
VOLUME 21, NUMBER 21 PHYSICAL RKVIKW LKTYKRS 18 NovEMBER 1968

Dr. V. R. Brown for helpful discussions and corn-
munication of their results prior to publication.
This work was supported by grants from the
Atomic Energy Control Board and the National
Research Council of Canada.

'B. Gottschalk, W. J, Schlaer, and K. H. Wang, Nucl.
Phys. 75, 549 (1966); K. W. Rothe, P. F. M. Koehler,
and E. H. Thorndike, Phys. Rev. 157, 1247 (1966);
I. Slaus, J. Verba, J. Richardson, R. F. Carlson,
W. Van Qers, and L. S. August, Phys. Rev. Letters 17,
536 (1966); R. E. Warner, Can. J. Phys. 44, 1225
(1966); J. C. Thompson, S. Naqvi, and R. E. Warner,
Phys. Rev. 156, 1156 (1967); M. L. Halbert, and D. L.
Mason, Phys. Rev. 168, 1130 (1968); A. Bahsen and
R. L. Burman, Phys. Letters 26B, 585 (1968); G. M.
Crawley, D. L. Powell, and B. V. Narasimha Rao,
Phys. Letters 26B, 576 (1968).

2E. M. Nyman, Phys. Letters 25B, 135 (1967), and
to be published.

SG. Felsner, Phys. Letters 25B, 290 (1967).
4F. E. Low, Phys. Rev. 110, 974 (1958).
M. I. Sobel and A. H. Cromer, Phys. Rev. 152, 1351

(1966), and 158, 1157 (1967).
W. A. Pearce, W. Gale, and I. Duck, Nucl. Phys.

B3, 241 (1967).
~P. Signell and D. Marker, Phys. Letters 26B, 559

(1968).
V. R. Brown, Phys. Letters 25B, 506 (1967), and

Phys. Rev. (to be published).
~D. Drechsel and L. C. Maximon, Phys. Letters 26B,

477 (1968), and to be published, and private communi-
cation.

B. Gottschalk, W. J. Schlaer, and K. H. Wang, Nucl.
Phys. 94, 491 (1967).

M. R. Wigan, R. A. Bell, P. J. Martin, O. N. Jarvis,
and J. P. Scanlon, Nucl. Phys. A114, 377 (1968).

~ T. Hamada and I. D. Johnston, Nucl. Phys. 34, 382
(1962).

~3R. A. Bryan and B. L. Scott, Phys. Rev. 164, 1215
(1967).

POLARIZATION-ASYMMETRY TEST OF TIME-REVERSAL INVARIANCE*

E. E. Gross, J. J. Malanify, A. van der Woude, and A. Zucker
Oak Hidge National Laboratory, Oak Ridge, Tennessee

(Received 23 October 1968)

Time-reversal invariance for strong interactions, in particular for that part of the
force which flips the spin of the proton, has been tested by comparing the polarization
and asymmetry in the elastic scattering of 32.9-MeV protons from C at 60'. By mak-
ing the measurements for ~3C relative to C, where spin flip is forbidden except in case
of parity nonconservation, we avoid the need to measure either an absolute beam polar-
ization or absolute analyzing power. Our first result is that the polarization and asym-
metry are equal to +2.5%; consequently, we observe no violation of time-reversal in-
variance.

The discovery of the violation of charge conju-
gation and space inversion (CP) invariance in the
decay of the K,' meson by Christenson et al. ' has
stimulated a whole host of experiments in search
of violation under time reversal of the weak,
electromagnetic, and strong interactions. The
search for time-reversal violation in nuclear re-
actions has centered on tests of detailed balance
by the comparison of cross sections in inverse
reactions. Very accurate measurements' have
been made which have reduced the uncertainty in
the cross-section comparisons to about +0.3%.
Handler et al. s have tested time-reversal invari-
ance in P-P scattering at 430 MeV by comparing
selected triple-scattering parameters.

Another time-reversal test in nuclear reactions
is the comparison of polarization and asymmetry
in elastic scattering. For particles of spin &, the
polarization I' is defined as the scattered-beam

polarization when an unpolarized target is bom-
barded by an unpolarized beam, and the asymme-
try A is defined as the experimentally measured
left-right asymmetry s when a beam of 100% po-
larization is scattered by an unpolarized target.
All scatterings are at the same angle 0. In the
case of a beam which is not 100% polarized, A

is related to E by

No. scattered lefte=P
No. scattered left and right

No. scattered right
No. scattered left and right

= PD(L R), —

where I', is the fractional polarization of the in-
cident beam. In order to indicate why a polariza-
tion-asymmetry comparison is sensitive to time-
reversal invariance, we follow Squires and con-
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FIG. 1. Schematic diagram showing the influence of
the time-reversal operation on a proton spin-flip elas-
tic scattering.

sider the process shown schematically in Fig. 1.
A proton with spin up (+) is scattered through an
angle 0 to the right in such a way that it emerges
with its spin down (-). The probability of this
process is designated by R+ . Under the time-
reversal operation (t = t) R+ be—comes L+ . By
assuming invariance under rotation about the
beam direction, I-+ =R +. Therefore, a viola-
tion of time-reversal invariance would be sig-
naled by the inequality of R+ and R +.

If an unpolarized beam is scattered through an
angle ~ to the right, the polarization of the scat-
tered beam, using the Basel convention, is

P =R +R+ [R+++-R-']---
and if a 100% polarized beam, Pa=1, is scattered
through the same angle from the same target, the
asymmetry A is given by

A=R +R -[L +L ],
which from rotational invariance becomes

A =R+++R+ -[R ++R ].

We find that

A =P+ 2(R +-R+ ),

or that A =P identically if time-reversal invari-
ance holds, and that any departure from this
equality indicates violation of time-reversal in-
variance. We note here that AtI' on account of
parity violation, but this effect is expected' to be
of the order of 10 ' and does not concern us in
this paper.

The experiment is simple in principle: One
just measures the difference in I' and A for the
elastic scattering of protons from a suitable tar-

FIG. 2. Schematic diagram of polarization-asymme-
try test of time-reversal invariance. The unprimed
quantities apply when ~3t is the target, while the
primed quantities apply when the target is ~2C.

get.
Previous polarization-asymmetry comparisons'

have achieved at best 10% accuracy because both
an absolute beam polarization and an absolute
analyzing power had to be determined. We re-
duced this uncertainty by a technique which does
not require accurate measurements of these two
quantities. The experiment involves the compari-
son of polarization and asymmetry for elastic
scattering near 60 of 32.9-MeV protons from
"C, ground-state spin ~. However, the measure-
ments are made relative to "C, ground-state
spin 0, where there is no spin flip (R+ =R +

=—0), and the polarization-asymmetry equality
holds regardless of invariance under time rever-
sal. Four measurements are made. They are
shown schematically in Fig. 2. The unprimed
quantities are used when ' C is the target, the
primed quantities when the target is "C. First,
with the polarized beam we measure the asym-
metry &, and &,' for each target. The value of
the asymmetry depends on the incident beam po-
larization I', in exactly the same way, so that the
ratio p, is dependent only on the ratio of the
asymmetries. Second, for the unpolarized-beam
measurement, if the scattered energies from "C
and "C are equal, the analyzing power A, of the
polarimeter does not appear in the ratio p, of the
measured asymmetries. Then making use of the
polarization-asymmetry equality for "C, the ra-
tio of the polarization and asymmetry in "C is
given by

These cancellations are strictly correct only to
first order. Uncertainties introduced by such ef-
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fects as the variation of polarization with energy
and angle cannot be neglected. It is for this rea-
son that we have chosen the pair of nuclei "C and
' C on which to make our measurements. From
previous measurements' on "C it was apparent
that its differential cross section and polariza-
tion were especially favorable for the present ex-
periment. Results of more detailed measure-
ments are shown in Fig. 3. The angular distribu-
tions for "C and "C are quite similar. The flat
region in the differential cross section near 60'
is advantageous since this feature reduces the
systematic asymmetry due to small angular mis-
alignments. Near 60' the polarizations also have
broad maxima. Measurements of the elastic po-
larization at 60' have been made as a function of
proton beam energy. All of these detailed subsid-
iary measurements indicate that it should be pos-
sible to reduce the uncertainties in the polariza-
tion-asymmetry comparison to less than 1%. We

report here a first measurement accurate to
2. 5%.

The polarized-beam measurements were made
using a proton beam scattered through 25. 5 from
a 10-MeV-thick calcium target. This technique
has been described in detail elsewhere. ' Because
the polarized protons were produced by scatter-

ing, there was no variation in P, during the
course of the experiment. The polarization of the
(32.9+ 0.1)-MeV protons was measured to be
0.312+ 0.007. This beam was elastically scat-
tered at 91ab=60.0'+ 0.1' from 25-mg/cm' tar-
gets of "C and "C (enriched to 90% "C). The ex-
perimental asymmetries were measured to about
+1%. They were e, '('2C) =0.205 and e, (~~C) =0.196.
The ratio of these two values, which is equal to
the ratio of the asymmetry for "C scattering to
the asymmetry for "C scattering at Olab = 60 and

32.9 MeV, is

p, =A' /A =1.046+ 0.016.

For the unpolarized measurements, protons
with an energy of 32.9+ O. l MeV were scattered
at Olab=59. 9 +0.1 from the identical targets
used in the polarized-beam measurements. The
scattered protons were collimated, transported
by a 7.5-cm aperture triplet-quadrupole lens,
and brought to a focus about 2.3 m away on a po-
larization analyzer. This reduced the neutron
background from the carbon targets at the analyz-
er, and was particularly important because of the
difference in the (P, n) cross sections for "C and
~3C

The analyzer was a 49-mg/cm' "C foil. Pro-
tons scattered from it were observed at 60' left
and right. The peak-to-valley ratio of the elas-
tic peak was always greater than about 60, and
the uncertainty in the background subtraction was
smaller than the error due to statistics. Two ex-
perimental asymmetries were again measured:
e, '(~'C) =0.370 and e, ('~C) =0.350. From the re-
sults of our subsidiary measurements, correc-
tions were made for the 0.2-MeV difference in
scattered beam energy and difference in angle of
0.1'. We then find the ratio p, for 6Ilab = 60', and
for an energy of 32.9 MeV, to be

0.6
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p, =P'/P = 1.054+ 0.017.

Now, making use of the equality of the polariza-
tion and asymmetry in "C scattering, our final
result: The ratio of the polarization and asymme-
try in "C elastic scattering at Slab=60' and pro-
ton energy 32.9 MeV is

J' /A = 0.992 + 0.025.

50 55 60

eL~B

65 70

FIG. 3. 32.9-MeV proton elastic-scattering differen-
tial cross section and polarization near 60' for ~ C and

C. The error flags represent absolute errors.

This result represents the most precise polariza-
tion-asymmetry comparison to date. It is hoped
that with continued efforts, the uncertainty may
be reduced still further.

The conclusion of this work is that this scatter-
ing process, which is dominated by the strong in-
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teraction, satisfies time-reversal invariance to
within the accuracy of the measurements.
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ION-ION POTENTIALS AND THE COMPRESSIBILITY OF NUCLEAR MATTER
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With a schematic model for the nuclear matter we give a unified treatment of the real
and imaginary parts of the elastic 0~6-0~6 scattering potential. The model connects the
parameters of the potential with the density and binding properties of the 0'6-0' system
and reproduces the structure of the excitation function quite well. It is shown that the
nuclear compressibility can be obtained from the scattering data, and in the case of the
S compound system there results an effective compressibility (finite quenching of the
nuclei) of about 200 MeY.

In ion-ion collisions, as for example in the
elastic O' -O" scattering process, the two nu-
clei penetrate each other if the bombarding ener-
gy exceeds the Coulomb barrier (about 12 MeV
in the c.m. system for 0"-0"). Above 15 MeV
(c.m. ) the experimental 90' 0'6-0'e differential
cross section found by the Yale group' is de-
pressed by more than a factor 10 from the Mott
cross section and shows a regular resonance
structure (see Fig. 3). This obviously suggests
that a real scattering potential alone cannot de-
scribe such a behavior and that a strong imagi-
nary part has to be present. &' It is the aim of
this paper to present some ideas on the origin of
the real and imaginary parts of the ion-ion poten-
tials and to compare the results with the experi-
ment.

Before the ions come in contact, the probabili-
ty for transitions from the 0" ground state re-
mains small since the double-closed O' shells
have no low-lying excitations. Behind the con-
tact point we expect a competition between two
processes: the superposition of the densities of
the two nuclei and the rearrangement of the 0'
shells. Both processes develop in nearly the
same time, because the collision time &= 5&&10

sec is of the same order of magnitude as a sig-
nigicant nuclear time, e.g. , the orbital time of a
nucleon in the 0' nucleus. In this intermediate
region between the limits of an adiabatic and a
sudden process we choose the sudden approxima-
tion as our starting point. We superpose the nu-
clear densities to calculate the real part of the
potential. The destruction of the 0' shells, by
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