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This difference is traced back to the use of a
strong p exchange in Ref. 1. It is then shown that
NN interactions which are constrained to fit the
NN phase shifts favor an effective weak p ex-
change which will not give rise to spectacular
collective effects. The uniqueness of the pNN in-
teraction as constrained by NN scattering data is
further shown by comparing the tensor forces of
various interactions. Again NN interactions (in-
cluding the Reid soft core) which fit NN scatter-
ing give a unique prescription for momentum
transfers up to 3 fm™', ruling out a pure m-ex-
change or (7+ strong p)-exchange tensor force.
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The first results of direct measurements of heavy-ion reaction cross sections, oy,
with use of the beam attenuation method are reported. For the !2C + '2C system o was
measured at three incident energies, 112, 360, and 996 MeV. The data show deviations
from the geometrical reaction cross section and agree with recent theoretical predic-

tions based on Glauber theory.

PACS numbers: 25.70.Fg

Recent interest in heavy-ion total reaction
cross sections, 0., stems from articles by
DeVries and Peng' in which the energy depend-
ence of the nucleon-nucleon total cross section
was linked to that of o,. Calculations based on
the Glauber model predicted a maximum in o,
for the '2C +!2C system at ~ 200 MeV (laboratory)
and a steady decrease above this energy up to the
pion threshold. These predictions were confirmed

by values of 0, extracted from '2C +'2C elastic
scattering data® in the energy region between 70
and 300 MeV and at 1016 MeV.® A similar con-
clusion was reached by analysis of %0+ '2C elas-
tic scattering.” Such analyses (optical model,*°
parametrized phase shift,? and sum of differences?)
are, however, model dependent and require pre-
cise measurements of the elastic scattering at
forward angles, which becomes extremely dif-
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ficult in the energy region of interest (30 MeV/
nucleon <E,, <1000 MeV /nucleon) where the
predicted' deviations of o, from the geometrical
value are to be investigated. Therefore a model-
independent method of measuring o, directly is
of considerable interest for testing whether in-
deed the nucleon-nucleon behavior dominates the
energy variation of o, as is predicted by the
microscopic calculations.' It should also be noted
that with the exception of two data points for the
system 2C +2C at Bevalac energies” no direct
measurements of o, exist at all for heavy-ion
collisions up to now.

This Letter reports direct measurements of o,
for *C+'2C collisions at E 1,3 = 9.3, 30, and 83
MeV /nucleon using the attenuation method.® The
three experiments were performed at the Grenoble
cyclotron (9.33 MeV /nucleon), at the new Grenoble
cyclotron facility SARA (30 MeV/nucleon), and at
the CERN synchrocyclotron (83 MeV /nucleon),
respectively.

The principle of the method is very simple.

One measures for a given number of incident
beam particles the number of beam and elastical-
ly scattered particles after passage through the
target. The common feature of these particles is
that they have not given rise to a reaction. There-
fore the difference between this number and the
number of incident beam particles is directly
proportional to 0. Since the elastic scattering
cross section is very strongly forward peaked
this objective may be achieved with good accuracy
by detecting outgoing particles up to a certain
maximum angle beyond which the integrated elas-
tic scattering cross section may be treated as a
small correction. For all energies this maximum
angle exceeded the grazing angle (see Table I)

and therefore no loss of events due to multiple
scattering arises. For heavy-ion reactions there
is, however, a problem due to the presence of a
nonnegligible cross section associated with reac-

tion products at small angles which neccessitates
identification of the outgoing particles.

The apparatus is shown schematically in Fig. 1.
The number of beam particles incident on the tar-
get (~3x10*/sec) is defined by the thin scintil-
lator counter “1” and an active collimator “2” as
B=1-2 (where the bar designates an anticoinci-
dence). The atomic number of the particles after
the target is identified in a thin AE plastic scintil-
lator “3” centered on the beam axis. The identifi-
cation is made by using the two-dimensional spec-
trum AL-t{, where AL is the light output from
counter 3 and ¢ is the time of flight between count-
ers 1 and 3. A similar identification is made in
two further rings of scintillators, 4 and 5, ar-
ranged symmetrically around the central scintil-
lator. These detectors were supported on radial
supports and slightly overlapped the central de-
tector thus providing a continuous detection sur-
face (apart from the radial supports).

The thicknesses of the scintillators and the
length of the time-of-flight path for the three en-
ergies are given in Table I together with the re-
sulting opening angles of the detector arrange-
ment. The values of the respective grazing angles
are also indicated.

The light output and time-of-flight information
from each of detectors 3, 4, and 5 were stored
on magnetic tape. For the central detector 3 a
narrow time window including the beam and
elastically scattered particles was excluded from
the recorded information in order to limit the
count rate at the computer. A raw or uncorrected
reaction cross section o, (a) can be defined with-
out using the recorded information. We define

oxla)

=[B+3(target in)~ B - 3(target out)] /7B, (1)

where 3 denotes the anticoincident events of cen-
tral counter 3 and T is the target thickness in ap-
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FIG. 1. Schematic of the experimental setup.
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TABLE I. Scintillator thickness, distances between the various counters, and the
resulting opening angles of the detectors behind the target. In each case, the three
values given correspond to the three energies of 9.3, 30, and 83 MeV/nucleon, re-
spectively. The diameter of active collimator 2 was 5, 3, and 3 mm, and the labora-
tory grazing angle was 4.23, 1.2, and 0.44 deg, respectively, for these three ener-

gies.
Distances (cm) Scintillators
Counter Counter Thickness Angles
2 Target 3 Counter (mm) Type (deg)
Counter 1 13 36 154 1 0.03 NE 102 ¢; 2.14
52 75 293 0.125 Ref. 9 1.19
52 75 493 0.2 Ref. 9 0.604
Counter 2 23 141 2 0.4 NE 102 64 5.79
23 241 1.0 NE 102 3.19
23 441 1.0 NE 102 1.64
Target 118 3,4,5 0.2 Ref. 9 65 10.55
218 1.0 Ref. 9 5.79
418 5.0 NE 110 3.01

propriate units. The target-in/target-out meas-
urements are necessary to correct for reactions
induced in counters 1 and 3. In practice a series
of target-in/target-out measurements was made
in order to monitor the stability of the result
against small, ever present, variations in the
beam intensity and position. It was found that
0z(a) was stable to within ~2%. Here one should
note that our method is very rapid. In spite of
the low beam intensity it requires only a few
hours for completion of a given measurement.
The final value of 0 is obtained as

@)

where 0;'(a) is obtained from o, (a) by subtract-
ing a correction due to reaction products falling
into counter 3 [cf. correction (c) below]. The

major part of 0., (6> 6,) is measured by counter
rings 4 and 5 [cf. correction (b) for o, (6>6,)].

Or =0R,(a) ~Oclastic (9> 93),

The time and AL resolution was, however, not
sufficiently good for unambiguous separation of
elastic scattering from inelastic scattering and
from neutron-transfer reactions [cf. correction
(a)]. Thus, these measured quantities are sub-
ject to some corrections which are described in
the following. It should be emphasized that the
sum of these corrections does not exceed 10% of
the reaction cross section. The explicit values
of these corrections, the corresponding refer-
ences, and the final results for o, are listed in
Table II.

(a) Determination of events scattered elastical-
ly into the outer detector rings 4 and 5: In these
counters the elastic component was identified by
off-line analysis of the AL-{ spectra. The AL-¢
information was sufficiently good for charge sep-
aration at all energies whereas the corrections
due to neutron transfer were based on existing

TABLE II. List of the quantities used for the extraction of 0. If no reference is indicated for an individual cor-
rection that particular value was obtained by interpolation (see text). The sign of each correction is also indicated.
The transparency T is defined by the equation 7 (E)=1—0z(E)/0x(9.33 MeV/nucleon).

Inelastic Reaction Transparency
Neutron excitation products in relative
E1,p oga) =0 (4+5)  transfer of 12¢C 0c1(60>65)  counter 3 Or to og
(MeV /nucleon) (mb) (mb) (mb) (mb) (mb) (mb) (9.33 MeV/nucleon)
9.33 1550+ 30 +7+5 +15+10 —168+15 +40+10 1444+ 50 0%
(Ref. 11) (Ref. 10) (Ref. 10)
30 1253+ 30 +12+8 + 30+ 20 —-10£5 +30+15 1315+ 40 9%
83 898+ 10 +12+5 +50+20 —-18+4 +18+4 960+ 25 34%
(Ref. 12) (Ref. 3)  (Ref. 3)
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data in the literature for the two extreme ener-
gies and were estimated for the measurement at
30 MeV/nucleon. The time resolution of our de-
tection system (~ 0.4 nsec) defines the energy
band over which we integrate and in which con-
tributions due to inelastic excitation of the '2C
nuclei have to be subtracted (over the angular
range spanned by our detector arrangement). The
cross section of this correction could also be de-
termined from existing data at 9.33 and 83 MeV/
nucleon and was interpolated to 30 MeV /nucleon.

(b) Correction for elastic scattering outside the
cone covered by our detector arrangement: This
correction was determined from existing data at
9.33 and 83 MeV/nucleon. At 30 MeV/nucleon we
performed optical-model calculations and checked
that the value of the integrated elastic cross sec-
tion outside the cone covered by our detectors is
not very sensitive to the parameters used. Fur-
thermore, the resulting calculated reaction cross
section agrees with our experimental value of
1315+ 40 mb.

(c) Correction for reaction products falling into
the time window set on the central scintillator 3;
An extrapolation into this region was performed
by assuming the corresponding A L-{ spectrum to
be similar to the one of counters 4 and 5.

The final values of the reaction cross sections
obtained are

0, =1444+50 mb, 1315+ 40 mb,
and 960+ 25 mb

at 9.33, 30, and 83 MeV/nucleon, respectively.
The errors contain a contribution of about 1% due
to counting statistics and some 2% due to the er-
ror in target thickness measurement (made by «
ranging). The remaining error comes from the
uncertainties in estimating the above corrections.
Our data are displayed in Fig. 2. The agreement
with the already existing data is apparent.

We find thus experimental evidence for the de-
viation of o,(*23C + '*C) from the geometrical reac-
tion cross section (see Fig. 2). This can be ex-
pressed in terms of an energy-dependent trans-
parency' which varies from 0% to 30% in the in-
vestigated energy range (see Table II). Further-
more, the trend of o, predicted by the micro-
scopic calculation of Ref. 1 is confirmed by our
experiment.

A recent direct measurement of the « + '2C re-
action cross section yielded similar results.'®
We note thus that for incident energies E ;,,, = 20
MeV /nucleon the reaction cross section 0. (E) for
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FIG. 2. Total reaction cross section for 2C+ 12C
collisions as a function of incident energy. The three
values measured with our direct method are indicated
by the solid triangles. The agreement with other data
is apparent. The solid circles were obtained by a
parametrized phase-shift analysis (Ref. 2) of the data
from Ref. 10; the other data points (only typical error
bars are given) labeled open circles, crosses, plusses,
and open triangles are taken from Refs. 2, 5, 3, and 7,
respectively. There is thus experimental evidence for
the deviation of o (12C + 12C) from the geometrical
cross section which is illustrated by the solid curve
(from Ref. 1). Furthermore, the trend of the micro-
scopic calculation (broken curve, from Ref. 1) based
on the Glauber theory is in agreement with our data.

light projectiles such as protons and «a parti-
cles™'® as well as for composite ones like '2C all
exhibit a similar behavior resembling o, (N,N),
the total cross section for nucleon-nucleon col-
lisions.

The extension of reaction cross section meas-
urements to higher energies and heavier systems
may enable us to conclude whether for composite
projectiles an important fraction of 0, can be
attributed to individual nucleon-nucleon collisions
as for the a +'2C case,'® or whether collective
effects play an important role.

@)Also at Hahn- Meitner-Institut fir Kernforschung,
Berlin, Germany.

!R. M. DeVries and J. C. Peng, Phys. Rev. Lett.

43, 1373 (1979), and Phys. Rev. C 22, 1005 (1980).

’A. J. Cole, W. D. M. Rae, M. E. Brandan, A. Dacal,
B. G. Harvey, R. Legrain, M. J. Murphy, and R. G.
Stokstad, Phys. Rev. Lett. 47, 1705 (1981).

SM. Buenerd, P. Martin, R. Bertholet, C. Guet,

M. Maurel, J. Mougey, H. Nifenecker, J. Pinston,
P. Perrin, F. Schussler, J. Julien, J. P. Bondorf,



VOLUME 49, NUMBER 26

PHYSICAL REVIEW LETTERS

27 DECEMBER 1982

L. Carlen, H. A. Gustafsson, B. Jakobsson, T. Johans-
son, P. Kristiansson, O. B. Nielsen, A. Oskarsson,
I. Otterlund, H. Ryde, B. Schrdder, and G. Tibell,
Phys. Rev. C 26, 1299 (1982); M. Buenerd, in Proceed-
ings of the Twentieth Winter Meeting on Nuclear Phys-
ics, Bormio, Italy, 1982 (unpublished).

‘M. E. Brandan and A. Menchaca-Rocha, Phys. Rev.
C 23, 1272 (1981).

°H. G. Bohlen, M. R. Clover, G. Ingold, H. Lettau,
and W. v. Oertzen, Z. Phys. A 308, 121 (1982).

®H. Oeschler, H. L. Harney, D. L. Millis, and K. S.
Sim, Nucl. Phys. A325, 463 (1979).

'J. Jaros, A. Wagner, L. Anderson, O. Chamberlain,
R. Z. Fuzesy, J. Gallup, W. Gorn, L. Schroeder,
S. Shannon, G. Shapiro, and H. Steiner, Phys. Rev. C
18, 2273 (1978).
" 3T, J. Gooding, Nucl. Phys. 12, 241 (1959).

9These scintillators were manufactured by Centre

d’Etudes Nucléaires de Saclay, S.T.I.P.E.

UR. G. Stokstad, R. M. Wieland, G. R. Satchler, C. B.
Fulmer, D. C. Hensley, S. Raman, L. D. Rickertsen,
A. H. Snell, and P. H. Stelson, Phys. Rev. C 20, 655
(1979).

1y, p. Wialeszko, private communication.

123. Mougey, R. Ost, M. Buenerd, A. J. Cole, C. Guet,
D. Lebrun, J. M. Loiseaux, P. Martin, M. Maurel,

E. Monnand, H. Nifenecker, P. Perrin, J. Pinston,

C. Ristori, P. de Saintignon, F. Schussler, L. Carlen,
B. Jakobsson, A. Oskarsson, L. Otterlund, B. Schrod-
er, H. A. Gustafsson, T. Johansson, H. Ryde, J. P.
Bondorf, O. B. Nielsen, and G. Tibell, Phys. Lett.
105B, 25 (1981).

5. M. DeVries, N. J. DiGiacomo, J. S. Kapustinski,
J. C. Peng, W. E. Sondheim, J. W. Sunier, J. G.
Cramer, R. E. Loveman, C. R. Gruhn, and H. H.
Wieman, Phys. Rev. C 26, 301 (1982).

Alpha-Particle Angular Distributions with Respect to Spin Direction

F. A. Dilmanian, D. G. Sarantites, M. Jadskeldinen, ) H, Puchta,®’ and R. Woodward
Department of Chemistry, Washington University, St. Louis, Missouri 63130

and

J. R. Beene, D. C. Hensley, M. L. Halbert, and R. Novotny{®’
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

and

L. Adler, R. K. Choudhury, M. N, Namboodiri, R. P. Schmitt, and J. B. Natowitz
Cyclotron Institute and Deparvtment of Chemistry, Texas A & M University, College Station, Texas 77840
(Received 3 August 1982)

Angular distribution of alpha particles with respect to the spin direction of residual
nuclei from fusion of 176-MeV 2'Ne with !5°Nd has been measured with the spin spec-
trometer. Below the Coulomb barrier, the ratio of the 90° to 0° yields with respect to
spin direction increases with decreasing E,. This effect is not shown by a statistical-
model calculation using penetrabilities for spherical potentials, which suggests that
the a-emitting nuclei are deformed with their longest axis perpendicular to the spin
direction. If so, the deformation increases as the spin rises from ~ 34 to 647.

PACS numbers: 21.10.Ft, 23.60.+e, 25.70.Fg, 27.70.+q

The shape and structure of the nucleus at high
excitation and their evolution with spin are sub-
jects of current interest. These properties of
highly excited nuclei can be investigated by meas-
urements of evaporated « particles.’™ We re-
port here for the first time measurements of
angular distributions of evaporated « particles
with respect to spin direction, using the unique
properties of the spin spectrometer.*® The
spectrometer, a 47 y-ray multidetector system,
determines the magnitude and the orientation of
the spin of the residual nuclei on an event-by-
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event basis. This provides a sensitive method’
to investigate changes in nuclear shape as a func-
tion of spin.

A 176.6-MeV %°Ne beam from the Oak Ridge
isochronous cyclotron bombarded a 1.1-mg/cm?
Nd target enriched to 96.1% in mass 150. The «
particles were measured in nine Si surface-bar-
rier AE, E telescopes, of which two were at 80°
and one was at 90° to the beam (~89° and 97°
c.m.). The AE detectors had a thickness of 75
um and an acceptance cone of ~6° half-angle. A
Si detector at 8° identified evaporation residues
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