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curves for small values of n have been omitted,
but will be included in a subsequent publication. "
In the regions where the triplet and singlet chan-
nels cross there is a slight mixing of the chan-
nels, which gives rise to the multiphoton ioniza-
tion signals seen from the triplet states (Table
I). The strong interaction between the 4snd 'D2,
3d5s 'D» and Sd"D, configurations is clearly
seen in the substantial deviation of the channels
from the horizontal or vertical lines which would
be predicted for Ca in the absence of such inter-
actions. It is obvious that assigning unmixed
configurations to particular peaks is highly sus-
pect for 'D, states. In fact, the multichannel an-
alysis" shows that none of the newly observed
'D, states contains more than a few percent ad-
mixture of sd5s or Bd'. By contrast, the quantum
defects for the 4sns 'S, states (Table I) show no
evidence of perturbation by the (as yet unob-
served) 3d' 'S, state.
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The real and imaginary parts of the interaction potential of metastable He(2 S) with ar-
gon have been accurately determined from high-resolution differential scattering exper-
iments. The real part of the potential shows an unexpected structure with two minima,
while the imaginary part is monotonic, but cannot be expressed by a single exponential.

If a metastable helium atom (He*) collides with
a ground-state argon atom it can either be scat-
tered elastically or it can ionize the argon be-
cause its excitation energy is more than 4 eV
higher than the ionization potential of argon. This
inelastic process, called Penning ionization, has
been extensively studied in recent years. ' The
ionization causes a loss of Qux from the incident
beam. When inelastic channels are open a scat-
tering process can be phenomenologically de-
scribed by a complex potential W(R) = V(R) —iT(R)/
2, where I (R) is usually called the width of the
potential. Complex or optical potentials which
have been used extensively in nuclear physics'
have also been used in the analyses of molecular-
beam experiments with metastable helium"4 and
with chemically reactive molecules. ' lf the opti-
cal potential is defined rigorously it becomes en-

ergy dependent and nonlocal. " In the case of
scattering metastable helium from atoms, a lo-
cal Born-Oppenheimer- type of approximation
will probably be rather good, because the loss
from the incoming channel is due to an electronic
transition which is very fast compared to the
heavy-particle motion.

A large number of experiments have been per-
formed to determine some of the properties of
the He*-Ar system. Measurements have been
made of the energy dependence of the total elas-
tic cross section, of quenching and ionization
rate constants and cross sections, and of the ve-
locity dependence of the Penning electron energy
and angular distributions. The angular distribu-
tions of the resulting Ar' have also been mea-
sured. ' The theory has been developed mainly by
Nak3, mur3, 7 and Miller. '
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We have studied in a high-resolution experi-
ment the elastic scattering of metastable helium
(ls2s, 2'8) from argon and have been able to de-
termine an accurate optical interaction potential.
The resolution of the two earlier differential scat-
tering experiments" was not sufficient to allow
an unambiguous determination of the potential.
The details of the present experiment are simi-
lar to those described in Ref. 4; however, sig-
nificant improvements have been made in both
the velocity and angular resolution. Atoms in a
free jet of helium are excited by electron impact
to the two metastable states. The singlet state
can be quenched optically. ' The beam is crossed
by a second free jet of argon atoms and the num-
ber of scattered metastables is counted. For
each angle data taken with and without the quench
lamp are automatically subtracted and normal-
ized to the intensity of an out-of-plane monitor
detector. All experimental details will be de-
scribed more fully elsewhere. '

The measured differential cross sections are

10" =

shown in Fig. 1 for three different center-of-
mass energies. The small-angle oscillations
which are very sensitive to the location of the re-
pulsive wall are clearly resolved. Only the an-
gular distribution at 21 meV does not show the
pronounced maximum which shifts to smaller an-
gles with increasing energy. Beyond this maxi-
mum the intensity drops rapidly. The data be-
come noisy because they consist of the small dif-
ferences (-0.5 counts/sec) of two larger numbers.

No inversion procedure exists for complex po-
tentials. Therefore the differential cross section
was calculated from assumed complex potentials,
using a complex Numerov integration method"
for the Schrodinger equation. A Morse-type inter-
action potential was unable to produce the ob-
served large variations in the angular distribu-
tions. Also the peak in the angular distribution
could not be explained by a mirrorlike reflection
from a steeply rising imaginary potential. A
good fit was obtained using a potential with two
minima separated by a sharp maximum as shown
in Fig. 2. The rainbow scattering" from this
maximum causes the observed peak in the angu-
lar distributions. The imaginary part of the po-
tential is purely monotonic. The calculated differ-
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FIG. 1. Differential cross sections for He(2'S) +Ar in
the lab system for three different center-of-mass ener-
gies. The theoretical result calculated from the poten-
tial shown in Fig. 2 is given by the solid line. The peak
in the differential cross section is due to rainbow scat-
tering from the intermediate maximum in the interac-
tion potential. For 66 and 48 meV some of the error
bars have been terminated for clarity of display.
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FIG. 2. Heal ( ) and imaginary (-~ —~ ) part of the
interaction potential used to calculate the solid curve in
Fig. 1. The three energies for which the experiments
have been performed are indicated. The dashed line
shows the real part of the potential proposed by Olson.
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ential cross sections appropriately transformed
and averaged are compared to the experimental
data in Fig. 1.

Most of the parameters of the potential were
determined by the nonlinear iterative least-
squares procedure due to Marquardt. '~" Using
the usual method" of constructing piecewise ana-
lytical potentials and joining them with spline
functions caused the least-squares program to
diverge if more than some well-behaved Morse

parameters were varied. Therefore the overall
shape of the potential was fixed as the sum of
bvo Morse potentials and two of its parameters
were varied for fine twang the potential in the re-
gion of the repulsive wall and outside the inter-
mediate maximum. The double Morse functions
were asymptotically coupled by a cubic spline in-
terpolation to aR ' potential, whose Van der
Waals constant had been previously calculated. '~

The potential is given below (energies are in
electron volts and distances in atomic units):

2

V(R) =QD;E, (E —2), E;=exp[p, (1 —X/R;)], D, = 0.00347, R, =10.703, p, =5.44,

D, =0.549, R, =5.33;

8.23/0. 668+ 0.332 exp[- 2(R —5.63)2]), R ~ 5.63,
8.23, 5.63 ~R ~ 1.2R„'

R~ R ~ 6.71~
X= R-0.263sin[1.075(R-6.71)], 6.»-R-8.»,

R —0.263exp[-0. 85(R —8.17)'] 8.17~R ~1 2R»

V(R) = —1.94x10 '+ (R —1.2R,) (4.44 x10 4 —(R —1.5R,) [8.84x10 ' —(R —1.2R,)1.06x10 ~]],

1.2g, &R &1.5R„
V(R) = —8875R ', 1.5R, ~R.

Usually the imaginary part of the potential is
taken as a single exponential. However in order
to obtain a good fit to the measured differential
cross section, we had to use a I'(R) of the follow-
ing form: I'(R) =1.9&&10 'exp[-0. 9(R -5.93)']
+ 3.27x10'exp(- 2.26R). The large number of
free parameters in the double Morse function was
absolutely essential to obtain the good fit seen in
Fig. 1. The width I'(R) is given in Fig. 2 by the
dot-dashed line. On the right-hand ordinate the
transition frequency [I'(R)/R] is indicated. The
values e,. and internuclear distances ~,. of the
three extrema are e, = —3.8+0.5 meV, x, =10.41
+0.35 a.u. , e =25.5+2.5 meV, x, =6.71+0.20 a.u. ,
and e,=16.8', » IneV, ~, =5.96+0.20 a.u. The po-
tential is determined and valid of course only at
energies below 66 meV. Experiments with higher
energies are in progress.

The rainbow peak is also apparent in the data
of Hefs. 3 and 4, but due to the limited resolution
it appears only as a shoulder and not as a maxi-
mum in the differential cross section. It was
therefore not recognized at that time, and a sin-
gle Morse-spline-Van der Waals potential plus
an assumed opacity function was used to fit the
data. The question remains how uniquely a com-
plex potential can be determined from an angular
distribution. A correct quantum mechanical treat-

ment has not been carried out before in atomic
physics. The opacity analyses used in Refs. 3
and 4 cannot be applied in this case, because the
strong absorption has a large effect on the differ-
ential cross section. ' The proposed potential re-
produces the small-angle oscillations, the rain-
bow peak, and the strong absorption at large an.-
gles over an energy range of a factor of three.

We were not able to devise a potential without
the intermediate maximum which was compatible
with our data. This maximum explains very easi-
ly two experimental results, which were difficult
to explain with the older smooth potential. ' First,
the total ionization cross section varies only
weakly with energy over the experimental range
(30-600 meV). This is exactly, what one expects
and calculates' from the proposed potential, All
particles below a weakly energy-dependent im-
pact parameter can overcome the barrier, reach-
ing the region of large I"(R) where they are strong-
ly absorbed. Second, the measured Penning elec-
tron energy distributions are narrow and nearly
energy independent. The transition rate is propor-
tional to I'(R)/v(R), where v(R) is the local veloc-
ity. Most of the transitions do not occur near the
repulsive wall as usually assumed, but around
the potenti33. maximum, because of the low veloc-
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ity at this point. This gives rise to a narrow,
nearly energy-independent electron energy dis-
tribution. An energy-independent double "edge
effect" occurs classically, because the differ-
ence potential also shows the intermediate maxi-
mum. ' No structure is expected in the electron
spectra because of the large de Broglie wave-
length, the large value of I"(R), and the limited
experimental resolution. The position of the peak
of the electron spectra is also compatible with
the proposed potential. Calculations and a more
detailed discussion of these effects will be given
elsewhere. '

The velocity dependence of the total ionization
cross section and of the Penning electron spec-
tra of Ar, Kr, and Xe all show the same behav-
ior."" The interaction potentials of He(2'S) with
the heavier rare gases are therefore probably
similar to that with argon. At very small dis-
tances the He*-Ar interaction is predominantly a
He'- Ar interaction and the potential must there-
fore be simila, r to that proposed by Olson" in this
region.

We have also measured angular distributions
for the He(2'S)+ Ar and have obtained the corre-
sponding optical interaction potential. ' The po-
tential, which does not have an intermediate max-
imum, gives a very good fit to the experimental
total ionization cross section, and explains also
the dependence of the Penning electron spectra
on the collision energy. The experimentally ob-
served differences between the two spin systems
can now be rationalized completely by the differ-
ence in their interation potentials. "
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