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for determining the signs of the coupling con-
stants in the states studied in this work are in
progress.

The authors would like to thank Dr. R. Gupta
for valuable advice and assistance.
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FIG. 3. Optical double resonance curves with signals
from the 5 E'Vg2 and 5 &5i2 levels in Cs'~ . The center
of gravity {C.G.) for the E states and the position of
the D resonance also occurring in these experiments
are indicated. Sampling time for each of the curves is
about 1 h.

constants are estimated:

la(5'F„, cs'") l&1.0 MHz

la(5'I'„, cs'")1«v MHz.

Measurements of the hyperfine structure of
other highly excited alkali states and experiments

*Work supported in part by the Joint Services Elec-
tronics Program (U.S. Army, U.S. Navy, U.S. Air
Force) under Contract No. DAAB07-69-C-0383, in part
by the Air Force Office of Scientific Research under
Grant No. AFOSB 72-2180, and in part by the Swedish
Natural Science Research Council.

)Permanent address: Department of Physics, Chal-
mers University of Technology, Fack, S-40220 Gote-
borg, Sweden.

G. za Putlitz, in Proceedings of the International
Conference on Atomic Physics, Xeno 7oxk, edited by
B. Bederson, B. W. Cohen, and F. M. J. Pichanick
(Plenum, New York, 1969).

Y. Archambault, J. P. Descourbes, M. Priou,
A. Omont, and J. C. Pebay-Peyroula, J. Phys. Radium
21, 677 (1960).

3S. Chang, R. Gupta, and W. Happer, Phys. Bev. Lett.
27, 1036 (1971).

R. Gupta, S. Chang, C. Tai, and W. Happer, Phys.
Rev. Lett. 29, 695 (1972).

R. Gupta, S. Chang, and W. Happer, Phys. Rev. A 6,
529 (1972); L. K. Lam, R. Gupta, and W. Happer, Bull.
Amer. Phys. Soc. 18, 121 (1972); C. Tai, R. Gupta,
and W. Happer, Bull. Amer. Phys. Soc. 18, 121 (1973).

S. Svanberg, P. Tsekeris, and W. Happer, Bull ~

Amer. Phys. Soc. 18, 611 (1973).
'D. J. Bradley, G. M. Gale, and R. D. Smith, J. Phys.

8: Proc. Phys. Soc., London 3, Lll (1970).
R. L. Smith and T. G. Eck, Phys. Bev. A 2, 2179

{1970).
D. R. Bates and A. Damgaard, Phil. Trans. Roy. Soc.

London, Ser. A 242, 101 (1949); O. S. Heavens, J. Opt.
Soc. Amer. 51, 1058 (1961).

Determination of the He -He Repulsive Potential up to 0.14 eV by Inversion
of High-Resolution Total —Cross-Section Measurements

R. Feltgen, H. Pauly, F. Torello, * and H. Vehmeyer
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High-resolution measurements of the He -He total scattering cross section are pre-
sented for reduced collision energies between 0.2 and 200 meV. Clear evidence for the
Ramsauer-Townsend effect is observed and thirteen backward glory extrema are re-
solved. From these extrema we derive the energy dependence of the s phase shift, Ap-
plying the semiclassical inversion method proposed by Miller we then compute the repul-
sive potential up to 0.14 eV.

Knowledge of the interaction between two He'
atoms in the ground state has been greatly in-
creased in recent years. Relative differential

scattering cross-section measurements at fixed
energies' ' give sufficient information on the in-
teraction potential only at energies which are not
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FIG. I.. Measured and calculated total effective scattering cross section jeff for He -He4 as a function of the pri-
mary beam velocity v~ (velocity resolution 6'io) . Scattering chamber temperature is 1.57'K. The theoretical curve
is calculated from the potential explained in the text. N is the extrema index of Ref. 4.

too small. ' However, total scattering cross-sec-
tion measurements give this information in the
entire energy range. At reduced energies K&2
a powerful method for determining the repulsive
region of the potential is to measure the back-
ward glories ' of the total cross section. Previ-
ous measurements of this type' ' can determine
the repulsive potential in only a small interval
because of the limited energy range. In the low-
energy region (including K& 2) total scattering
cross-section measurements are also used to de-
rive the properties of the potential in the well. '
At small energies (K&0.5) the He'-He' system
satisfies the conditions of an atomic Ramsauer-
Townsend effect' "': The total cross section
shows a deep minimum at one particular velocity
associated with the passage of the s-phase shift
through zero, while higher phase shifts are also
small. An experimental resolution of this effect
would give valuable information on the He'-He4
potential well.

%e report here measurements of the He4-He'
total effective scattering cross section with high
energy resolution in the energy regions discussed
above (0.2&K&200). Except for several modifi-
cations, the apparatus used is that described
previously. "'" The He' primary beam is veloci-
ty selected (effective resolution half-width 6%)
and then scattered by He' in a scattering cham-
ber maintained at 1.57'K by a pumped He bath.

Additional details will be given in a forthcoming
paper.

The experimental results are shown in Fig. 1.
Using a symmetric selector" the velocities v,
are determined to within 0.3%. The experimen-
tal Q, // values are obtained as relative cross
section measurements. The standard deviation
of each measurement is generally smaller than
1% unless otherwise indicated in Fig. l. An ab-
solute cross section scale is established by com-
parison with theoretical calculations below.

As can be seen, all thirteen backward glory ex-
trema in the measured energy range are clearly
resolved. The oscillations are labeled with the
extrema index N of Ref. 4. At low energies the
Ramsauer- Townsend effect is visible as a pla-
teau. The minimum of the cross section in this
region cannot be resolved with the present exper-
imental technique. It may be possible to obtain
such a resolution with a scattering chamber
cooled by a He' cryostat or with a secondary
beam crossing the primary beam at the proper
angle. " We intend to use the second method in
future measurements.

The measured backward glory extrema in Fig.
1 lead directly to the repulsive potential using
the semiclassical inversion method proposed by
Miller. "'" In this method the semiclassical in-
tegral representation of the s phase shift is trans-
formed to yield the classical turning point ro(E):

~,(E) =(2k) ' —(2///)(h'/2//)'/2jm f„. dr7[E —E(n)] '"+f„ /, i
dj,[E —E(j,)] '"),
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where E is the relative collision energy, k is the
relative wave number, p, the reduced mass, E(n)
is the inverse function of the WEB bound-state
eigenvalue function n(E), and E(qo) is the inverse
function of the energy dependence of the s phase
shift g, (E). From ve(E) we obtain the potential V
at r, via the turning-point condition

V(~,) =E —I'(8pr, ') '. (2)

To obtain ~0 we must evaluate the three terms
in Eq. (1). The first term is straightforward; it
is due to the centrifugal part of the effective po-
tential and occurs also for angular momentum l
=0 since in our case the effective potential must
be written in the l+-,' version (see footnote 5 in
Ref. 17). The second term requires an assumed
potential well. For the third term, which in our
case gives the dominant contribution, the s phase
shift qo(E) must be known in the semiclassical
approximation, since the Miller formula is only
valid here. For energies E )E, (E, backward
glory minimum energy) q, (E) can be calculated
semiclassically at the backward glory extrema
positions E:

I I I

Eg

[rad]
0-

(E) calculated for the starting part
(E) derived from the measured N(E) spectrum

ro

-10-

-20-

N being the extrema index. ' In our case the func-
tion cp(E) is a small correction term which de-
pends so weakly on the shape of the repulsive po-
tential that the knowledge of the final inverted po-
tential is not necessary for evaluating Eq. (3).
At E(E„q,(E) must be computed semiclassical-
ly for an assumed potential.

Therefore, in order to compute a repulsive po-
tential for values V) V, [V, corresponding to E
=E, in Eq. (2)] by inversion of a measured q, (E)

curve for E )E, we need in addition an assumed
potential for the region V& V~; we call this the
starting part. The inverted repulsive part togeth-
er with the starting part then represents the new

derived potential.
In a preliminary analysis we use the "best-fit"

potential proposed by Cantini et al. ' for the start-
ing part because it fits the data well in Fig. 1 up
to E-30 meV. " The repulsive part up to 0.14
eV is then inverted using the measured N(E)
spectrum.

Figure 2 shows the phase shifts g, (E) used in

Eq. (1). The resulting repulsive potential V(r)
is presented in Fig. 3. As expected the repulsive
part is "softer" than the Lennard- Jones (ll, 6)
shape of Ref. 7 for V&30 meV. The potential
values agree well with those reported previous-

To check the reliability of the applied inversion
procedure we have computed the total effective
scattering cross section using the derived poten-
tail. Agreement is generally good as can be seen
in Fig. 1. However, small deviations do occur."
We believe that the starting part is more respon-
sible for these deviations than the inverted part
for the following reason. Although the inverted
values are influenced by the chosen starting part
[for the values in Fig. 3 the second term in Eq.
(1) contributes 26% to the ~,(E) value at E =17
meV and 13% at E =142 meV], identical results
are obtained with two further starting parts
(ESMSV-II' and mLJ-D'), i.e., the inverted re-
sults remain unaffected for starting parts which
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PEG. 2. The s phase shift function go(E) used for the
inversion.
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FIG. 3. The upper repulsive part of the He4-He4 po-
tential determined by inversion. Exponential fit: V
=0.329 exp[15.01(1-r/2. 96 A) i meV.
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are not too different. Thus we believe that the
inverted part is quite well established.

Accordingly the main error for r(V) in Fig. 3
is due to the error in the V(E) points where ~/
E-2%. This gives ar/r-1% from Eq. (1).
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The 90' electron spectra from oxygen-ion single collisions with Ar have been measured
at energies of 17 to 41 MeV and charge states of 3+ to 8+. A broad peak in the spectra
is observed and identified as electrons lost from the incident ion. A simple model of the
electron-loss process is described which supports the identification.

Fast heavy-ion-atom collisions result in the
production of copious amounts of electrons. The
energy spectra of the emitted electrons have been
studied in detail for incident heavy-ion energies
below 500 keV. Recent reviews of these mea-
surements have been given by Ogurtsov' and by
Rudd and Macek. ' At observation angles of 90'
or greater, the continuous electron spectra are
found to be monotonie functions of the electron
energy, decreasing nearly exponentially with in-
creasing electron energy. Superimposed on the
continuous backgrounds, monoenergetic electrons
have also been observed from autoionization and

Auger de-excitation of the target and projectile.
The subject of this Letter is the continuous

spectra in similar measurements at much higher
energies —in particular, a prominent peak in
these spectra which is unique to collisions at
these energies. This peak is shown, on the basis
of the incident energy and charge-state depen-
dence, to be attributable to electrons knocked out
of the incident ion. A simple model of the elec-
tron-loss process based on elastic electron scat-
tering is described which semiquantitatively sup-
ports this identification.

We have measured the 90' electron spectra in
single collisions of oxygen ions with several gas-
es at energies of 17.5 to 40.8 MeV using charge
states of 3+ to 8+. The oxygen beams were pro-
duced in the University of Washington's FN tan-
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