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Electron-impact energy-loss spectra of KI were studied experimentally in the 15' to 130' angular range at

impact energies of 6.7, 15.7, and 60 eV. The spectra reveal a number of excitation features which have not

been detected previously and indicate that KI is a strong photon absorber in the vacuum-uv region. From

the spectra, differential and integral electronically elastic and inelastic cross sections have been obtained by
normalizing the experimental data to theoretical results at low scattering angles. Rotational excitation cross
sections corresponding to hj = 0, + 1 have been calculated using a dipole-plus-repulsive-core interaction

potential and the distorted-wave approximation. For purpose of comparison, the rotational (hj = ~ 1)
excitation cross sections have also been calculated in the Born point-dipole approximation.

I. INTRODUCTION

The rotational excitation of polar molecules has,
since the early work of Massey, ' received consid-
erable theoretical attention (for reviews see Refs.
2 and 8). Theoretical studies have also been made
of the binding properties of dipole systems but con-
flicting claims have been made concerning the num-
ber and nature of the bound states which a polar
molecule can support, and what influence the pos-
sible bound properties of the system can exert on
the scattering process. ' ' The amount of experi-
mental information is meager. Electron-swarm
experiments have been conducted' "but their in-
terpretation is far from clear and has led to con-
flicting conclusions. ' " Negative- ion formation
from alkali halides at low-impact energies (reso-
nance capture) has been studied by Ebinghaus. "
He found that K, I, KI, and K,l were formed
with relative probabilties of 1.000, 0.008, 0.035,
and 0.038 with appearance potentials of 2.85, 3.20,
3.63, and 3.36 eV, respectively. More recently,
single-collision measurements of the scattering of
electrons by the strongly polar alkali-halide mole-
cules have been reported. "" The center-of-mass
cross sections are not directly obtained from these
recoil measurements but a fitting procedure —which
need not be unique —has to be applied. " Therefore,
it is of some interest to conduct direct measure-
ments of the differential cross sections for scat-
tering of electrons by polar molecules in order to
eliminate some of the uncertainties in the methods
previously used.

The molecule is also of interest from a spectro-
scopic standpoint. The binding in the ground elec-
tronic state is ionic in nature and excitation to a
low-lying electronic state corresponds to a tran-
sition from an ionic to a covalent bound state.
Only a very limited amount of information is avail-
able concerning the optical spectrum of KI,"'"and

to date no electron-impact energy-loss spectrum
has been reported. The latter method is especially
well suited for detecting optically forbidden exci-
tation and allows the range of optically allowed
transitions to be extended into the far uv region.

In this paper we consider the scattering of elec-
trons by the molecule KI, which has a permanent
dipole moment of 4.25 a.u. (10.82 D) and should
therefore exhibit those characteristics typical of
electron scattering by strongly polar species.
Electron-impact energy-loss spectra and experi-
mental cross sections for the sum of elastic scat-
tering plus thermal average rotational excitations,
and for several electronically inelastic processes
are reported. The cross sections have also been
calculated in the Born point-dipole approximation
(&j =+ 1) and by a distorted wave method (4j = 0
+ 1), which is described in more detail below.

We first review the theoretical background con-
cerning the binding and scattering properties of
polar molecules and then describe the experimen-
tal technique whereby the energy-loss spectra and
cross sections have been obtained. Except where
otherwise specified atomic units are used.

II. BOUND-STATE PROBLEM

The dominant interaction between a polar mole-
cule and an electron is that provided by the per-
manent dipole moment of the molecule. It can be
shown that a fixed point dipo]e can support in-
finitely many bound states if the dipole moment D
is greater than 0.639. It can further be shown that
the same critical dipole moment holds for a finite
dipole or for a dipole plus a spherically symme-
tric repulsion" "and that a series of critical di-
pole moments exists for a finite dipole. " A polar
molecule is not a fixed dipole but has rotational
degrees of freedom. Bottcher" advanced a proof
that the critical moments for a freely rotating di-
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pole coincide with those of a fixed dipole. Gar-
rett" ""however has argued that this proof i-'

invalid since it assumes that the rotational energy
levels of the molecule are degenerate. He has
calculated the minimum dipole moment necessary
to bind an electron to a. molecule represented as a
rotating finite dipole with nondegenerate energy
levels. "

%allis et a/. 32 have calculated exact energy levels
of a fixed dipole but these, partly for the reasons
advanced by Gax'rett, "are unlikely to closely ap-
proximate the negative-ion affinities of a polar
molecule. Crawford33 ha.s speculated that "any
x'eRl gRS phRse molecule ox' I'RdlcR1 with D ~ 2.0d
probably can bind an extra electron and almost
certainly can if D - 2.5d." Beyond this there ap-
pear to be few theoretical predictions concerning
energy levels of the negative ions associated with
polar molecules.

Thex"e does» h0%'evex'» exist some experimental
evidence concerning the affinities of the alkali hal-
ides. Ebinghaus" has estimated lower bounds to
the affinities of a variety of such molecules from
measurements of the appearance potential of the
molecular negative ion when the neutral dimer is
subjected to electron bombardment. His affinity
values are typically greater than 1.2 eV. More
recently, however, Ca,rlsten eI; al. '~ have conducted
photodetachment studies of LiCl (D= 3.82) and find
that the affinity is only 0.61 eV, a value somewhat
less than half the lower bound of Ebinghaus" and
about a factor of ten less than the values of %allis
et al. 32 On the basis of the more recent measux'e-
ments we therefore assume that KI has an affinity
of appxoximately 0.7 eV.

In consldel"lng the scRttex'1Qg px'0Menl we Rdopt
a model interaction and choose our model in such
a way that it predicts this value for the affinity of
KI . Constraints imposed by orthogonality requix e-
ments are likely to ensure that the radial wave func-
tion of the "extra" electron is small within some re-
gion typical of the size of the molecule. If r denotes
the position vector of the "extra" electron rela-
tive to the center of mass of the molecule, it
would thexefore seem plausible to suppose that
the wave function describing this electron is es-
sentially zero for r &R„where A, is some typical
moleculax' dimension. Outside this region the di-
pole potential is operative Rnd dominates the other
multipoles which we neglect. We examine the
bound states in this model, described by the Ham-
lltonlRD

whex'e / 18 the IQOIQeQt of 1DertlR of the Dlolecule
A 18 RQ angulRx' InoIQentuIQ operator» RQd

V, (I") =~, r&R,

= 0, y&Ro

A solution of the Schrodinger equation

where y denotes coupled sphex'ical harmonics.
Deflnlng

2 f(f+l) ZN ~ J d', —n.—,E„(r)— vq, ~,, EI, , (r),

f'I'I;I = 2 Q &1(&)f1(if''f'~)

aIld tile coefflcle11'ts f1 al'e def111ed hp Percival aIld
Seaton. " Equation (8) is similar in form to the
scattering equations developed by Arthurs and
Dalgarno36 and the bound-state equations of Gar-
rett, "thedifferences lying, in the definition of
I»(1').

The infinite set of coupled equation (8) cannot
be solved exa,ctly, but in ox'der to obtain an esti-
mate of enex"gy levels we use them as a guide in
performing a variationa. l calculation. We consider
the case whex'elD eJ =M = 0 fol' which triangle con-
ditions demand that j=l and j' =l' and choose a
tx'1Rl function

a,.y l]l,.00 Rg P] g,

and [x] equals the integral part of x. The normali-
zatloD IQRtrix 18

(12)

where angulax' brackets denote integration. The
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Haxnlltonlan matrix ls

HI, —.——2 IION,.l —2 5, , (Pl LIP,)

d', l, (l, + 1)

y(ff) y &(n &)y(n-j. )
0 0 01 1 1

~ (n) y &(n- &)~ (n-1)
&1%'1 10 0 Y 0

(16)

the superscripts denoting the order of the itera-
tion. The zeroth-order functions are bounded so-
lutions of the equations

L;(t;(&)= 0,

and the higher-order iterations mere obtained
from Elle. (16) by constructing Green's functions
and ensu»ng that Q,.(R,) = f). At each iteration the
lowest eigenvalue and the corresponding eigenvec-
tor mere computed and then inserted on the right-
llRIld side of (16) Rlld 'tile 1'tel'Riloll continued ull'til

convergence of the eigenvalue was obtained. This
was then used to give a, new value of a0 and the
process continued. The convergence mith respect
to N mas examined and it mas found that N= 5 gave
x'esults of sufficient accuracy for our purpose. It
mas found that a value R0 = 2.33 gave x'ise to an

affinity of 0.7 eV.

Rnd V. . 18 givell by EQ. (9), wl'tll cf= f = f1, J =f =fbiJ= 0. The eigenvalues E,. are then given by

H- E]X=0. (15)

The functions $, (r") were chosen by an iterative
method which is exemplified for the choice of
X= 1 by the equations

dipole model. ' This yields finite rotational exei-
t;atI;.:n cross sections but zexo elastic scattering
cross sections. More compbcated potentials have
been adopted. For example Cxawford and Dalgar-
no4' in calculating e -CQ rotational excitation cross
sections constructed a model containing six dis-
posable parameters, two for each multi. pole retain-
ed in the potential. A two~arameter model mas
used by Allison43 in recent calculations of e -CsF
scattering. While greater flexibility ensues from
the use of a multiparameter model it is difficult
to establish rigorous cxiteria whereby all the pa-
rameters ean be assigned. Therefore we adopt
the simple one-parameter model, EIl. (2). This
model mas used by Rudge44 mho showed that using
plane waves gave the model very different xesults
at large scattering angles from those obtained by
using plane waves and a point dipole model. The
choice of A0 in those calculations was based on a
typical Van der %aals size of a molecule. In the
present work me introduce tmo modifications to
this treatment. First we base our choice of R0 on
the predicted value of the KI affinity and second
we use distorted waves which vanish at R0 in place
of plane maves.

Defining

{16)

the scattering by the repulsive core v, (r) is de-
scribed by the wave function

&fr(k„R, r) = (l'l, l') 'y; (R)

&& g f'{2f+1)f'~I+&($, ~ f')j'&(P,r),

III. SCATTERING PROBLEM

In treating the scattering of an electron by a
polar molecule we make three distinct approxima-
tions. The fixst of these is to neglect the vibra-
tional and electronic channels, the second to mod-
el the electron-molecule interaction, and a, third
appxoximation is then made in solving the scatter-
ing problem mithin this framework.

Attention has been given to the equation of scat-
tering by a fixed point dipole which can be solved
exactlys' but yields an infinite total exoss sec-
tion. "" Scattering by a fixed finite dipole has
also been considered, the equation for which, as
in the bound-state problem, separates in prolate
sphex'oidal eoox'dinates. "'" This procedure how-
ever, when cax'xied thxough correctly, also yields
a divergent total cross section (Garrett" ).

The eax liest treatment employed a rotating point

E, (kl.) = j I (1'Ir) cosl), + II,(kr) 8inli,

tanI), = —jl(kR, )/n, (kR,).

Ill tllese eguatlons, x f I(x) Rlld x III(x) Rl'8 1'eglllal'

and irregular sphex ical Bessel functions, respec-
tively. The elastic scattering is therefore approxi-
mately described through the phase shifts q, .

In order to calculate the inelastic scattering me
take a standard variational expression for the
scattering amplitude f,.&(k„k,), where j' is the
final rotational quantum number and the enex'gy
relation is

The appx opxiate equation is
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fi; (k„k,)= —(2w) 'J ((-k„it, )(H z)

x g(k„R, r ) d r dR.

After some algebra this reduces to

(23)

» '(k„k ) = (- 1)
'
[(2j+ 1)(2j'+ 1)]'~

1 2

&& C,",„' g exp ji[q, + q', + 2 v (l —f ')])
nil'

& Cg, ', ,T», y (f1'
[ p [k,k, ),

T„.= [(2f+1)(2f"1)]""C."..'
x y 'E, (k(r)E, ,(k,r ) dr,

R0

and C denotes a Clebseh-Gordan eoeffieient. Se-
ries (24) is slowly convergent and it is convenient

to define the plane-wave version given by

»~, (k„k,) = 4iD(- 1)~~'

v(2 j + 1)(2j'+ 1) (~' ...( sinqR
27

~ ~

000 2R

where

x Q Cj",„1'(„(q), (26)

q=k, —k2.

The differential cross section is given by

(27)

dQ" dQ, (30)

and the momentum-transfer cross section is

Q" = " 1 —~ cos((( &0dQ .i

dn u
(31)

where 9 is the scattering angle.

IV. EXPERIMENTAL MEASUREMENTS

The electron impact spectrometer used to carry
out the present measurements has been desc ribed

dQ, ,,da" =(2, +'1)u ~, '»-"" ~)~' (2

The evaluation of (28) proceeds economically by
writing

»,,,(k„k)= »,, (k„k,)+ [»,, (k„k,) —», ,.(k„k,)],
(29)

expression (26) being used for the first term in (29)
and partial wave expansions for the second term.

The integral rotational excitation cross section
1s

elsewhere. " An energy selected electron beam of
about 50 meV full width at half-maximum mas fo-
cused onto the KI beam and the scattered-electron
intensity was measured as a function of energy
loss (M) at fixed impact energies (E,) of 6.7, 15.7,
and 60 eV at fixed scattering angles ranging from
15 to 130'. Energy-loss spectra were obtained by
repetitive scanning utilizing pulse counting and
multichannel scaling techniques. The KI beam wa~

generated by heating a tantalum crucible, contain-
ing KI, by electron bombardment. The impaet-
energy scale mas not calibrated and could be in

error by a, few tenths of an eV owing to contact
potentials. The angular resolution mas about + 2'.
Typical spectra are shown in Figs. 1 and 2. From
the spectra. the relative inelastic scattering inten-
sities with respect to "elastic" scattering mere
obta, ined.

In another series of measurements the "elastic"
scattering intensity was determined as a function
of scattering angle at the three impact energies.
During these measurements, the experimental
conditions were kept constant and this was con-
firmed by periodically remeasuring the scattering
intensity at 20" and 30' angles. The intensities
have been corrected for the variation of "effective
path length" with scattering angle by utilizing
characteristic correction factors for the geometry
of the apparatus. The factors were obtained by
measuring the elastic scattering intensities with
He and N, target beams for which the differential
cross sections are known. These correction fac-
tors mere 0.68, 0.80, and 1.00 at 10, 20'and 30
(and higher) angles, respectively. The "elastic"
scattering intensity includes all elastic, inelastic,
and superelastic contributions within the range of
instrumental resolution (- 50 meV). Electronic
excitations are mell separated but some vibration-
al excitation (fundamental frequency = 26 meV)
may contribute to the thermal average 4j =0,
+ 1, s2, . . . transitions which we call here (elec-
tronically) "elastic" intensity. The procedure for
normalization of the differential cross sections
and the methods for obtaining integral and mo-
mentum transfer cross sections are described in

detail bel.om.
Potassium iodide contains about + dimers un-

der the conditions of the present experiment" and
some contribution to the spectra from dimers may
be present. Inelastic scattering by atomic potas-
sium is evident in the energy-loss spectra indicat-
ing that potassium must also contribute to the ob-
served elastic scattering. The ratio of inelastic to
elastic scattering intensities for potassium have been
measured" and used to give an estimate of the
elastic scattering contribution by potassium. At
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all energies it was found to be less than 1% of the
total signal and has been neglected accordingly.

V. NORMALIZATION PROCEDURE

The theoretical predictions are likely to be at
their best at small scattering angles and there-
fore provide a. basis for normalizing the experi-
mental data once the effects arising from a ther-
mal distribution have been corrected.

Kl

The dominant contribution to the scattering am-
plitude at small scattering angles is given by the
plane-wave term, Eq. (26). From this it follows
that

dQ 4D k', l qR, )'..& dQ Bq'Q, qR,
(32)

The elastic scattering is small by compa, rison
with the result (32) which therefore represents
to a close approximation the small-angle scatter-
ing differential cross section for a given initial
state j. The quantum number only appea, rs through
the momentum transfer g which to a close approxi-
mation is given by

q'=2k', (1 —cos6)(1 —6/k, )+ 6', (33)

EO. 6.74 eV

e- 20'

where

5 = (j + 1) /I k„j' =j +1,

(34)

2
K „

EO
* 15.0 eV

8- u0

Since & is of order 10 ' it is apparent that ro-
tational averaging has a negligible effect at angles
greater than about 10 ' rad.

The zero-angle differential cross section is
affected by rotational averaging and we, there-
fore, examine this assuming a Boltzmann dis-
tribution. The thermal average cross section is
then very closely given at zero angle by

~ ~fk). 1 ~ (2j+1) „(j+1)
g (2j+1)exp- j (j +1)
2=0

(36)

where k is Boltzmann's constant and T is the
absolute temperature. If the summations are
approximated by integrals this becomes

EO 60 0

e-y

7

I 8 ',

KI

E0 =40eV

8 100

14
12

I I

0
I I I I I I I I I I I

2 4 6 8 10 12
ENERGY LOSS {eV)

FIG. 1. Electron-impact energy-loss spectra at
impact energies Eo and scattering angles 8 as indicated.
The features marked by K correspond to excitation of
atomic potassium. The symbol A indicates the location
of the diffuse optical absorption bands (Ref. 18). The
numbers identify prominent peaks (see Table VI).

I I I I I I I I I

14 16 18 20 22 24 26

ENERGY LOSS (eV )

FIG. 2. Energy-loss spectrum at high-energy loss.
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dA e-o SIST „~ I@7.'

dA 80 2 i IAT

where (dQ/dQ)»=, is the zero-angle differential
cross section for rotational excitation plus de-
excitation from the most probable j state. For
T =1000 K we find that

(dQ jdQ)e=o
(dQ/dQ)e 0

It follows that the experimental results —if %'e dis-

regard vibrational excitation —can be normalized
to theory at angles of a few degrees without a de-
tailed knowledge of the rotational distribution ln

the beam. The experimental "elastic"- cross-
section curve was normalized to the calculated
value of (dQ/dQ)»

%e have also obtained approximate values for
the cross sections associated with some of the in-
elastic features from the intensity ratios and the
"elastic" cross sections by multiplying the peak
inelastic scattering intensities by a factor of 4.8
to approximately compensate for the width of these
features with respect to those of the elastic fea-
ture.

TABLE I. Differential. cross sections at 6.74 eV {in units of 10 ~~ cm2/sr). The notation

A, 8 m.cans A x/0 .
BPD Experiment c Experiment d Theory e

0

2

3
5

10
15
20
25
30

40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
140
160
180

1.89, 9
4 49
1.12, 4
4.99, 3
1.80, 3
4.50, 2
2.01, 2
1.13, 2
7.30,
5.10, 1
3.78, 1

2.92, 1

2.34»
1.91,
1.60, 1

1.37,
1.18,
1.04, 1

9.23, 0
8.28, 0
7.49, 0
6.84, 0
6.29, 0
5.83, 0
5,43, 0
5.10, 0
4.81, 0
4.56, 0
4.37, 0
4.16, 0
3.87, 0
3.54, 0
3.42, 0

4.76, 4
1.21, 4
5.42, 3
1.94, 3
4.24. 2

6.21,
2.86, 1

7.97, 0
5.00, 0
3.52, 0
2.72, 0
2.24, 0
1 ~ 89, 0
1.63, 0
1.40, 0

1.03, 0
4 ~ »

7.61,

5.68, -1

2.55, -1
2.15„-1
2.05»

6,33, 9
3.31, 4
8.25, 3
3.65, 3
1.33, 3
3.09, 2
1.26, 2
6.25, 1
3.36,
1.86, 1
1.02, 1

5.25, 0
2.44, 0
8,83, -1
1.71, -1

1.77, -1
5.68, -1
1.08, 0
1.62, 0
2.17, 0
2.66, 0
3.06, 0
3.36, 0
3.57, 0
3.65, 0
3.61, 0
3.49, 0
3.26, 0
2.96, 0
2.21, 0
6,7, -1

1.79, 2
1.06, 2
6.33, 1

4.22, 1

3.07, 1

2.62,
2.30,
1.99, 1
1.64, 1
1.25,
9.8, 0
9.0, 0
8.7, 0
8.6, 0
8.6, 0
8.6, 0
8.4, 0
8.0, 0
7.2, 0
6.3, 0
5.4, 0
5.1, 0
5.6, 0
6.3, 0

1.89, 9
4.49, 4
1.12, 4
4.97, 3
1.77» 3
4,27, 2
1.79, 2
9.29, 1

5.41,
3.39, 1

2.26, 1

1.58,
1.18,
9.31, 0
7.78, 0
6.83, 0
6.23, 0
5 ~ 83, 0
5.55, 0
5.33, 0
5.15, 0
4.98, 0
4.83, 0
4.69, 0
4.56, 0
4.45, 0
4,35, 0
4.26, 0
4.19, 0
4.11, 0
4.03, 0
3.93, 0
3.90, 0

~ Born point dipole result& 4j= + 1.
"Reference 48 {D=4.35).
c Reference 17. Recoil results, include elastic scattering rotational excitation and deex-

citation as well as vibrational and electronic excitation.
d Present results include elastic scattering, rotational excitation and deexcitation as well

as vibrational {but not electronic) excitation.
~Present results with Aj=0, +1; j=75.
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VI. RESULTS

In the calculations we used the values D =4.26,
I 1 803 x 10 Rp 2 33 In Tables Iy Ilp and III
we display calculated and measured differential
cross sections at impact energies of 6.74 eV,
15.7 eV, and 60 eV. Shown in these tables in the
first column are Born point-dipole results (BPD),
as presently calculated and in the last column the
results obtained by the procedure described pre-
viously. The column headed "Glauber" are calcu-
lations of Shimamura. " The column headed "Ex-
periment " indicates the normalized results of the
present measurements and the column headed by
"Experiment' " represents the recoil data. The

differential cross sections are displayed in Figs.
3-5.

In Tables IV and V we show the integral "elastic"
and momentum transfer cross sections. The pres-
ent measurements were extrapolated to 0' (using
theoretics, l values) and to 180' (on the basis of the
cross-section curve in the 120'-130' region) to
obtain the integral cross sections. These results
are displayed in Figs. 6 and 7 where we have as-
signed error bars of +25%.

In Table VI we summarize the spectral features
which have been observed. It is evident that sev-
eral strong optical absorption continua exist in the
vacuum-uv region for KI and that at high-energy

TABLE II. Differential cross sections at 15.7 eV (in units of 10 ~~ cm2/sr).

8 (deg) BPD ~ Glauber b Experiment ~ Experiment Theory "

0
1

2
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
110
115
120
125
130
140
160
180

4.40, 9
1.93, 4
4.82, 3
2.14, 3
772 2

1.93, 2

8.62, 1

4.87, 1

3.13, 1

2.19, 1

1.62, 1

1.25, 1

1.00, 1

8.22, 0
6.88, 0
5.87, 0
5.09, 0
4.46, 0
3.96, 0
3.56, 0
3.22, 0
2.94, 0
2.70, 0
2.50, 0
2.33, 0
2.19, 0
2.06, 0
1.96, 0
1.87, 0
1.79, 0
1.66, 0
1.51, 0
1.47, 0

2.04, 4
5.17, 3
232 3
8.26, 2

1.81, 2

2.65, 1

1.22, 1

6.13, 0
3.41, 0
2.13, 0
1.50, 0
1.16, 0
9.57, —1

8.10, -1
6.94, -1
5.96, -1

4.41, —1

3.25, -1

2.42, —1

1.50, -1

1.08, -1
9.23, -2
8.75, -2

1.77, 10
1.70, 4
4.25, 3
1.88, 3
6.68, 2
1.57, 2
6.25, 1

2.98, 1

1.52, 1

7.70, 0
3.68, 0
1.51, 0
4.36, -1
3.17, —1

5.39, -2
3.44, —1
7.94, -1
1.32, 0
1.88, 0
2.42, 0
2.90, 0
3.31, 0
3.62, 0
3.82, 0
3.93, 0
3.91, 0
3.82, 0
3.62, 0
3.34, 0
3.01, 0
2.20, 0
6.5, -1

7.00, 1

3.57, 1

2.35, 1

2.14, 1

2.10, 1

1.86, 1

1.51, 1

1.12, 1

7.2, 0
5.1, 0
3.5, 0
2.5, 0
2.0, 0
1.7, 0
1.7, 0
1.8, 0
2.0, 0
2.3, 0
2.5, 0
2.7, 0
2.4, 0
2.4, 0
2.3, 0
2.0, 0

4.40, 9
1.93, 4
4.80, 3
2.12, 3
7.53, 2

1.76, 2

7.00, 1

3.42, 1

1.87, 1

1.12, 1

7.39, 0
5.41, 0
4.38, 0
3.81, 0
3.47, 0
3.23, 0
3.03, 0
2.86, 0
2.70, 0
2.55, 0
2.43, 0
2.32, 0
2.24, 0
2.17, 0
2.12, 0
2.08, 0
2.04, 0
2.01, 0
1.99, 0
1.97, 0
1.94, 0
1.91, 0
1.90, 0

Born point dipole result, Qj= +1.
Reference 48 (D=4.35'.

'Reference 17. Recoil results, include elastic scattering rotational excitation and deex-
citation as well as vibrational and electronic excitation.

Present results include elastic scattering, rotational excitation and deexcitation as well
as vibrational (but not electronic) excitation.

~Present results with &j=0, ~1; j=75.
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losses, well above the ionization limit, several
broad features appear. A schematic energy level
scheme for KI is shown in Fig. 8. At 6.7-eV im-
pact energy the differential cross sections corre-
sponding to energy losses of 3.7, 4.7, and 5.1 eV
are displayed ln Flg. 9.

VII. DISCUSSION AND CONCLUSIONS

From Figs. 3-5 and Tables I-III it is evident
that there is a considerable disparity both between
the theoretical pr edictions and the experimental
results. The most salient feature is that the zero
cross section near 60' which is apparent in the re-
coil measurements is not observed in the present
series of measurements. Only at the very high

TABI E III, Differential cross sections at 60 eV
(in units of Xo "cm'/sr).

8 (deg) BPD a Glauber s Experiment Theory d

10-14

E

10

10-16

0 20

+
/

+

SFHS
+

I, I

40 M 80 100 120 140

SCATTERlNG ANGLE tdeq)

2
3
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
105
iio
115
120
125
130
140
160
180

1.68, 10
5.04, 3
1.26, 3
5.61, 2
2.02, 2

5.06, 1

2.25, 1

1.27,
8.20, 0
5.73, 0
4.25, 0
3.28, 0
2.62, 0
2,15, 0
1.80, 0
1.54, 0
1.33, 0
1.17, 0
1.04, 0
9.30, -1
8.42, -1
7.68, -1
7.07, -1
6.55, -1
6.10,
572
5.40, -1
5.12, -1
4,88, -1
4.68, -1
4.35, -1
3.96, -1
3.84, -1

5.33, 3
1.35, 3
6.06, 2

2.16, 2

4.74,

6.92, 0
3.20, 0
1.61, 0
8.91, -1
5.57, -1
3.93, -1
3.04, -1
2.50, -1
2.12, -1
1.81, -1
1.56, -1

6.37, -2

1.82, 1
7.55, 0
4.60, 0
3.16, 0
2.11, 0
1.46, 0
9.8, -1
6.1, -1
3.6, -1
2.1,
1.2, -1
4.3, -2
5„5, -2
1.2, -1
1.4, -1
2.1, -1
2.9, -1
3.6,
4.1,
4.9, -1
6.4, -1
7 / 7
7.6, -1
7.2, -1

1.68, 10
5.04, 3
1.26, 3
5.56, 2
1.98, 2
4.61,
1.82,
8.65, 0
4.63, 0
2.84, 0
2.09, 0
1.77, 0
1.60, 0
1.45, 0
1.30, 0
1.16, 0
1.06, 0
1.00, 0
9.64, -1
9.39, -1
9.15, -1
8.90, -1
8.65, -1
8.47, -1
8.33, -1
8.24, -1
8.17, -1
8.11, -1
8.06, -1
8.00, -1
7.91, -1
7,84~ 1

7.82, -1

FIG. 3. Differential "elastic" cross sections at 6.7 eV.
The symbol & and the curve marked SFBS represent
experimental results of the present and the recoil mea-
surements of Ref. 17, respectively. The dot-dash and
solid lines are the result of the Born point dipole and
the present theory, while the curve marked S is the
result of Qlauber model (Ref. 48).

I I I I I I

Kl

Eo
= 157 eV

10

10-16

~ Born point dipole result Dj = +1.
"Reference (D= 4.35).

Present results include elastic scattering, rotational
excitation and deexcitation as well as vibrational (but
not electronic) excitation.

~Present results with 4j=0 +1 j =75

O 20 40 X SO 1OO 120 140 ue 180
SCAT|'ER lNG ANGLE (deg )

FIG. 4. Same as Fig. 3 except E0=15.7 eV.
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Kl

EO 60 eV

10-15

E

~ 10-16

X'

~.X
xXx x"

x"
xx

10
"

0
I I I I I I I I

20 40 60 80 100 120 140 160 180

SCATTERING ANGLE (deg)

energy of 60 eV does any comparable dip appear.
This would seem to confirm the idea that this dip
is indeed a spurious feature which arises from the
numerical techniques used to obtain the differen-
tial cross section from the measured molecular
recoil. (Note that the units for the differential
cross sections given in Fig. 2 of Ref. 17 should
be 2w cm'/sr instead of cm'. ) The zero value at
180'which appears from the recoil measurements
is not in agreement with the present theoretical
results though the Glauber calculations of Shima-

FIG. 5. Same as Fig. 3 except SO=60 eV and no recoil
data is available for comparison.

mura" indicate a small cross section at this angle.
It is unlikely, however, that the Glauber approx-
imation has validity in this angular region.

A second, and somewhat surprising, feature
which is evident from the figures is that the pres-
ent measurements show quite close agreement
with the Born point dipole results. It is difficult
to see that this can be other than fortuitous. If
plane waves are used with a model comprising a
point dipole plus a repulsive barrier then very
different results are obtained. ' The use of dis-
torted waves and this same model, however,
changes the picture to give the present results
in which the effect arising from a different scat-
tering approximation partially cancels the effect
which arises from a different potentia l.

A third feature, which is less obvious from the
figures, concerns the small-angle behavior of the
cross section. In this region we compare the re-
coil measurements with the present theoretical
calculations. In the range 1'-10' and at an impact
energy of 6.74 eV the ratio of the present theoret-
ical results to the recoil results is very nearly
constant at the value 1.36. At 15.V eV the same
behavior is apparent except that the ratio changes
to 1.13. The difference in the 0' results is pri-
marily due to the effect of rotational averaging as
discussed in Sec. V. At these angles therefore the
shape of the recoil measurements is in harmony
with that of the present calculations though they
differ by a constant factor. This factor strongly
influences the total cross section which is dom-
inated by the small-angle behavior. This accounts
for the smaller recoil values displayed in Table
IV. We would expect the theoretical results to be
most accurate in the small-angle region and the

TABLE Dt. Integral "elastic" cross sections (in units of 10 ~6 cm2).

Energy (eV} BPD " Experiment "

i.0
2.0
4.0
6.7
8.0

i0.0
i2.0
i4.0
i 5.7
60.0

4.72, 3
2 ~ 56, 3
i.38, 3
8.65, 2
7.41, 2

6.06, 2
5.i4, 2
4.47, 2

4.03, 2

i.i8, 2

5.62, 2

3.27~ 2

8.43, 2

4.57, 3
2.47, 3
i.30, 3
8.07, 2

6.90, 2

5.63, 2
4.77, 2
4.i4, 2
373 2
i.i4, 2

~ Born point dipole result Qj=+i.
Reference i7. Recoil results, include elastic scattering rotational excitation and deex-

citation as well as vibrational and electronic excitation.
Present results include elastic scattering, rotational excitation and deexcitation as well

as vibrational (but not electronic) excitation.
Present results with &j= 0, a i; j= 75.
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TABLE V. Moxnentuxn transfer cxoss sections (in units of 10 ~~ cm2).

Energy (eV) Expex iment " Experixnent ' Theory d

1.0
2.0
4.0
6 ~ 7
8.0

10.0
12.0
14.0
15.7
60.0

5.79, 2

2.90, 2

1.45, 2

8.65,
7.41, 1
5.79,
4.83, 1
4.14, 1

3.69, 1

9.65, 0

327 1

3.31, 1
1

9.35, 1

3.65,
7.90, 0

4.95, 2

232 2
1.12' 2
6.61,
5.60, 1
4.54,
3.84,
3.34, 1
3.02, 1

1.15, 1

~ Born point dipole result 4j= + i.
Refex ence 17. Recoil results, include elastic scattering rotational excitation and deex-

eitation as well as vibrational and electronic excitation.
c Present results include elastic scattering, rotational excitation and deexcitation as well

as vibrational (but not electronic) excitation.
Present results with Dj =0, +1; j=75.

apparent difference behveen theory and recoil ex-
periment here is difficult to reconcile. The Glau-
ber calculations give rise to the surprising con-
clusion that the elastic scattering cross section is
infinite at zero angle, "though the singularity is

10
12 I

Kl

integrable. Between about 5' and 35' the Glauber
results are close to the recoil values but other-
vrise there is little agreement with either set of
experimental results. The present experimental
and calculated "elastic" differential cross- section
curves have a similar angular behavior. This fact
and the normalization of the experimental data to
theory at 15' results in the good agreement in the
integral cross sections. The disagreement among
the various data at high angles reflects in the mo-
mentum transfer cross sections.

A fear general remarks can be made concerning
the energy-loss spectra, the electronic energy
level scheme, and the inelastic cross sections.

CD

LCl

CL

OC

I—

L

14

0 10 20 30 40 50

IMPACT ENERGY feV)

60 70

FIG. 6. Integral "elastic" cross sections as function of
impact energy. The symbols 0 and O xefer to the re-
sults obtained from the BPD and from the present theory„
respectively. The symbols x and + represent experi-
mental data from the present and from the recoil mea-
surements respectively. A line which represents the
cross sections in this energy range was drawn through
these points.

10 DI

KI

g 10-14 O4
g 10

I

Lal

O
10

15

I I I i I

0 10 20 30 40 50 60 70

IMPACT ENERGY feV)

FIG. 7. Momentum-transfer ex"oss sections as a
function of impact energy. The symbols have the same
meaning as in Fig, 6.
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TABLE VI. Summary of spectral features.

Excitation energy (eV}"
Electron impact '~

F.()
= 60 eV F() = 6.7 eVOptic al

A

2

3

5
6
7

9
t0
fi
i2
13

3.32
3.8 i
4.75
5.29

3.80
4.72
5.15
6.15
7.3
9.9

i,4.0
f.9.2
i9.6
20.i
20.7
21.3
22.2
23.3

3.72
4.64
5.04

Designation used in Figs. i and 2.
"Corresponds to optical absorption peak or electron

scattering peak.
'B,eference 18.
d Present results.

I

2
I

2
I
"

I

K I PI + I I P3(pI q
K { S) + I ( S)

~E, Z, n, a
1 )~+ 1,3'

K(S)+2

2I( P12}

K( S)+
I I P)( p

I 'I

&KI

It ls known that the optical spectrum of KI con-
sists of a number of diffuse bands at about 3.3 eV
which blend into a continuum at around 3.5 eV and
that two additional continua have been observed at
4.75 and 5.29 eV."'" No assignments have been

made for any of these transitions. In the electron
impact energy-loss spectra. of Fig. 1 the diffuse
bands are not apparent. It would require higher
resolution and longer scanning time to reveal
them. The three optical absorption continua ap-
pear strongly. Going from 60 to 6.7 eV impact
energy, the position of these peaks shift about
O. l eV toward lower energy losses (see Table VI)
indicating the presence of optically forbidden,
possibly spin exchange transitions. It is tempting
to associate the 3.32, 3.72, and 3.80 eV features
with the 'Z', 'II, and 'II excited states and in a
similar manner the 4.64, 4.72, 5.04, and 5.15 eV
features with the next group of 'Z+, 'Z, 'H, and
'II states, I espectively. Strong broad excitation
features appear at 6.2, 7.3, 7.9, and 14 eV
energy losses (Fig. l, 60-eV spectrum) revealing
that KI is a strong absorber in the vacuum-uv re-
gion. At energy losses over 19 eV several ad-
ditional features are present (Fig. 2). None of
these transitions can be assigned at the present.
A schematic representation of what is known about
the energy levels of KI and KI is shown in Fig. 8.
The dissociation limits are based on the dissocia
tion energy of ground state KI, " and on the energy
levels, " ionization potentials, and electron affini-
ties of KandI. " The molecular states obtained
from the separated atoms, assuming Hund's coupl-
ing case a, "are indicated on the tentative poten-
tial energy curves. The energy levels correspond-
ing to the observed features A-4 (Table Vl) are
indicated in the Franck-Condon region. The KI
curves in the same region are located at —0.7,
2.85, and 3.20 eV on the basis of the estimated
electron affinity of KI ground state and the appear-

2

Z II
(S)+I

K ( P) + I ( $)

Kl

+~ 10-16

KI

E0
= 6. 7 eV

0—

K ( S) + I ( S)

I I ~ I

0 10 20 30 40

r (A}

FIG. 8. Schematic energy-level diagram and potential-
energy curves for KI and KI .

20 40 60 80 100 120

SCATTERING ANGLE (deq)

FIG. 9. Differential cross sections for the broad in-
elastic features located at 3.7, 4.7, and 5.1 eV energy
losses.
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ance potentials for I and K, respectively. "
The crossing between the ionic ground and cova-
lent excited 'Z' states for alkali halides has been
discussed previously. "" The inelastic differen-
tial cross sections are large compared to other
diatomic molecules (N» O„CO, NO) which have
much smaller or no permanent dipole moments.

We conclude that further experimental and theo-
r etical effor t is needed before electron-polar-mol-
ecule scattering is well understood. The model
potential that we have used can be improved upon
though it has the virtue that it contains no free
parameters once the affinity has been determined.
The scattering approximation is probably fairly
good so far as the integral cross sections are con-
cerned„ though it may be insufficiently accurate
to reveal details of the differential cross section.

The effects arising from other processes, such
as vibrational excitation or dissociative attach-
ment, have been completely ignored. Associated
with these latter processes there is the possibility
of resonance and threshold effects which demand
further experimental and theoretical study.

ACKNOWLEDGMENTS

We would like to thank Dr. R. Stern for sending
us the tabulated results of the recoil work and Dr.
Shimamura and Professor Takayanagi for giving
us the results of their calculations prior to pub-
lica.tion. One of the authors (S.T.) is grateful for
valuable discussions with Professor R. S. Berry
and Professor O. Crawford.

*Permanent address: Dept. of Applied Mathematics
and Theoretical Physics, The Queen's University of
Belfast, Northern Ireland.

)Supported in part by the National Aeronautics and Space
Administration under Contract No. NAS7-100 to the
Jet Propulsion Laboratory and in part by the U. S.
Office of Naval Research under Contract No. N00014-
69-C-0035 to the Queen's University of Belfast.

'H. S. W. Massey, Proc. Camb. Philos. Soc. 28, 99
(1931).

2K. Takayanagi and Y. Itikawa, Adv. At. Mod. Phys. 6,
105 (1970).

3K. Takayanagi, Comments At. Mol. Phys. 3, 95 (1972).
4J. M. Levy-Leblond and J. P. Provost, Phys. Lett.

26b$104 (1967).
O. H. Crawford, A. Dalgarno, and P. B. Hays, Mol.
Phys. 13, 181 (1967).

6A. Dalgarno, O. H. Crawford, and A. C. Allison, Chem.
Phys. Lett. 2, 381 (1968).

7N. Hamilton and J. A. D. Stockdale, Aust. J. Phys. 19,
813 (1966).
L. G. Christophorou, G. S. Hurst, and W. G. Hendrick,
J. Chem. Phys. 45, 1081 (1966) ~

9L. G. Christophorou, G. S. Hurst, and A. Hadjiantoniou,
J. Chem. Phys. 44, 3506 (1966).
L. G. Christophorou and A. A. Christoulides, J. Phys.
B 2, 71 (1969).
'L. G. Christophorou and G ~ Pittman, J. Phys. B 3,
1252 (1970).

' J. A. D. Stockdale, L. G. Christophorou, J. E. Turner,
and V. E. Anderson, Phys. Lett. 25A, 510 (1967).
H. Ebinghaus, Z. Naturforsch. 19A, 727 (1964);
English translation available as Air Force Cambridge
Research Laboratories Report AFCRL-68-0482
(Translation No. 2).

~4R. C. Slater, M. G. Fickes, W. G. Becker, and R. C.
Stern, J ~ Chem. Phys. 60, 4697 (1974).

~5M. G. Fickes and R. C. Stern, J. Chem. Phys. 60,
4710 (1974).

'6W. G. Becker, M. G. Fickes, R. C. Slater, and R. C.
Stern, J. Chem. Phys. 61, 2283 (1974).

' W. G. Becker, M. G. Fickes, R. C. Slater, and R. C.
Stern, J. Chem. Phys. 61, 2290 (1974).
G. Herzberg, Molecular Spectra and Molecular Struc-
ture I. SPectrum of Diatomic Molecules (Van Nostrand,
Princeton, N.J., 1950).

' H. Levi, dissertation (Berlin, 1934) (unpublished).
A. S. Wightman, Phys. Rev. 77, 521 (1950).
J. E. Turner and K. Fox, Phys. Lett. 23, 547 (1966).
M. H. Mittleman and V. P. Myerscough, Phys. Lett.
23, 545 (1966).
J. M. Levy-Leblond, Phys. Rev. 153, 1 (1967).

24W. B.Brown and R. E. Roberts, J. Chem. Phys. 46,
2006 (1967).
O. H. Crawford and A. Dalgarno, Chem. Phys. Lett ~

1, 23 (1967).
2O. H. Crawford, Proc. Phys. Soc. Lond. 91, 279

(1967).
C. A. Coulson and M. Walmesley, Proc. Phys. Soc.
Lond. 91, 31 (1967).
C. Bottcher, Mol. Phys. 19, 193 (1970).
W. R. Garrett, Chem. Phys. Lett. 5, 393 (1970).

3 W. R. Garrett, Mol. Phys. 20, 751 (1971).
W. R. Garrett, Phys. Rev. A 3, 961 (1971).
R. F. Wallis, R. Herman, and H. W. Milnes, J. Mol ~

Spectros. 4, 51 (1960).
3~0. H. Crawford, Mol. Phys. 20, 585 (1971).
34J. L. Carlsten, J. R. Peterson, and W. C. Lineberger,

Abstracts on the Papers on the Ninth International Con-
ference on the Physics of Electronic and Atomic
Collisions, edited by J. S. Risley and R. Geballe
(University of Washington Press, Seattle, 1975), p. 379.

~~I. C. Percival and M. J. Seaton, Proc. Camb. Philos.
Soc. 53, 654 (1957).
A. M. Arthurs and A. Dalgarno, Proc. R. Soc. A 256,
540 (1960).
M. H. Mittleman and R. E. Von Holdt, Phys. Rev. 140,
A726 (1965).
N. F. Mott and H. S. W. Massey, The Theory of Atomic
Collisions, 3rd ed. (Oxford U. P., London, 1965).

3 M. Shimizu, J. Phys. Soc. Jpn. 18, 811 (1963).
4 K. Takayanagi and Y. Itikawa, J. Phys. Soc. Jpn. 24,



M. R. H. BUDGE, S. TRA JMAR, AND %. %'II LIAME

160 (1968).
4'W. R. Garrett, Phys. Rev. A 4, 2229 (1971).
4 0. H. Crawford and A. Dalgarno, J. Phys. B 4, 494

(1971).
+A. C. Allison, J. Phys. B 8, (1975).
44M. R. H. Rudge, J. Phys. B 7, 1323 (1974).

W. Williams and S. Trajmar, phys. Rev. Lett. 33, 187
{1974).

4~R. C. Miller and P. Kusch, J. Chem. Phys. 25, 860
(1965).

47W. Williams and S. Trajmar (unpublished).
48I. Shimamura private communication).

4~0. Asihara, I. Shimamura, and K. Takayanagi, J.
Phys. Soc. Jpn. 38, 1732 (1975).

5 C. E. Moore, Atomic Energy Levels, NBS Circ. No.
467 (U.S. GPO, Washington, D.C., 1958).

~~C. E. Melton, Principles of Mass Spectrometry and
Negative Ions P/larcel Dekker, New York, 1970).
E. J. W. Verwey and J.H. DeBoer, Reel. Trav. Chim.
Pays-Bas 55, 431 (1956).

~3R. S. Berry, J. Chem. Phys. 27, 1288 (1957); 54, 1752
(1971).
L. R. Kahn, P. J. Hay, and I. Shavitt, J. Chem. Phys.
61, 3530 (1974).


