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Abstract. The aim of the experiment PS184 at LEAR is to study a few simple and well-defined channels of the
p-nucleus interaction using SPES II, a high-resolution magnetic spectrometer with large solid angle and
momentura acceptances [ Thirion and Birien]. Results of elastic scattering from '2C, **Ca and *®Pb, inelastic
scattering from '2C, and (§5,p) knock-out reaction from '2C, #¥*Cu and **°Bi, are presented. An optical-model
analysis of the etastic-scattering data as well as microscopic KMT-type calculations have been performed.

1. INTRODUCTION

Before the advent of LEAR in 1983 very little was known about the p-nucleus interaction at low energy. From
the experimental point of view the data were scarce and of rather poor quality, consisting mainly of
bubble-chamber data [Agnew et al., 19571, a few reaction cross-sections [Aihara et al., 1981] and level widths
and shifts from X-ray studies of antiprotonic atoms [Batty, 1981]. The analysis of these data yielded
non-unique p-nucleus optical potentials [Wong et al., 1984] leading to elastic scattering angular distributions
[MacKellar et al., 1984] with very different behaviours at sufficiently large angles (see Fig. 1). From the
theoretical point of view very large ambiguities also existed which were leading to p-nucleus optical potentials
with a real part ranging from strongly attractive to repulsive values [Bouyssy and Marcos, 1982
Auerbach et al., 1981; Niskanen and Green, 19831, Therefore, the main purpose of the elastic-scattering
measurements (which, in contrast with other recent measurements [Nakamura et al., 1984; Sakitt, 1984], cover
awide angular range and have elastically scattered antiprotons well resolved, with no pion contamination) was to
set constraints on the p—nucleus potential. This would in particular supply some information on the possibility
of nii oscillations [Dover &t al., 1983]. Using microscopic calculations they may also provide a test of the
clementary NN amplitudes. Inelastic scattering from collective states also sets constraints on the p-nucleus
potential when analysed in terms of coupled channel calculations. When unnatural parity states are concerned
it provides a sensitive test of the spin and isospin components of the NN elementary amplitudes
[Dover et al., 1984]. The purpose of the (p,p) knock-out reaction was to observe possible bound or resonant
states of an antiproton and a nucleus which would be formed in a way similar to that of the (K7, ) “recoilless”
hypernuclei production. The width of such states is predicted to be very large [Green and Wyceh, 1982;
Wong et al., 1984] but their observation, speculative as it might be, would provide very useful information on
the inner part of the f—nucleus potential.
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Fig. 1
optical potentials of MacKellar et al. { 1984].

2. EXPERIMENTAL SET-UP (SeeFig.2)

p + 'O elastic scattering angular distributions calculated with S-type (S and §') and D-type (D)

The incident anliprotons (with an intensity ranging from 2 X 10° to 10%/s) were counted by a 0.36 mm thick
scintillation (S,) locaied 25 c¢m in front of the target. Scattered antiprotons, or outgoing protons, were
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Fig. 2 PSI184 experimental set-up.SPES 11 is
represented at 0° scattering angle.

2

momentum analysed in the magnetic spectrometer SPES
11, which has a momentum resolution of 5 X 1072, a solid
angle of 30 msr and a momentum acceptance of &+ 18%.
They were detected in three multiwire proportional
chambers (MWPCs) [Chaminade et al., 1974] and a
scintillator hodoscope located near the focal plane. Pions
produced by annthilation in the target were discarded by
time-of-flight measurement. Information from the
MWPCs was used to compute the scatttering angle and
the excitation energy of the residual nucleus. For elastic
and inelastic scattering the full angular acceptance was
divided into 1.67° bins. The energy resolution was about
1 MeV (FWHM) and the overall angular resolution,
including multiple scattering in the target, varied from
about 2° for the C and Ca targets to about 3° for the Pb
target. The uncertainty on the absolute scattering angle
was 0.2°, The uncertainty on the absolute normalization
is 10%.

3. ELASTIC SCATTERING

Angular distributions of antiproton elastic scattering are
shown in Fig. 3 for *C at 46.8 MeV [Garreta et al., 1984a]
and in Fig. 4 for ’C, **Ca, and ***Pb at 180 MeV [Bruge,
1984; Garreta et al, 1984b] (solid dots). One can
immediately see that they exhibit oscillatory behaviour
typical of a diffraction pattern, similar to that



calculated with a D-type potential shown in Fig. 1 and very different, at sufficiently large angle, from that
corresponding to an S-type potential or that of proton elastic scattering (open circles) also shown for
comparison. This agreement hetween our data and strongly absorptive potential predictions is confirmed by an
oplical-model analysis performed using the EC1S code of Raynal i 1981] with an optical potential parametrized
by a Woods-Saxon geometry, with volume absorption and with no spin orbit, typical examples of which are
shown as solid curves in Figs. 3 and 4. Although equally good fits were achieved with optical potentials having
guite different geometries, they all had similar values V(R) and W(R) (shown in Table I} at a distance R, radius
of strong absorption [Barrett and Jackson, 1977], and are all strongly absorbing, thatis | W(R)} = 2[V(R)].
This indicates that a necessary condition for orbiting does not exist [Auerbach et al, 1981; Kahana and
Sainio, 1984, When the geometrical parameters of the real and imaginary parts are assumed to follow those of
the point charge distribution, corrected for the interaction range, taken as a Yukawa function with 4 1= 0.6fm,
V, and W, become well determined. These values are also shown in Table 1, where we can see that V, < 70MeV

Table |
Real and imaginary potentials at the radius of the strong absorption and
calculated reaction cross-sections. Also shown are the strengths of the real and
imaginary potentials obtained by using a geometry derived from that
of the charge distribution {see text).

Target E; R V(R} W(R) OR Vg W
(MeV) (fm) (MeV) (MeV) (mb) MeV) {MeV)
2C 46.8 3.7 -35+15] —-85=x11! 600+ 30| 35+4 77 + 4
2c 179.7 3.3 —78+ 15| —19.6+2] 500+ 25| 44«4 9 + 2
40Ca 179.8 4.94 —62+ 1.5 -13.3+£2| 990+ 50| 43 +4 119 = 3
208py 180.3 8.15 —54+15] —102+2 2670+ 140 606 152 + 2

and W, 2 2 V,. These results remove the ambiguity [Wong, 1984} in the p-nucleus interaction, by rejecting the
shallow (S-type) imaginary potentials. Moreover, the depth V,, which for 1*C does not show the strong energy
dependence predicted by some models [Bouyssy and Marcos, 1982; Niskanen and Green, 1983], is shallower
than that calculated in the relativistic mean-field approach {Bouyssy and Marcos, 1982}, and provides a lower
limit for the nd oscillation time [Dover et al., 1983], t5,, of about 3 X 107 s. Despite the optical-mode!
ambiguities, the reaction cross-sections are well determined in the present analysis, and their values are given in
Table 1. The decrease with incident energy of both R and o y, as seen in the table, is consistent with the energy
dependence of the pN cross-section. At 180 MeV the reaction cross-section can be represented by the
expression 0y = 7 (a + 1o A2 with a =~ 0.65 fm and r, = 1.44 fm. Our determination of g for 2C agrees
with that of Nakamura et al. [1984], whereas the value quoted by Aihara et al. [1981]is 20% lower.

Results of microscopic calculations are also shown in Figs. 3 and 4. The dashed and dotted curves represent
KMT-type calculations done with the PN amplitudes of Dover and Richard [1982] or of the Paris potential
[Coté et al, 1982], respectively. The proton density was taken from electron-scattering analysis and the
neutron density from scattering of high-energy protons and kaons. Both predictions, which have no free
parameters, agree with the data reasonably well. This agreement is somewhat surprising in view of the necessary
conditions for KMT calculations to be valid. We note that a recent Glauber-type calculation [Dalkarov and
Karmanov, 1984], also agrees with the data at 46.8 MeV. A possible explanation for these agreements is that
the elementary pN scattering is forward peaked, a condition favourable to multiple-scattering calculations. Our
results also agree with the predictions of von Geramb et al. {1984} (not shown), whose method was originally
developed for nucleon-nucleus scattering with the nuclear matter approach [von Geramb, 1979}, The
agreement of the prediction by Niskanen and Green [1983] with the 46.8% MeV data all but disappears at
180 MeV [Niskanen, 1984]. We note that the predicted ratio V/W is very high. The disagreement could be
attributed to the too early truncation of the elementary amplitude (only s and p waves) and to the use of the local
t matrix at an energy which is too high [Niskanen, 1984].

Elastic scattering from "Li, *°Ca and ***Pb at 47 MeV, and '°0 and %0y at 180 MeV have also been measured
and are being analysed.
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Fig. 3 Differential cross-sections for p-elastic
scattering from *2C (solid circles). The cross-sections
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Fig. 4 Differential cross-sections for p-elastic
scattering from '*C, **Ca, and 2*®Pb (solid circles). The
cross-sections for proton elastic scattering are also
shown for comparison {open circles). The dashed and
dotted curves are KMT calculations (see text) using NN
amplitudes of Dover and Richard [1982] and
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from an optical-model fit to the data (see text) with the
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and ry, = 1.1 fm for all three targets, and
Wo = 118, 124, 172 MeV, a, = 0.514, 0.572, 0.672 fm,
and a,= 0.500, 0.590, 0.649 fm for C, Ca, and Pb,
respectively.,

T 11T

T |||nn| T i|||n-| T |||||||| T |Tr|l|r} T llllrnl

12(:

11 1E1l
T T T

+3 Tp=179.TMeV
op Tp=182.8MeV

1 1|1:||I
Ty r!-rnl

11 I]lllll

1 Illlllll
T ||||n|

F| IIIII!I

T T7T lrrnl

1 lll!llll
T llllurl

1 !Illllxl
T IIIIII;

T T T T

LOCa

T 1 T

208Pb

NI
T Illllli

RIS

$f Tp=179.8MeV.
op Tp=1815MeV

40 Tp=180.3MeV
op Tp=185MeV

1 III!IIII
T ]Il“nl

it 1_]JJL|1

1 }lllllll
T lllllll
1 lll]lJlI

1 111||ul
T Iilllll]
i |||||ni

1t I!I!IJl
LI IIIIII;

1) llnul

1 _lIII]lI;
T Ilillll;

1 11.Lu‘.|
T lrrlnr]

1 1 llllll_l

o~
(=]



4. INELASTIC SCATTERING

Inelastic scattering angular distributions measured from **C at 46.8 MeV and 180 MeV are displayed in Fig. 5.
For the 4.44 MeV, 2* state, it is clear that they are typical of a diffractional pattern, the oscillations being out of
phase with those of the elastic scattering. Coupled channel calculations performed with the ECIS code
reproduce well the data (solid curves) with deformation lengths S,y Roy with values extracted from proton
inelastic scattering [Satchler, 1967]. At 46.8 MeV it was shown [Garreta et al., 1984a] that inelastic scattering
sets further constraints on the determination of ¥V, compared to what it is when using elastic scattering alone.

v T T T T T T T T T T L T T T T ¥ T
a) b) ] S
10 = 3 —
g ] ]
- t 4 o . ]
v L ~ L -
> .

E 167 3 + i
. ; ﬁﬁ 5
o] L B 0++ 4

3 Iyt
s 0L 4 * + ++ =
: ] | ‘H‘| :
- + 4 {T+‘ -
10—2 b — i |14 ld —
2 3 \l || 3 | E
E 20 20 Ex=b4hMeV ] 20 9t Ex=b.bbMeV 15 "0 3 Ex=9.64MeV i
- Tp=b6.8MeV ] T5=179.7MeV ] Tg=179.7MeV i

[
L ! 1 L L 1 1 | { 1 1L 1 1 i 1 1 !
0 20 40 60 0 20 40 60 0 20 40 60
O, degree) |

Fig. 5 Differential cross-section for p + 'C inelastic scattering. In (2) each point corresponds to a
measurement integrated over an angular range of 7.2°. In (b) and (c) the angular resolution is the same as for
elastic scattering (see text). The solid curves result from a coupled channel fit to the data with the following
parameters: (a) the optical-potential parameter are those of Fig. 3 and the deformation length
Box Ran = = 1.6 13 (0) (Vo, Wo, Tous 4y Tows 2w) = 40.7 MeV, 176 MeV, 1.116 fm, 0.522 fm, ! fm, 0.487 fm)
and B R v = — 1.71fm,

Inelastic scattering from the two 17 unnatural parity states of **C at 12,7 MeV (T = 0} and 15.1 MeV (T = 1)
excitation energy have also been measured at 180 MeV at forward angle and are being analysed. These
measurements are very important because it has been shown {Dover et al, 1984], that the corresponding
cross-sections are very sensitive to the spin and isospin components of the elementary amplitudes. In
particular, at 180 MeV and forward angle, the ratio between the cross-sections to the 12,7 MeV and 15.1 MeV
states is predicted [Dover, 1984a] to be almost an order of magnitude larger with the Paris amplitudes than with
the Dover and Richard amplitudes.

5. THE (p,p) REACTION

Energy spectra of protons coming from scintiltator, 2C, #Cu and **Bi targets bombarded with the 180 MeV
antiproton beam of LEAR are shown in Figs. 6 and 7 [Garreta et al., 1984c!. They are well reproduced (solid
curves) by a Maxwellian distribution d*0/dQdE = C \/E exp (—E/T), where T is associated with an “effective
temperature”. The values of C and T which fit the data are given in Table 2. These energy spectra of protens
emitted after antiproton annihilation in a nucleus have been calculated by several groups [Clover et al., 1982;
Cahay et al., 1982 and 1983; Iljinov et al., 1982], using an intranuclear cascade (INC) mode!. In particular,
Clover et al. have made the calculation for p+ "*C annihilation at 600 MeV/c. Their result, plotted as the
dashed curve in Fig. 6b, is in good agreement with the data in the overali magnitude. However, the predicted
slope is somewhat steeper than that of the data. This corresponds to the difference between the value of 62 MeV
deduced from the calculation {Clover, 19821, and the measured value of 86 MeV. The nearly isotropic angular
dependence in the '>C(p,p) reaction is consistent with the cascade calculation. From the measured (p,p)
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Fig. 6 Proton spectra
for the A(p,p)X reaction
at Ty = 180 MeV and 0°
(a) for scintillator and
(b) for carbon targets.
The double differential
cross-section is plotted
versus the proton kinetic
energy and the mass dif-
ference |[M(X) — M(A)].
The sharp peak near 180
MeV in (a) corresponds
to elastic scattering from
hydrogen. Also shown
are an INC calculation
{dashed line} and a
Maxwellian distribution
best fit (solid line). A cal-
culation for the quasi-
free cross-section is in-
dicated by the dotted
curves.

Fig. 7 The (p.p) spec-
tra from '2C at 40°, and
from #Cu and 2*Bi at
0°. The solid curves are
best fits assuming a
Maxwellian distribution.



Table 2
Parameters resulting from the best fits to the proton spectra with the expression
d’g/dQdE = C+/Eexp(—E/T)

T Brab T C

arget (degrees) (MeV) (ub/st - MeV*¥?
2¢ 0 86+ 1.5 80
2¢c 40 774+ 6 75
8Cu 0 69 £ 10 405
9Bi 0 69+ 7 770

cross-section for '2C, ®*Cu and 2°Bi, at 180 MeV proton energy, we deduce a mass dependence A*®, in good
agreement with the A% dependence we deduce from Clover et al. [1982]. The narrow peak observed in Fig. la
near 180 MeV comes from the 180° §p elastic scattering. The sharpness of this peak reflects the good energy
resolution (~ I MeV) in the present experiment. The c¢.m. cross-section of this reaction is measured to be 0.67
+ 0.10 mb/sr, in good agreement with a previous experiment [Alston-Garrjost et al., 1979]. We calculated
semiclassically the cross-section of the quasi-free p(p,p)p reaction with protons of the target nucleus for the
ps2 proton shell of '*C assuming that ''B recoils with momentum opposite to the Fermi momentum of the
proton before collision. The shape of the momentum distribution of the proton was taken to be uniform sphere
of kg = 220 MeV/c [Moniz et al,, 1971], and the effective number of py;; shell protons contributing to the
quasi-free process was estimated by Bouyssy 11984] to be 0.5. The calculated cross-section is shown by the
dotted curve in Fig. 6b. The spectra of Figs. 6 and 7 offer no clear evidence of any peak which could be attributed
to a p-nucleus state. Although a direct comparison cannot be made with the caiculation of Heiselberg et al.
11983, their prediction of a peak cross-section of 0.3 mb/sr - MeV for O (p,p}"°N at Ef = 100 MeV
appears to be too large and is not supported by the present measurement. But the statistics of the present
measurements are rather poor. Measurements from ®Li and scintillator targets have been performed with higher
statistics and are being analysed.

6. CONCLUSIONS

We have found that the real and imaginary potentials are well determined by elastic scattering only at the
nuclear surface, where | W(R)| = 2] VIR)|. If we assume a Woods-Saxon geometry the real potential is found
to be attractive but shallow. If the geometry is derived from that of the charge distribution, V, and W, are well
determined, with V4 < 70 MeV and W, > 2 V. These results indicate that the surface of the nucleus is not
transparent to antiprotons up to 180 MeV, even though 180 MeV antiprotons seem to probe the nucleus more
deeply than 46.8 MeV ones. Our resuits do not support the orbiting idea [Auerbach et al,, 1981; Kahana and
Sainio, 1984], the relativistic mean field approach [Bouyssy and Marcos, 1982], and one microscopic
calculation {Niskanen and Green, 1983; Niskanen, 1984]; they agree with the conclusions of Batty et al.
[1984), that shallow imaginary potentials should be ruled out, and are in fair agreement with several
microscopic calculations. Comparison of elastic scattering from 'O and O should be a sensitive test of the
pn elementary amplitude. Inelastic scattering from collective states sets further constraints on the
determination of the optical potential. Inelastic scattering from unnatural parity states will be a powerful test of
the elementary NN amplitudes.

We have also reported the results of the first (F,p) experiment intended to search for p-nucleus states. No
evidence of such states has been observed in the present experiment. Further measurements with improved
statistics will provide more sensitive limits on the cross-sections of such states. The gross features in the (p,p}
spectra can be explained by INC calculations. Protons emitted after antiproton annihilation are a major source
of “background”, which complicates the task of finding p-nucleus states. These background protons will be
less abundant with lighter target nuclei such as *He and SLi, because of the A dependence of the emission
cross-section. Other reactions such as A(P,AYz(A — 1) could also be contemplated [Peng, 1983; Dover, 1984b]
since the cascade background would be absent. Unfortunately the cross-section of the p(5, A) A reaction is
small. Finaily, one could also consider detecting §-nucleus resonant states [Auerbach, 19811 by measuring
excitation functions of the (p, §) or(p, p’) reactions. Further experimental efforts are definitely required in order
to search for p-nucleus states.
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