, Phys. Rev. 44, 214 (1933) for Cl
and F.

~ B.Edlen, J. Chem. Phys. 33, 918 (1960).~ See Branscomb, reference ib, p. 52.
"We computed V(r} using (4) only for C and 0. For Cl and F

we used the function Z„(r}/r tabulated by Brown and by Hartree
et al. , respectively. Zr(r)/r contains some effects of electron
exchange, but differs little from V(r) as calculated by (4}.

26 See reference 1a, pp. 236-7.

l(l+1)
Ep P„t(r)=0 (3).——2V(r)+

—dr2 r' ru'' r2

Here V(r) is a central potential derived from the
charge distribution of the neutral atom to which an nl

"D. R. Bates, Monthly Notices, Roy. Astron. Soc. 109, 432
(1946).

I' is the overlap integral of the electrons which are in
the same state both before and after detachment, and
will be assumed to be unity. The constants C~~~ depend
on the initial and final states of the system.

The C&'s are obtained by evaluating the angular part
of the dipole matrix element for each transition. In the
present work /= 1 always, and the appropriate value
of Co and C2 as tabulated by Bates" are listed in Table I
for each transition of interest. It should be noted that
for 0 three transitions are possible since the 0 atom
may be left in the 'I', 'D, or 'S states of the ground
configuration after detachment. The relative proba-
bility of these transitions is taken as equal to the
weighting factors 1, 5/9, 1/9 as indicated in Table I.
Note that these ratios depend upon our assumption of
an independent particle model and may be modified by
correlation effects.

In this formulation the main problem is the determi-
nation of the radial functions P„t(r) and Pst (r).
Following KB we assume both of these to be eigen-
functions of the same central potential; i.e., to satisfy
the radial Schrodinger equation:
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and the scattering cross section is

4z
0,=—P (21+1) sin'5~.

I.O

O
EJ

~ 8 o 0 ~ COMPUTED POINTS

RANGE FORMULA

0

~2

I I

.2 ~ b
k~ RYDBERGS

FIG. 1. The deviations of our computed phase shifts from
the effective range Gt of KB for oxygen.

~~3. A. Lippmann, M. H. Mittleman, and K. M. Watson,
Phys. Rev. 116, 920 (1959).

Since at the low energies considered, only s, p, and d
wave contribute, and since the free wave equations
must be solved (for p orbitals) for s and d waves to
obtain the photodetachment, we have only to solve
in addition the equations for l= 1 to obtain estimates of
the elastic scattering cross sections.

The rationale for the above procedure is given by
KB in reference 12. Its chief advantages are:

(1) The method yields bound radial orbitals with
the correct binding energy. The low-energy photo-
detachment cross section is strongly affected by the
"tail" of the radial wave function which is of the form
(1+Es. ~/r) exp( —Eplr). Thus a bound state of this
form should yield improved photodetachment cross
sections over the methods of references 14 and 15,
where Hartree-Fock bound state orbitals for 0 are
used, and the "tail" region is of the form exp( —Ep'r)
with E&=3.5 ev. (E&=1.46 ev experimentally. )

(2) To the extent that an atom can be considered
spherically symmetric, the asymptotic form of the
central potential is correctly n/r4.

This method has the following disadvantages:

(1) The use of a one-electron model cannot be
expected to treat adequately the effects of electron
correlation. These effects are expected to be important
in photodetachment from negative ions, particularly in
the case of 0, since the neutral atom may be left in
excited states of the ground configuration after
detachment.

(2) The semiempirical parameters n and r„do not
arise naturally from the formalism as they do in more
sophisticated treatments. "' Thus the only criteria
we have for the accuracy of the method is its agreement
with experimental results.

In addition to the assumptions made above, KB
made the following additional approximations in
carrying out the numerical calculations for Q
photodetachment:

(a) In determining the bound-state 2p radial func-
tion, Eq. (3) was integrated out to r=3ap and the
function there adjusted to fit the asymptotic form
Ps~(r) =N(1+Es &/r) exp( —Es&r). n was varied until
a fit is obtained.

(b) The d-wave matrix element Mz was obtained by
assuming the asymptotic form for the bound-state wave
function and a spherical wave J;(kr) for the free
electron.

(c) Calculations of continuum s-wave functions were
carried out only for a few energies. The phase shifts 8,
for additional energies were obtained from the effective-
range formula,

k cot5, = —1/a+ 'r pk'- (6)

' L. Spruch, L. Rosenberg, and T. F. O' Malley, Phys. Rev.
Letters 5, 375 (1960).

~ The phase shifts in all cases were obtained by comparing the
zeros of the integrated wave function with the zeros of the spherical
Bessel function JE+g(kr). For machine computations this seems
to the authors to be the best, if not the most elegant, procedure
provided k is not too small.

where a and rp were fitted to the computed values of 6,.

M, was then evaluated by entering 8, in an analytic
approximation formula which ignores the integrations
over the range r(Rp (KB take Rp ——3.0up) and uses the
asymptotic forms for both bound and free electrons.

Since a high-speed computer was available for our
work we have computed matrix elements by direct
numerical integration without making approximations
b and c. Our method of computing n is somewhat
different from KB, since we integrated the bound-state
wave function out to large ( 20ap) distances and
adjusted n until the wave function approached zero
asymptotically. The value we obtain for 0 is o:=5.499,
for r„=1.2. The slight variation of this from KB's value
of +=5.587 has practically no effect on subsequent
calculations.

The approximation (b) made for iVq was checked
and found to be valid (to 1 or 2% accuracy) up to
electron energies of 10 ev. However, the approxi-
mation (c) requires closer examination.

Spruch et a/. 28 have pointed out that for a central
potential with asymptotic form n/r4 the correct effective-
range formula is not (6) but

k cotb, = —1/a+m. nk/3a'

+ (4n/3a)k' ln(elk/4)+0(k'). (7)

In Fig. 1 we have plotted our numerical results" for
k cosh, vs k' and also KB's fit to (6) using a=1.613,
rp=0. 860. The figure shows that (6) is not a good fit
to the numerical results.

We have tried to fit (7) to our data, but obtained
poor results for two reasons. First, and most important,
the energies at which calculations were carried out are
too high for (7) to be a good approximation. For
example, if we assume @=1,then the successive terms
in (7) for k=0.1356 (the lowest energy at which our
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computations were made) are:

0 cot5,=—1+0.780—0.341+0(/P),

and it appears that higher-order terms must be included
to give meaningful results. Since (7) is not valid in our
energy range we cannot obtain u by fitting to our
numerical results. Second, our method of computing
phase shifts leads to inaccuracies at low energies. At
k=O. I356 the phase shift is computed at r=24uo and
one would expect an additional phase shift due to the
polarization potential for r &24ao. Temkin" has
evaluated the eGect of the polarization for distances
r) 20ap for the case of scattering from hydrogen at low
energies, and from his results we would expect our
calculated phase shifts at k=0.1356 to be in error by
less than 10%%uo.

III. PHOTODETACHMENT-DISCUSSION
OF RESULTS

The results of all of the photodetachment cross
sections computed are presented in Table II. The
numerical accuracy of the results is about 1—

2%%uo, which
is certainly smaller than the errors introduced by other
approximations.

In Table III we list the values of n, r„, and E~ used
in each calculation. E~ was taken from reference 23
(except for 0 where we use the old experimental value
1.45 ev) and ro was evaluated from the wave functions
listed in footnote 22. The values of n shown are eigen-
values of Eq. (3) in ea,ch case. Also shown in the table
are the polarizabilities calculated by Dalgarno and
Parkinson" for 0, C, and F which agree reasonably
well with our values.

A. 0—Photodetachment, Threshold to 10 ev

Our 0 cross section is compared with the earlier
work of KB" and with two experimental determina-

TAnLE III. Polarization distances (r„), binding energies
(L't, ) and polarizabilities (a) for C, F, Cl, and O.

Element
rp

(ao) (ev)
n (this paper) n (reference 31)

(«') (~')
C

Cl
0

1.71
1.16
2.046
1.2

1.25
3.50
3.70
1,45

16.149
4.077

23.26
5.499

14.17
4.048

~ ~ ~

6.005

9

tions' 3' in Fig. 2. The difference between our curve
and that of KB is due entirely to their use of the in-
correct effective-range formula LEq. (6)j.

The two experimental cross sections show a disagree-
ment in slope for electron energies greater than 2 ev.
The reason for the disagreement" is that the apparatus
in the earlier work was slightly wavelength sensitive.
Since the primary purpose of the first experiment was
an accurate determination of the binding energy this
sensitivity escaped detection until a new apparatus.
was built. "

The agreement of our results with experiment for
energies up to 2 ev is remarkably good. However, the
difference in slope for larger energies shows the need
for more theoretical work.

The results shown in Fig. 2 refer only to transitions
which leave the oxygen atom in its 'I' ground state.
For higher excitation energies the atom may be left in a
'D or 'S state, the threshold for these processes being
3.43 ev and 5.66 ev, respectively. Since one would
expect the free-electron radial wave functions to be
the same for these processes, an estimate of the total
cross section up to 10 ev can be obtained by using the
same radial matrix elements for each transition in
Eq. (1), but using the values of E& which correspond
to each threshold and the appropriate values of Co and

TAMALE

II. Summary of photodetachment results. All
cross sections are in units of 10 ' crn .

Electron
energy

(ev)

0.25
0.75
1.25
1.75
4.75
6.75
8.75

13.61
27.21
54.42

0
5.1
6.6
7.2
7.7
95
9.2
8.9
7.9
5.3
2.4

C

7.8
11.0
12.9
14.5
17.2
16.5
14.8
11.6
4.2
1.1

4.0
5.6
6.2
6.8
9.8

11.1
11.9
12.2
10.5
6.1

Cl

~ ~ ~

16.0
37.7
49.9
49.9
16.4
0.6
1.0

a ~P -+ SP Only.

se A. Temkin, Phys. Rev. Letters 6, 354 (1961).
3~A. Dalgarno and D. Parkinson, Proc. Roy. Soc. (London)

A250, 422 (1959).

6

E
4P 5
I
O

4

b
3

I,5 2.0 2.5 3,0
PHOTON ENERGY, ev

3,5

FIG. 2. Photodetachment from 0, 1.45—3.5 ev. Q, this paper;
dashed line, reference 18 (exp. ); )(, reference 32 (exp. ); solid line,
reference 12 (KB).

"S. J. Smith, Proceedings of the Fourth International Conference
on Ionisati on Phenomena in Gases Uppsala (North-Holland
Publishing Company, Amsterdam, 1960), p. 219.

es L. M. Branscomb (private communication).
'4 See reference 7 for a description of the experimental setup.



20

18

16—

14

l2
OJ

E
O

co (0—
I
O

b e—

MAR~'K OPER AND I

imental d.etermlwjth tile xp
n slope

the low-ene g7
)7 The dlscrreference .

'
much worse»

natio o
d experimen

h predicts
eor an .

en t eorms'

in this regio ~

hi her energies an
'

the case
x eriment a,t g '

his case, as»
wjth exp;m

prtant in t I
'

the region
npt as

sections»
in s op '

timating cross
—' 'S and there is

en, ln es
OfC—

iS ahe round state o
3P)+e]ectron.

3 $0 e+ since t e gr .
h& C (4g) ~ Cpny pnone transition ppss

50

II 'II

74 5
PHOTON ENERG ev

IO

40

O- 1.45—10.0 ev.FIG. 3 photodetachm ent from

„t ]..2S-3 op. C-—ph todetachmen
&

tpdetachln ent resu or carbon areThe detailed pho
'

4 we show a comp arison ofT ble II. In F g.given in a

t

X
X

X

x

E"10
I
O

I

&.0
II I

2.51.5
HO TON ENERG~

thisC g 2g—3.0 ev. 0t chment fromFro 4. Photode"
X reference 17 (e Ppaper; X, re

I,O

done areits when this ls
b

Tab].e I. The re
ve been given

from a .
l r plpts have

2
'

3 lIQ1 ashow
i4 d by Slnith.

h periment»

wn ln
Yama .

u the need «r
ent cross

uchj a,n
further exPFi ure 3 ppints up

hptodetachmen

region ~ . '
h fact that th

h'l the
this aper, t e

030 ev w je
results of '

-
the region '

f about
ainS pat in

'
cre ancieso

curve rema
ill. lead todisc p

b tween
thepi etlcal. cu

lated results «r
rve rlSe w

ener ies60—70% in the extrapo
and 10 ev

30

Io
b

20

IO

40IO

pHOTON E NE RGY. e"
0

d Cl threshold toanent from C
& '

made are sho wn.
ph top etachmen

t tions were
FIG.

ts at which comp
nd triangles F ~

ev. Point
C—,squares Cl—,anCircles re resent

nt—photodetachme»C. C ~C '
idto50+~

exjst putsl de the gro

excited state» Although experime
almost certain 5'

d to be too wea
C—

(reference
tentf@I for C(2p'

in
ffective pote

3.5

e 'So states, theand F—aret e negative lons
detachment

Sjnce the n g
f the atom ~fter e

1 atom is
1 all.pwed sta, te o

'
that the neutas mp '

d tachm nt
Thus&

d configuration
be calcu].ated

under e
after el.eft in it& grp

— Cl and F ~
ults in

ns fpr C
& ~

d pn the resu()) C hm Eq
bl. IIareshown " 'g

d„wn abou~ t] ions ca,n be
t ns from the

n conc us
cross sec io

Cer
hotodetachment

]d be mentlpned
ehavior pf p

~ 5. First, it shp
tes pf the

g pwn in Fig. ~

excited states
results s

t that np boun . 35 the photo-
h t tp the e te

d pngguration,I



F R. OM loNSTO DE TACF LF CTRON

I II

K8 (REF 12)
TOTAL

THIS PAPER

ldcent~al fietions calculatedetac mhment cross sec io
satisfy a sum ru ele of the formmodel rigorously sa is

(8o (E&)dE=Z'+e.

12

10

E X PER IMEN T (RREF 5)

%my g,
~ ~ ~

s
' . 1) in atomic untts,ection of Eq.

n th states 1s, s rtransition
e Pauli p, ,p Saee

ll
tachmen c

0 Z. usp

,Z'=6) i Fe Cl nd

q d twice that o
tions canZ' —3

' 'nthe ms

thf l t
reted as ue o
dwave or

-state ra ia
h b

t e a
difference in s afuilc tion. The

s m- butions to theand contn u i
en.

Lz IV. Phase s i s
cross sections o, , w

The contributions are o.~=

Electron
energy

(ev)

0.25
0.75
1.25
1.75
2.72
5.0

10.0

&d 0's+&y
(oo') (oo')

~ ~ ~ 4.97
~ ~ 6.72
~ ~ ~ 7.83
~ ~ 8.53
~ 9.20

0.140 9.33
~ 8.07

0.71 7.14

0&
(~')
0.05
0.59
1.20
1.72
2.41
3,13
3.39
3.32

(aos)

4.92
6.13
6.63
6.81
6.79
6.20
4.68
3.82

—0.151—0.295—0.401—0.487—0.622—0.855—1.186—1.356

—0.009—0.052—0.096—0.136—0.202—0,315—0.473—0.554

~ ~ ~

—0.054
~ ~ ~

—0.169

s neglectedd sn the to

s to the2 is analogous o
nce in shape o ediffere

e discussio11
for Ar

at the above i"'"'" ' 'nhtdt'h f
d be men'

nl to thepo
otodetachmen t from

f o y o, '
orously satisfy the oll of course, rigorothe ion wi, o

Kuhn sum rule:
1

z

f the more

4mng g,

ecial case o t e
who - rule. However, the p

merely a sp
homas-Kuhn ru e.

13.61

-wave contribution1 atSand1 .3.61 ev, the d-wave conwas computed on ySince Bg was
1

ei 00
b

IQ

KB (REF 12)

I

S WAVE

w THI$ PAPER

TEMKIN (REF I5)

I

1,0
I

5.02.0
evELECT RON ENERGY,

I

4,0 5.0

in tions for oxygen.in cross sec-wave scatteringF&G. 6. Total an s-wav

OSS SECTIONSSCATTERING CROIV. ELASTIC SC

tronsof elec fromfor elastic scattering o e

with
p

our results or
recent

Fi . 6 ho

' Th fi h
h

ent
ffective range e p n c io .i

tOur results for s w

15

IO

Ol O
O

h hotodetachmentionstot ep
s a

mation tha
n be considere s p

h
' bh

from

Fh her energies.at ig
old a at bout 22 ev'll h th

t in Cl willhotod t h td F while 3s p o oin O- an
t about 20 ev.occu

of s
hi hly unhkely s

a boun
d tthe existence o

since the gro 0, d

F and Cl is ig
'

s

o I'hysics, editer I pd'uoV1B1'

"
61) ".10-11

'o E/ectromc an s, ou
Benjamin Inc ewJune, 1961 (W. A. en

I

IO
ELECTRON ENERGY, ev

e -w, tal (s+p) scatteringe -wave, and tota sv



I488 J. W. COOPER AND J. B. MARTIN

lo

OI 0o 5
b

TOTAL

ak —'srn—k' -'ank—' -ln (n' k/ 4) + (9)

distances (r=50—60ao) so that the neglect of the
polarization "tail" does not introduce large errors. The
results are shown in Table V.

We have attempted to fit the s-wave data of Table V
to the effective range formula (7). For 8, ss7r and k
small (7) may be written as:

l

5 lo
ELECTRON ENERGY, ev

Pro. g. s-wave, p-wave, and total (s+p) scattering
cross sections for F.

l5

40

with those of Temkin. ' The results of the calculations
for oxygen are also listed in Table IV.

In Figs. 7 and 8 we show the cross sections for C and
F. individual contributions of d waves was found to be
negligible for energies below 10 ev.

Our results for chlorine are similar to those for argon
computed by Holtsmark. "We noticed in preliminary
work that the Cl phase shifts for s and P waves vanish
(modulo sr) at small energies below I ev. In order to
explore this "Ramsauer minimum" we have computed
s- and p-wave phase shifts at a number of points below

ev. These calculations were carried out to large

An examination of the size of the terms in (7) shows,
however, that (9) is not a good approximation even for
energies as low as 0.1. ev. The only information we can
obtain from (9) is that a must certainly be negative
for 8, to vanish. Additional calculations at lower energies
would be desirable, but have not been attempted.

In Fig. 9 we show the s-, p-, and d-wave contributions
to the Cl cross section. As in argon, the d-wave contri-
bution dominates the cross in the region 5—15 ev.

fABLE V. s and p phase shifts for Cl at low energies.

Energy (ev)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

8,—37I.

0.080
0.051
0.012—0.025—0.057—0.090—0.152—0.180—0.206—0.230

0.022
0.033
0.034
0.032
0.031
0.025
0.009
0.001—0.007—0.015

V. FINAL REMARKS

The extension of the KB model to other atomic
systems provides photodetachment cross sections which
agree in magnitude but not in spectral shape with

200
b

lO

ELECTRON ENERGY, eV

experiment. The agreement of theory and experiment
for 0 at low energies is fortuitous. Our prediction of
the I and Cl cross sections are probably good to
within a factor of 2 although correlation effects will
"smear out" the spectral dependence which we obtain
and flatten the curves.

Our elastic scattering results are more uncertain
since experimental evidence is scant. However, the
good agreement of our results for oxygen with the more
elaborate treatment of Temkin" is encouraging.

The prediction of a Ramsauer eGect for Cl scattering
at low energies on this model should be noted. An
experimental verification of this would be desirable.
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