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Sci. A3, 681 (1963).
For an authoritative review of the theory of dissocia-

tive electron attachment, see Ref. 4.
D. Rapp and D. D. Briglia, J. Chem. Phys'. 43, 1480

(1965).
Due to the low ion currents at -10 eV it was not pos-

sible to measure accurately the kinetic energies of the
ions in this energy region by a retarding analysis similar
to that performed on the 6-eV peaks. The interesting

suggestion that NH2 from the 10-V peak is formed
in a highly excited state therefore remains a possibility.

For these particular measurements the effect of
thermal motion of the molecule prior to attachment upon

the dissociating particles in ion retardation measure-
ments [P. J. Chantry and G. J. Schulz, Phys. Rev. 156,
134 (1967)] is approximately the same as the limits of
error placed upon the determined dissociation energy
( 0.15 eV).
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A molecular optical potential has been used to reproduce the quenching of glory undulations

in the total cross section of Li and HBr colliding at relative velocities 10 cm/sec v 3.10

cm/sec. The experimental results over the whole velocity range are well fitted by a r
law for the imaginary part of the potential. Complex phase shifts, opacity function, and

elastic angular distribution have been calculated with this potential. Comparison with calcu-
lations using a real potential shows rainbow and supernumerary rainbow maxima and an in-
crease of intensities at large angles in both cases. The main effect of inelastic transitions
is to decrease the scattering intensity at large center of mass angles.

I. INTRODUCTION

We present in this contribution results on a
molecular optical potential which reproduces the
quenching (i. e. , decrease in the amplitude) of
glory undulations observed recently' in the total
cross section of Li and HBr colliding in the range
of relative velocities 10' cm/sec & v ~ 3.10' cm/
sec, or relative kinetic energies from 0. 033 to
0. 301 eV. Glory undulations were predicted2 and
measured' some time ago for atom-atom collisions
and their origin is well understood. More recent-
ly, measurements made with crossed beams of
atoms and molecules indicate a quenching of these
glory undulations that can in general be attributed
to excitation of vibration-rotation levels of the
molecule and to reaction. 4

II. OPTICAL POTENTIAL FOR Li+ HBr

In the case of Li+ HBr at the relative kinetic
energies investigated, excitation of vibrational
levels is forbidden by energy conservation. Con-
tribution of reactions in the region of impact pa-

rameters relevant to the glory effect is expected
to be small. '~' The quenching may then be at-
tributed to rotational excitation of HBr. This is
interpreted here as equivalent to absorption of the
scattering flux, and may be discussed in terms of
optical (complex) molecular potentials. ' Such a
potential, taken as

V(~) = V(~) i W(r)—

was used to solve a system of two radial equations
for the scattering function y(r), with asymptotic
form

y(x) -kx(j (kx)+t (k)[n (kr)+ij (kr)]},

t (k) = (2i) '[exp(2igf) —1],

(2)

l l l' (4)

where r is the interparticle distance, k the rel-
ative wave number, and jl and el first- andsecond-
class spherical Bessel functions. The equations
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were solved numerically' with initial conditions
corresponding to a hard-core repulsion within
the classically forbidden region near the origin.
For the real and imaginary part of the potential,
the following functions were used:

V(r)=e[(r /r)" 2-(r /r)'],

W(r) =ce(r /r)".

(5)

&Q (k) = (4v/k) Imf (k, 0)

The values for the well depth e = 4. 85x10 "erg
and its radial position ~~ = 3. 9V A were those de-
duced from the experiment. The imaginary part
was chosen so that the flux divergence is peaked
at about the turning point region for scattering,
and decreases at large x as an inverse power.
This behavior as ~ increases is suggested by cal-
culations on rotational excitation, which show
that a large number of rotational quantum num-
bers contribute to the cross section, "and by
a priori calculations of optical potentials. ' They
indicate that the excitations are spread over a
region of interparticle distances beyond the turn-
ing point. The factor c was taken independent of
k and l, and calculations of phase shifts carried
out for several c values. The comparison with
experimental results can be seen clearly in terxns
of the experimental and computed glory-undulation
amplitudes EQ&(k) in the total cross section
@tot(k). The quantity EQ&(k) is given in the sta-
tionary phase approximation"~" by
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FIG. 1. Comparison of calculated )E (solid lines)g'
with values deduced from experiment (crosses), for
c= 0.44, as functions of the relative velocity v.

RI (JB)=&I(JB)=a(l —,') ', (9)

with a =3m pe reek'/(81') Phas. e shifts and the
op(city function pf = 1 —exp(401) are given in Fig.
2 for v = 1.5 x10' cm/sec and all l values. The
opacity P~, which measures the pi obability for
nonelastic scattering, may be represented by

tions with c =0.044 are shown in Fig. 1, together
with several experimental points. It is seen that
this choice of c reproduces closely the experi-
mental results over the whole velocity range.

Phase shifts were computed in this and other
cases for I & L, with I such that (L & 0. 200 and

g& &0. 001. For l & 1. Jeffrey-Born phase shifts
r) I (JB) from the r ' part of U(r) were used, given
by

= (4v/k')I exp(-2& )v
g lg P = —,'P 11+exp[(l —l )/d]], (10)

x —, sin(2& —3v/4),l
el

lg g

where f (k, 8) is the contribution to the scattering
amplitude from angular momenta around the glory
value lg. From the calculation, it was found that
the shape of )I around lg was, for our purpose,
the same whether we used the full optical potential
(OP) or only its real part (RP). It follows then
that, indicating with k the wave numbers at the
extrema for each potential,

where Pc) leg and d are energy-dependent parame-
ters. This functional form has been previously
used in optical model calculations. " The optical
potential method used here gives information on
its energy dependence, that would otherwise be
unknown.

The previous phase shifts have been used to pre-
dict the elastic angular distribution for Li+ HBr.
The elastic scattering amplitude was obtained
from

f(8) = f,(8) +f,(8),

gf (calc) where f& is the contribution from I & L,
L

f (8)=k ' Z (2l+I)t P (cos8),
l=o

(i2)

which may be compared with the experimental
value ff (exp), obtained by replacing AQUA(ke)OP

with bQ&(ke)exp in Eq. (8). Results of calcula-

P (cos8) = 2[(21+1)v sin8] 'I' sin[(l + —,')8+v/4], (13)

for sin8& I '. The contribution f (8) from I &L
was calculated using Eq. (9), transforming the
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FIG. 2. (a) Real phase shifts, (b) imaginary phase
shifts, and (c) opacity function at v = 1.5 && 10 cm/sec
and for c=0.44 as functions of the orbital quantum

number E .

FIG. 3. (a) Differential cross section for real poten-
tial (scale at right) and (b) for optical potential (scale at
left) versus center-of-mass scattering angle 0.

sum over l into an integral and keeping only the
lowest order in L ', which gives

f (8) =k '4aL-"(1+i,aL ')

x cos(L8+w/4)/(2m8 sin8)'~'. (14)

The elastic angular distribution Ief(8) =
) f(8)(' was

computed at intervals of one degree. Figure 3
shows Ief (8) for V(r) and also for U(r) Rainbow.
and supernumerary rainbow maxima at small
angles and a slight increase of intensities at large
angles are noticeable in both curves. Comparing
Fig. 3(a) and 3(b) it is seen that the main effect of
inelastic transitions is to decrease the scattering
intensity at large center of mass angles.

III. CONCLUSIONS

Semiphenomenological potentials of the type re-
ported here should be useful in the interpretation
of the rapidly increasing amount of experimental
information on molecular-collision cross sections.
They provide an alternative way of generalizing the
intermolecular potentials currently used that
might be useful to explain finer details of the
thermodynamical and transport properties of
liquids and gases and of chemical rate processes.
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A new apparatus using crossed-beam techniques with a cylindrical electrostatic electron
velocity selector for the study of ionization probability curves of gases is described. Results
for He+ and Ar+ in the first eV above the ionization threshold are given. New computer tech-
niques determine structure and near-threshold behavior. A simple power law yields a good
representation of the experimental results for each ion state, with a different power in each
case. For He a power law with power 1.16 is found. The results for Ar may be represented
by two power laws with powers 1,3 and 1.34, respectively, joining at the energy of the I'F2
level of Ar+.

INTRODUCTION

The study of ionization by electron impact near
the ionization threshold is of considerable interest
for the determination of electron-neutral interac-
tion laws, and has been the object of a consider-
able number of experimental and theoretical works.
The experimental work, however, has not yet al-
ways yielded the results hoped for, as witnessed
by the lack of agreement between the results from
different laboratories and by the lack of repro-
ducibility of results in general.

For instance, there has been considerable dif-
ficulty in the past in obtaining sufficiently large
currents of fairly monoenergetic electrons at
energies from 10 to 25 eV. Although the introduc-
tion of the retarding-potential-difference (RPD}
method' and of spherical' and cylindrical3 electro-
static electron velocity selectors has permitted
narrower energy spreads, the limited electron

energy resolution is still somewhat of a, problem.
Another difficulty4 is that in a I-cm' Nier-type

ionization chamber, at pressures as low as 10 '
Torr, if there is a monolayer of gas on the sur-
face, then there are 10 -10' times more mole-
cules on the walls than in the volume enclosed.
The ionization potential of molecules on the wall
may be slightly different from that for corre-
sponding free molecules, and thus change the shape
of ionization probability curves.

Recent measurements of surface phenomena' '
reveal another source of experimental errors.
They indicate, for instance, that it is quite diffi-
cult to obtain the field-free or at least constant
low-field region necessary for accurate measure-
ments of ionization cross sections; and a field in
this region, caused by such surface phenomena,
can greatly influence the ion collection efficiency
as well as broaden the electron energy spread.

Many other sources of systematic errors due to


