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Upor example, any elastic or inelastic interaction
with an amplitude T~ sf(t), where #f(t)—0 for t large,
leads to our results.
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Measurements of thé proton polarization in the reactions 7Li("’He,ppol)gBe and °Be(°He,
ppol)“B and of the analyzing powers of the inverse reactions, initiated by polarized pro-
tons at the same c.m. energies, show significant differences which imply the failure of
the polarization—analyzing-power theorem and, prima facie, of time-reversal invariance

in these reactions.
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We report here on the first test specifically de-
signed to compare the polarization (P) in a nu-
clear reaction with the analyzing power (4) in the
inverse reaction.! We find substantial P-4 dif-
ferences. The clear implication is that time-re-
versal invariance (TRI) is broken in some compo-
nent of the nuclear interaction, since the P-A
equality follows directly from TRI.?

The reactions chosen for the P-A comparison
were the two-nucleon transfers "Li(GHe,p)°Be and
°Be(He,p)"'B, with 14-MeV incident *He ions,
and their inverses studied at the same c.m. ener-
gies. The @ values are large implying consider-
able mass, energy, and momentum rearrange-
ment. The measurements of proton polarizations
in CHe,ppo01) reactions were mostly performed at
the Van de Graaff Laboratory of Université Laval,
using a facility based on Si polarimeters,® and re-
sults have been already published.* The analyzing
powers in (p,,1, °He) were measured at the
Berkeley polarized-beam facility of the 88-in.
cyclotron.® The ®He detection was effected with
two pairs of nominal (20-xm, 200-4m) Si detec-
tor telescopes and particle identification. The
calibration of the particle identifier spectra was
performed with the reaction *He(p,*He)*H. The

proton polarization was reversed several times
per second with rf transitions. For both the P
and A measurements, symmetric left-right geom-
etry was used. This symmetry, along with spin
reversal, effectively eliminates systematic er-
rors in the A measurements, and it makes the P
measurements insensitive to small transverse
displacements of the beam on the target. Refer-
ences 3-6 contain further details of the experi-
mental techniques. Experimental spectra in both
the P and A measurements are shown in Fig. 1(a).
Backgrounds associated with the ground-state
peaks are small, and the P and A values with and
without background subtraction-are not signifi-
cantly different.

Because of (a) the substantial P-A differences
in our first measurements and (b) the significance
of this result, we repeated and extended the
measurements of A, and we made completely in-
dependent checks on the measurements of P. The
latter checks were made both at Laval and at
Berkeley, with different polarimeters at the two
locations. The tests at Laval were twofold.
Firstly, some points were remeasured with "Li _
and °Be targets of the same thicknesses as those
of the original measurements® (called PL1). The
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FIG. 1. (a) Sample of experimental spectra. Top: °He spectrum at 33° from the reaction 9Be(ppol,sHe)"Li, show-
ing perfect separation of ground (G) and first excited state (F) of 'Li: A£ =0.47 MeV. The scale of abscissas is 62
keV/channel. Bottom: °Be(*He, p)“B polarimeter spectrum at 45° (Laval polarimeter). Each complete measure-
ment consists of a minimum of eight spectra. The measurements at 42° consist of a total of 48 spectra. The meas-
urements at 44° consist of 32 spectra. These spectra also show perfect separation of ground (G) and first excited
state (F): A£=2.1 MeV. The abscissa scale is 152 keV/channel. (b) Geometrical layout of the Laval silicon po-
larimeters. The angles are indicated by 6;, distances by R;, and slit widths by w;. Increments are shown as & of
the corresponding symbols. The drawing is to scale. The polarization analyzer is a silicon solid-state detector
(at Ry); its energy pulse AE ., is added to the left and/or right pulses of the side detectors L and R (atR,) and
permits thereby the use of a fairly thick analyzer, with high scattering efficiency and energy resolution. The asym-
metry is €=(L —K)/({L +R), where L and R are number of counts of left and right peaks.

"Li remeasurements (PL2, Table I) were made
with a 500-pm Si polarization analyzer in place
of the usual 1000-um analyzer.®? This permitted
better measurements close to 6., . =90°. Second-
ly, measurements were made with significantly
thinner targets in order to determine the depen-
dence of the polarization on the energy interval
spanned in the target. This was necessary be-
cause these energy widths were not identical for
the P and A measurements. The conditions for
the various measurements are listed in Table I,
and the P and A values are compared in Fig. 2.
Since the energies (E., . +&) and the energy
widths were not identical for the P and A meas-
urements, an excitation function A(E,,0, =37°)
was measured in the reaction *Be(p ., He)''B
at an angle near the peak of A(f). Over an energy
span of some 800 keV, about 400 keV on either
side of the original energy, we find a smooth
variation of A(E,). There are no sharp increases
in A (£,) that could move its value into agreement
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with P under a small shift in the energy.

There are two sources of instrumental asym-
metry that cannot be eliminated by the interchange
of polarimeters in the procedure followed at
Laval. One is a shift away from symmetry in
the left-right proton scattering angles of the
polarimeter due to a displacement of the target
along the beam direction from its geometrically
proper position, i.e., the center of rotation of the
polarimeters. The other is a similar effect, due
to nonuniform illumination of the analyzer over
the slit width, caused by the angular distribution
of the CHe,p,1) cross sections. Figure 1(b)
shows a detailed drawing of the geometry of one
polarimeter. The angular distributions of these
systematic asymmetries, to leading order in the
relevant parameters, are easily established: For
a target displacement AZ

ez(91)%%?—<gg—l((§j)l> sind, 1)
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TABLE 1. Experimental conditions. P (§) measurements PL1-PL4 were made at Laval, PB1 at Berkeley. A(6)
measurements AB1 and AB2 were made at Berkeley. For the Laval polarimeters ((0’/0);) =—0.24 and about half

that value for the Berkeley polarimeters.

E (°He) ® Target Thickness Ecom tQ° AEq, m, ° A6, ° max(o’/0),; ¢
Expt. (MeV) (mg/cmb?) (MeV) (MeV) (deg) (deg™!)
pr1d © (13.5 Li 3.4 20.63 0.98 2.2 0.033
and pm} { 13.6 'Be 2.7 20.51 0.76 2.2 —0.045
PL3 13.5 "Li 1.85 20.63 0.53 2.6° 0.033
13.6 9Be 0.65 20.51 0.18 2.6 —0.045
PL4 13.6 ‘Be 2.7 20.51 0.76 1.9° —0.045
PB1 13.7 'Be 2.7 20.63 0.76 0.86 0 at 40° (lab)
—0.045 at 45° (lab)
E,? Ecom*®
AB1 22.92 ‘Be 0.65 20.61 0.1
22.37 iig 0.30 20.49 0.1
AB2 23.05 Be 0.45 20.73 0.1
: 22.37 i 0.30 20.49 0.1

2Energy at center of target.

bEnerg‘y width spanned by experiment. For (*He,p) it is dominated by the energy spread due to target thickness.

For (p,°He) it is dominated by the beam energy width.

°Defined in text (A6, =3 angle subtended by analyzer slit, i.e., slit accepts 6, + Ag,).

dRef. 4.

°With inclusion of multiple-scattering effects in the analyzer 2.2° is increased to 3.1°, 2.6° to 3.5°, and 1.9° to

2.7°.

and for the nonuniform slit illumination

wa’®,) [a'6,) .
EW(;{Q—:)— -2 Sll’l92>. (2)

Here 0’(6;) =40(0;)/d6;, w/R =R, +w,R,)/R\R,;
all remaining symbols are shown in Fig. 1(b).
Clearly w,/R,)w/R) =A0,(A0,+A60,). We have
(€ 5) max =0.0015.

The asymmetry €, at 6; =45° and AZ =0.002 in.,
for example, is approximately 0.005 for the Laval
geometry and 0.003 for that of Berkeley. For the
measurements of experiment PL4, on °Be at 0,
=42° and 44°, extreme care was exercised in
monitoring the target position. Two transits
sighting at right angles were used, with one
aligned along the beam direction. The target was
centered to + 0.001 in. and thus €, is quite small.
The conversion from measured asymmetries to
polarizations is accomplished with a computer
program which includes all finite geometry cor-
rections calculated not with (2) but exactly, and
uses an effective analyzing powevr for the polarim-
eters.®* The latter is a good approximation: In
tests subdividing the analyzer detector thickness
into ten slices, one obtains an average A =0.2413,
to be compared with A =0.2415. Also, an over-
all experimental check was made routinely in the

1w
63(91)5-—':;}—{'1‘

Laval experiments through a measurement of

the proton polarization in the reaction *HCHe,
ppo1)*He. The agreement with completely inde-
pendent measurements’ was always within the er-
rors of the separate results.

At Berkeley, a completely different control ex-
periment was possible with the availability of
higher energy protons. That is, in experiment
PBL1 the *Be(*He,p ,1)"'B polarizations at 6, =40°
and 45° were determined by way of a direct com-
parison with known **C(p,p,,1)*?C polarizations.
At each angle, measurements were made of the
asymmetries € CHe,p 01) and €(p,p,1) for the
polarized protons from the respective reactions.
The proton energy in the (p,p,,1) scattering was
selected so that the energy of the protons inci-
dent on the polarimeters was the same as those
from the CHe,p,1) reaction. The latter polariza-
tion was then given simply as

P(He,ppo1)
":P(pyppoI)E@Heyppol)/e(pyppol)- (3)

Since P =A in 2C(p,p)'?C scattering from parity
conservation alone, values of A(p pols p) can be
used in Eq. (3). Although literature values of
A(6) in **C(p po1,p)'*C scattering are available
near the proton energy used,® a separate, high-
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FIG. 2. Left: Comparison of "Li(He, Ppo1) polariza-
tions (triangles) with the analyzing powers in 9Be(pp01 ,
He)'Li (dots). Solid and open upright triangles cor-
respond to PL1 and PL2 of Table I. Inverted open tri-
angles correspond to PL3. Dots are from AB2. Right:
Comparison of *Be(*He, ppol)“B polarizations (triangles
and squares) with analyzing powers in 11B(pp01,3He) 'Be
(dots). Open dots are from ABL of Table I, solid dots
from AB2. Upright triangles are from PL1 and PL2 as
above. The solid squares are from PB1 (Berkeley po-
larimeter results). The solid inverted triangles are
from PL4, with strict monitoring of the target position.
Solid and dashed lines are polynomial fits to the polari-
zation and analyzing powers, respectively. Error bars
reflect largely statistical fluctuations and uncertainties
in background subtraction.

statistics measurement was made of A (9) at this
energy, E,=24.13 MeV. The statistical errors
were in the range AA =+ 0.001 to 0.003, with an
additional absolute scale uncertainty of +2.1%
from the beam-monitoring “He polarimeter.’
From Eq. (3), then, the P(He,p,1) values were
given directly from the ratio of the measured
asymmetries and the measured A (p,,1,p) values,
and no separate calibration of the polarimeters
was required. From Table I and Eq. (2) it is
clear that there is no correction for nonuniform
illumination of the analyzer at 40°(lab) and at 45°
AA =0.006, resulting in AP =0.018 (Berkeley
polarimeters).

Following reports of our preliminary results,
independent determinations of P in the reaction
°Be(*He,p . 1)"'B have been made by a group at
Los Alamos. They report a large discrepancy
between their preliminary results and our values,
with their measurements of P indicating agree-
ment with A in the inverse reaction, as measured
by the authors of this Letter. Thus, there is now

9,10

1806

a clear experimental disagreement to be resolved.
At the present, however, our lack of detailed
knowledge of their experimental procedures pre-
cludes an independent evaluation of their results.

In summary, we have found large differences
between P in the reactions "Li(®*He,p)°Be and
“Be(He,p)"'B and A in their inverse processes.
From such an inequality between P (in a reaction)
and A (in its inverse) it is straightforward to
conclude that, prima facie, TRI is violated in
these reactions. Clearly, more experiments are
necessary to corroborate these results, and we
are pursuing them.

We are grateful to R. M. Larimer for her assis-
tance during the course of these experiments at
Berkeley. The help of P. Bricault and L. Potvin
during the measurements at Laval is gratefully
appreciated. Dr. S. S. Dasgupta who assisted us
during part of the present work is also heartily
thanked. One of us (F.H.) was supported by a
Deutscher Akodemischer Austauschdienst fellow-
ship.
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IThere have been previous P-A comparisons in re-
actions, but these have been incidental to the main pur-
pose of the experiments. For example, R. A. Hard-
ekopf et al., Nuecl. Phys. A191, 468 (1972), compared -
their A (6) results in *H(p ,o1, d)°H with the P (6) results
of others in 2H@,p,01)°H. The P-A differences that
can be noted at E;= 2 and 3 MeV were ignored and,
presumably, were attributed to experimental errors in
the P (9) measurements.

’R. J. Blin-Stoyle, Proc. Phys. Soc. London, Sect.

A 65, 452 (1952); G. R. Satchler, Nucl. Phys. 8, 65
(1958); L. C. Biedenharn, Nucl. Phys. 10, 620 (1959).
3R. J. Slobodrian, M. Irshad, R. Labrie, C. Rioux,
R. Roy, and R. Pigeon, Nucl. Instrum. Methods 159,

413 (1979).

‘M. Irshad, J. Asai, S. Sen, R. Pigeon, and R. J.
Slobodrian, Nucl. Phys. A 265, 349 (1976); M. Irshad,
C. Rioux, J. Asai, R. Pigeon, and R. J. Slobodrian,
Nucl. Phys. A286, 483 (1977).

5A. D. Bacher, G. R. Plattner, H. E. Conzett, D. J.
Clark, H. Griinder, and W. F. Tivol, Phys. Rev. C 5,
1147 (1972).

3. Birchall, H. E. Conzett, M. Dahme, J. Arvieux,
F. N. Rad, R. Roy, and R. M. Larimer, Nucl. Instrum.
Methods 123, 105 (1975).

'R. J. Brown and W. Haeberli, Phys. Rev. 130, 1163
(1963); W. G. Weitkamp and W. Haeberli, Nucl. Phys.
83, 46 (1966).

®R. M. Craig, J. C. Dore, G. W. Greenlees, J. Lowe,




PHYSICAL REVIEW LETTERS 21 DECEMBER 1981

VOLUME 47, NUMBER 25

and D. L. Watson, Nucl. Phys. 79, 177 (1966).

°H. E. Conzett, in Polarization Phenomena in Nuclear
Prysics, 1980, edited by G. G. Ohlsen et al., AIP Con-
ference Proceedings No. 69 (American Institute of Phys-

ics, New York, 1981), p. 1422.

'9R. J. Slobodrian, Hadronic J. 4, 1258 (1981).

"'P, W. Keaton, R. A, Hardekopf, P. W. Lisowski, and
L. R. Veeser, Bull. Am. Phys. Soc. 26, 623 (1981).

Nuclear Fluid Dynamics versus Intranuclear Cascade —Possible Evidence
for Collective Flow in Central High-Energy Nuclear Collisions

H. Stocker, C. Riedel, and Y. Yariv‘®
Gesellschaft fiiv Schwevionenfovschung, D-6100 Davmstadt, Germany

and

L. P, Csernai,™ G. Buchwald, G. Graebner, J. A. Maruhn, and W. Greiner
Institut fiiv Theovetische Physik, J. W. Goethe Universitit, D-6000 Frankfurt am Main, Germany

and
K. Frankel, M. Gyulassy, B. Schiirmann,‘” and G. Westfall
Nuclear Science Division, Lawvence Bevkeley Labovratory, Universilty of California, Bevkeley, California 94720
and

J. D. Stevenson
Space Science Laboratory, Bevkeley, California 94720

and

J. R. Nix and D. Strottman
Theoretical Division, Los Alamos National Labovatory, Los Alamos, New Mexico 87545
(Received 28 August 1981)

The predictions of a variety of current theoretical models of high-energy nuclear col-
lisions are compared with recent experimental data for central collisions of 2°Ne on 238U

at £1,5 =393 MeV/u. The experimental observation of broad sideward maxima in the
angular distributions of low- and medium-energy protons is reproduced by a nuclear
fluid-dynamical calculation with final freezeout of the protons. In contrast, the current
intranuclear-cascade and simplified collision models predict forward-peaked angular

distributions.

PACS numbers: 25.70.Fg, 24.10.Dp

High-energy nuclear collisions offer a unique
opportunity to probe nuclear matter at high den-
sity and temperature. However, a precise knowl-
edge of the reaction dynamics is required to ex-
tract information on the bulk properties of nucle-
ar matter from the experimental data.

It has been pointed out that the large pressure
in the high-density, high-temperature matter
should cause a collective hydrodynamical side-
ways flow."? Quite early experiments® reported
sideward maxima in the angular distributions of
a particles emitted from high-multiplicity select-
ed, i.e., central, collisions. On the other hand,
inclusive, i.e., impact-parameter averaged, da-
ta** on light-fragment emission do not show side-

ward-peaked angular distributions. However,
the measured azimuthal correlations between
light and heavy fragments® exhibit signatures of
the hydrodynamical bounce-off effect,®” and so
do the two-proton correlations® in heavy systems.
From the inclusive data® it was in general not
possible to differentiate between the existing dy-
namical models. Possible differences are washed
out by the impact-parameter averaging.® Hence,
recent high-multiplicity selected data'® for Ne
(393 MeV/u) + U- light fragments have received
great attention. It is the purpose of the present
work to compare the predictions of several dis-
tinct model calculations for this reaction and to
provide a test of these models by a direct con-
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