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Measurement of Medium Energy Alpha-Proton Elastic Scattering
beyond the First Minimum Region

J. Berger, J. Duflo, L. Goldzahl, and F. Plouin
Ce'ntTe National de la Recherche ScienHflq'ue-DepaJfePHent ~atu&5e, Cent/'e d EtQ~es XucleasYes cfe Saclay,

91/90 Gif-sue-Y~ette, F'vance

and

J. Qostens, ~ 1VI. Van Den Bossche, and L. Vu Hai

Gif-su~-buvette, F'vance

G. Bizardt and C. Le Brunt
Laboxatoiwe de Physique Corpuscular"e, Vnivexsite de Caen, Caen, Fxance

F. L. Fabbri, P. Picozza, and L. Satta
Lnbo~atom Xasionali A' F~ascafi gael Comifato ¹zionale pew l'Enexgia Nucleate, F~ascati, Etaly

(Received 80 August 1976)

The a-proton elastic scattering has been measured with o. particles at equivalent inci-
dent proton energies of 488, 648, and 1086 NeV. A structure is observed at the position
where a second minimum is expected in the differential cross section. Comparison with
improved versions of the Glauber model are presented.

Medium-energy proton-4He scattering results
have shown, since the early measurements at the
Brookhaven National Laboratory cosmotron, ' at
the National Aeronautics and Space Administra-
tion's Space Radiation Effects Laboratory (SREL),'
and more recently at Saclay's magnetic spectrom-
eter facility SPES I' and at Berkeley, a pattern
that is qualitatively explained in the framework
of the Glauber model' Rs due to a destructive in-
tex'fex'6Dce of sU1gle- Rnd double-scattering am-
plitudes, In the region of the square of the mo-
mentum transfer f = —0.25 (GeV/c)', where the
two amplitudes are comparable in magnitude, R

dip in the differential cross section has been ob-
served. The amount of filling of this dip may be
explained by introducing a real part in the ele-
mentary proton-nucleon scattering amplitude. It
is also quite conceivable that some noneikonal ef-
fects, absent in the standard Glauber model, may
be important in the dip region.

The next landmark of interest occurs around f,

= —1.2 (GeV/c)', where double and triple scatter-
ing ale expected to intex'fere destructively. The
extent to which this dip is filled or not filled
should be a severe constraint on any scheme pxo-
posed to explain the filling of the first one. The
real-part mechanism alone, barring a, strong t
dependence of the phase of the nucleon-nucleon
amplitude, would require the same amount of fill-
ing fox' both dips. On the othex' hand, corrections

translating the noneikonal character of the suc-
cessive scatterings at high t would be expected
to fill the second dip even mox e than the first one.

At even higher t, one can investigate large-mo-
rnentum components of the nucleon wave function
through the study of backwax'd behavior in the
proton-nucleus cross section.

With Rll this in view we have explored the realm
of momentum transfers of several (GeV/c)', us-
ing the unconventional technique of sending an +-
particle beam unto a hydrogen target. This al-
lows the use of a fixed, double-focusing spec-
trometer to detect the scattex'ed o particles.
Moving the beam by only 15' around the target
insures coverage of the entire kinematics, ex-
cept fox' R region close to tI16 maxxmum 1RborR-
tory angle, where the forward and backward elas-
tic peaks overlap. Details on the spectrometer'
and the experimental procedure' have been pub-
lished elsewhere. We present measurements
performed with incident o 's of 4.00, 5.08, Rnd
6.90 GeV/c, corresponding to T~ =438, 648, and
1036 MeV in the p-'He configuration. The two
latter energies were chosen because data had al-
ready been taken at smaller I, by SPES I.

Table I lists the numerical results for the in-
variant cross section, d&x/dt. Those data, supple-
mented by measurements In the backwal d hemI-
sphere that me have published elsewhere, ' have
been plotted in Fig. l. The crosses (+) come
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TABLE E. Q. -proton elastic cross sections. The data
at 4.00 and 6.90 GeV/c were taken with an angular reso-
lution of + 0.44". At 5.08 GeV/c, a narrower collimator,
corresponding to + 0.22', was used. The overall uncer-
tainty on the laboratory angle is estimated at + 0.2".
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10'

10

50B GeV/c

0' .

6.90 GeV/c

0

4

p = 5.08 GeV/ca
10

30.4
31.8
31.9
35.8
38.0
40. 3
41.2
42. 4
48. 8
54. 4
61.1
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66. 4
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69.1
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82. 8
86. 2
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0.235
0.256
0.259
0.323
0.361
0.406
0.422
0.448
0.583
0.715
0.882
0.985
1.024
1.040
1.099
1.206
1.315
1.464
1.493
1.594
1.822

3466 * 170
1179 * 59
768 ~ 38
737 * 37
1022 * 51
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144 * 7
27. 2 * 1.4
16.3 * 0.8
13.7 * 0. 7
13.0 ~ 0.7
11.1 * 0 6
9.88 & 0. 5
6.72 & 0.34
4.14 * 0.21
3.14 ~ 0.16
1.99 ~ 0.10
0.72 * 0.07

p = 6.90 GeV/c
a

61.0
69.0
76. 9
83.4

1.465
1.826
2. 199
2. 518

4.02 % 0.20
0.98 & 0.05
0.24 * 0.01
0.11 ~ 0 01

from SPES I published results' with 1.05-GeV in-
cident protons, using the proper absolute calibra-
tion. ' One will notice that the agreement with
our data at 6.90 GeV/c is excellent, remember-
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I
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FIG. 1. Circles, experimental data from this experi-
ment; triangles, experimental data from our previous
work (Ref. 6); crosses, experimental data of SPES I
(Ref. 3) using 1.05-GeV protons on a helium target.
(For clarity, only every other point has been included. )

Error bars have been omitted when they are smaller
than the size of the symbols. Dashed line, simple
Glauber model using the same nucleon-nucleon param-
eters as in Ref. 9 at 4.0 GeV/c; full lines, calculation
by Dymarz and Mafecki lRef. 9) at 4.0, 5.08, and 6.9
GeV/c; dotted lines, calculation of Gurvitz, Alexander,
and Rinat (Ref. 10) at 4.77 and 6.75 GeV/c.

ing that two completely independent setups were
used.

Our data in the forward hemisphere present the
two shallow structures: The second dip, being
much more filled than the first one, shows up on-
ly as a small change in the slope of the differen-
tial cross section. This smooth behavior of the
experimental data is inconsistent with the stan-
dard Glauber model which would give rise to a
much more pronounced structure in the cross
section. (See the dashed curve' in Fig. 1 at 4.0
GeV/c. )

The cross section do/dt in the forward hemi-
sphere is nearly independent of energy. This fea-
ture is explained in the Glauber model as the re-
sult of a relatively weak energy dependence of the
nucleon-nucleon amplitude. In contrast to this,
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TABLE II. Nucleon-nucleon parameters used in the theoretical fits of
Fig. 1. The amplitude is taken as ~(t) =-(v,„,&p/4~) (& o) exp(- P/~). T»e
suffixes pp and pn refer to proton-proton and proton-neutron parameters,
respectively.

Pn
Ref. (Gev/r )

kp

(GeV/c)
Opp ~pn

(mb) (mb)
~~ = Pp.

[(GeV/e) ']

4,.00
5.08
6.90
4.77
6.75

1.01
1,28
1.74
1.20
1.70

27.5 B3.5
41.0 37.0
47.5 40.5
40.0 36.0
47.5 89.0

—0.85
—0.25
—O.BO

—0.20
—0.50

—0.85
—0.25
—0.80
—0.60
—0.50

2.5
4.0
5.5
B.B
5.27

the sharp backward peak, described in Ref. 5,
does strongly depend on energy.

The predictions of two theoretical models,
claiming substantial improvements over the clas-
sical Glauber treatment, have been included in

Fig. 1. The dotted lines at 5.08 and 6.90 GeV/c
represent a calculation by Gurvitz, Alexander,
and Rinat, "while the full lines at the three-mo-
menta are the results of Dymarz and Matecki. '
Both ca,lculations use as a.n input, exponential pa. -
rametrization of the nucleon-nucleon amplitude,
as listed in Table II. In Ref. 10, for single scat-
tering only, amplitudes interpolated from actual
pp and np differential cross sections are intro-
duced. This causes the single-scattering ampli-
tude to dominate again at sufficiently high t, be-
cause of the backmard rise in nucleon-nucleon
cross sections, The nucleon recoil effects, as
mell a,s the off-shell propagation, have been in-
cluded. The cur ve that we selected from Ref. 10
corresponds to the He input which provides a
good phenomenological fit to the charge form fac-
tor.

In Ref. 9 the optical-potential equivalent to the
Glauber multiple scattering series was evaluated.
For this calculation the 4He wave function result-
ing from a nuclear model including short-range
correlation between target nucleons has been
used. The scattering cross section is obtained
by solving exactly the Schrodinger mave equation
with the optical potential.

In Fig. 1, the comparison between experimen-
tal data and the tmo models shows that the predic-
tions of Ref. 10 a,re in good agreement up to t
= —1. f (GeV/c)' at 5.08 GeV/c, while at 6.90 GeV/
c (corresponding to 1.05-GeV incident protons)
the fit is less satisfactory. On the other hand,
the calculations of Ref. 9 are in reasonable agree-
ment with the data at all three energies and for
momentum transfer extending all the may to the

base of the backward rise. "
In conclusion, our data show an inflection

where the second dip is expected to appear. The
filling of this dip is even more pronounced than
the first one. The nearly structureless behavior
of the cross section, being inconsistent with the
standard Glauber model, may be explained by
means of noneikonal propagation.
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The dissipation of angular momentum during the particle-emission and photon-emission
stages of de-excitation of K and Se has been determined from measurements of the aver-
age multiplicity (N&) and the average energy (E&) of the continuum y rays, emitted in co-
incidence with the heavy recoiling evaporation residues produced in reactions induced by

C projectiles. The energy and angular momentum dissipated in y-ray emission is inde-
pendent of projectile energy but increases with atomic number of the residual nucleus.

The dissipation of energy in the de-excitation
of highly excited compound nuclei can be readily
determined experimentally. In contrast, the si-
multaneous dissipation of angular momentum is
much more difficult to explore. y-ray multiplic-
ity measurements' ' provide a meas of focusing
on the angular momenta of excited nuclei at the
beginning of the y-ray cascade which terminates
the de-excitation process. If independent infor-
mation on the initial angular-momentum distribu-
tions of the de-exciting nuclei is available, the
dissipation of angular momentum in the particle-
emission and the y-emission steps may be deter-
mined. In this Letter, we report on the results
of experiments in which we measured the multi-
plicities and energies of the continuum y rays in
coincidence with the compound-nucleus evapora-
tion residues produced in the reactions of "C
projectiles with Al and Ni target nuclei. Previous
measurements4 of the limiting angular momenta
for fusion in these rea.ctions show that, at the
highest projectile energy of 197 MeV, "K nuclei
with angular momenta as high as 42h and "Se nu-
clei with angular momenta as high as 55h are
produced.

The present data show that for the systems
studied, the total energy and angular momentum
dissipated by y-ray emission remain essentially
constant as the projectile energy increases from
107 to 197 MeV but increase with the atomic num-
ber of the coincident heavy product, indicating

that both the additional excitation energy and the
additional angular momentum are removed dur-
ing particle emission. This result has significant
consequences for experiments which attempt to
focus on the shape or structure of highly excited
nuclei with high angular momentum.

For the experiments, a single 3-in. x3-in. NaI
detector was used to detect the y rays in coinci-
dence with the heavy products observed in a
counter telescope, placed at an angle of 20' to
the incident-beam direction and subtending an
angle of 4'. For most of the experiments, silicon
AE-counters of thickness 4.9 or 8.4 pm were
employed. In one experiment, a gas ionization
counter' with a thickness equivalent to 3 pm of
silicon was used. The energy resolution of these
counters was -100 keV. The shielded NaI detec-
tor was placed 46 cm from the target in order
that time-of-flight discrimination could be used
to separate neutron- and photon-induced pulses.
Data were taken with the NaI detector positioned
at 45', 90', and 135' relative to the direction of
the incident beam. In Fig. 1, we present the @-
ray pulse-height distributions observed in coinci-
dence with the entire evaporation-residue group
at a projectile energy of 155 MeV and an angle of
135 . Spectra obtained at other projectile ener-
gies and other angles are not significantly differ-
ent from those presented. Targets ranged from
300 to 500 pg/cm' in thickness. The y-ray ener-
gy threshold was -200 keV throughout these ex-
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