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ABSTRACT 

The knock-out reaction A(j5, p)X has been used to search for narrow j5-nucleus states. The 

experiment was performed using the 600 MeV /c antiproton beam at LEAR and the high-resolution 

and large-acceptance magnetic spectrometer SPES II. The A-dependence of the annihilation-induced 

proton spectra has been studied on 2H, 6Li, 12C, 63Cu, 208Pb and 209Bi. The quasi-free elastic pp 

scattering observed in the lighter targets, and the comparison with the free pp scattering, also 

observed in this experiment, determine an effective proton number N,ff for Is- and lp-shell protons. 

No evidence for narrow bound or resonant j5-nucleus states could be found. Upper limits for their 

production are one order of magnitude lower than certain theoretical predictions, but consistent with 

the properties of the j5-nucleus interaction, as established from recent elastic and inelastic scattering 

as well as from studies of antiprotonic atoms. 

(Submitted to Nuclear Physics) 

*) Supported in part by the Fund for Basic Research of the Israel Academy of Sciences. 



1. INTRODUCTION 

The search for P-nuclear states formed by an antiproton and a nucleus, which are different from 

the well-known antiprotonic atom states bound by the Coulomb ,interaction, was made possible at the 

CERN Low-Energy Antiproton Ring (LEAR) with the availability of intense, pure, high-resolution 

antiproton beams. The favourable conditions for such states to exist are that the p--nucleus 

interaction, described by an optical potential V~~ucl• is sufficiently. attractive, and that the 

absorptive, imaginary part W(r) near the nuclear surface is not too large. Antiproton-nucleus states 

could then live long enough to be observed, despite the strong annihilation described by W(r). In the 

pre-LEAR era, antiprotonic atom data were consistent with a variety of potentials having, in general, 

a strong absorptive part W(r) and a real part V(r) ranging from repulsive to strongly attractive with 

values of several hundreds of MeV. Among them, those having strongly attractive V(r) and shallow 

or short ranged W(r) could accommodate many resonant [I] or bound [2-4] p-nucleus states. 

Theoretical predictions for the widths of such states range from a few MeV for unbound resonant 

states, to ~ 100 MeV for bound states. The predicted production cross-sections of such states are of 

theorderofd2a/d!:ldE ~ 0.25mb/sr·MeV[3]. 

The properties of the p-nucleus interaction as determined by the recent experiments studying the 

elastic and inelastic scattering of antiprotons on a series of nuclei [5] as well as the energy shifts and 

widths of antiprotonic atoms [6], are not very encouraging for the existence of p-nucleus states. For 

the p--nucleus potential they indicate that there are rather deep absorptive imaginary parts W(r) and 

weak real parts V(r) with Vo :5 50 MeV, and that in particular near the nuclear surface W(R) 2: 

2V(R). 

On the other hand, it should be remembered that the observation of narrow (r ~ 5 MeV) 

E-hypernuclear states [7] was unexpected on the basis of our present knowledge of the E-nucleus 

interaction. The E's should not be stable in a nucleus because of the strong interaction process 

E + N --+ A + N. From a theoretical point of view, uncertainties .subsist i) in the derivation of 

V~~~ucl from the elementary NN potential using folding procedures over the nuclear densities; ii) in 

the calculation of the p-nucleus eigenstates E.-ir n/2 when solving the Schri:idinger equation for 

deep-lying states only, and neglecting higher-lying states, which require a relativistic treatment; and 

iii) in the calculations of the production cross-section of the p-nucleus states through the A(p, p)X 

reaction, where often only the PWIA is used. 

The uncertainties in the presently available theoretical predictions left much room for an 

experimental search for p--nucleus states. Such states are easier to identify if they are narrow (r ,;; 

10 MeV), although experiments with particularly large momentum acceptance and moderate energy 

resolution looked for broader states, but without success [8]. 

A first exploratory experiment [9] using about 109 antiprotons was devoted to the search for 

p-nucleus states through the (p, p) reaction on scintillator, 12C, 63Cu, and 209Bi targets. In a 

subsequent experiment [10], 6Li, 12C, scintillatqr, C02 , and 208Pb were studied, and high-statistics 

data could be obtained on the lighter targets. The results of this experiment are reported here 

together with an analysis of the target mass dependence of the annihilation-induced proton spectra 

and the quasi-free pp scattering cross-sections on individual protons of the 2H, .6Li, and 12C nuclei. 

2. EXPERIMENTAL METHOD 

The knock-out reaction A(p,p)X has been used to search for p-nucleus states [p-(A- I, Z- I)}. 

These should be identified as discrete energy lines superimposed on the continuous proton spectrum 

arising from the annihilation of the antiprotons and the subsequent proton knock-out by the 

annihilation pions. There are two main advantages in using the (p, p) knock-out reaction: i) the 

outgoing proton, at Otab = oo, carries most of the incoming antiproton momentum, leaving the 

antiproton almost 'recoilless' in the target, thus favouring the formation of p-nucleus states; ii) one 
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can choose the momentum of the incident antiproton close to the maximum (at Pp= 500 MeV /c) of 
the backward pp scattering cross-section [Ill in order to improve the yield of the A(jj, p)X reaction. 

For the present studies the 600 MeV I c LEAR beam was used with an average intensity of = I 05 

antiprotons per second during the 60 min. long beam spills. The beam intensity was measured with a 
360 ,an thick scintillator located 25 em upstream of the target. 

The outgoing protons were detected at lhab = oo and momentum-analysed with the magnetic 
spectrometer SPES II (see fig. 1), which has a momentum acceptance .:lp/p = ± 180Jo, a solid angle 
.:l!l = 30 msr, and a momentum resolution of 5 X 10- 4

• Protons were unambiguously identified by 
time-of-flight, which eliminated pions due to annihilations in the target [12]. In tuning the magnetic 
field for the detection of positive particles at oo, the incoming antiproton beam, which did not 
interact in the target, could also enter the spectrometer and stop inside the vacuum chamber of the 
first dipole magnet. A 2 em thick scintillator s, was positioned inside this dipole on the beam 
trajectories and was used to efficiently veto charged-particle background (essentially ,.. +) due to this 
beam annihilation. 

The total number of antiprotons used on the different targets were 2.5 x 109 p on 6Li 
(1.92 g/cm2

), 5.0 x 109 p on C (0.76 g/cm2
), 6.8 x 109 p on scintillator (2.10 g/cm2

), 6.8 x 109 p on 
CD2 (1.03 g/cm2

), and 2.7 x 108 p on 208Pb (1.97 g/cm2
). The overall proton detection efficiency 

varied between 960Jo and 990Jo. The energy resolution of the outgoing protons was about 1.5 MeV, 
essentially due to the energy-loss straggling in the targets and to the multiple scattering effects in the 
target, in the spectrometer windows and in the detection system. 

The estimated beam loss by annihilation in the targets was small- 1.1 OJo to 2.50Jo depending on 
the target thickness and mass A. The absolute normalization uncertainties on the measured 
cross-sections are :5 100Jo. 

3. RESULTS AND DISCUSSION 
Proton energy spectra observed with the various targets are shown in figs. 2 to 6, where the 

double differential cross-sections d2u/d!ldE are plotted as a function of the outgoing proton energy. 
The different signs for the experimental points correspond to different magnetic field settings of the 
spectrometer. The upper scale represents the mass difference M(X) - M(A). The proton energy 
range and the corresponding binding energy difference Bp- BP of the proton or the antiproton in the 
core nucleus (A- I, Z- I) are given for convenience in table I. 

As expected, the proton spectra are dominated by protons produced by the antiproton 
annihilation in the target nucleus and the subsequent proton ejection by the produced pions, either 
directly or indirectly through .:1-isobar formation. In the following we discuss i) these continuous 
spectra and their dependence on the nuclear mass A, which is interesting since they are the main 
physical background in the search for jj-nucleus states; ii) the observation of the quasi-free backward 
elastic scattering on individual protons of the target nucleus; and iii) the absence of any narrow ( = a 
few MeV) structure due to bound or resonant p-nucleus states and the upper limits put by the present 
work on the produCtion cross-sections for such states. 

3.1 Inclusive proton cross-sections and their A-dependence 
The inclusive secondary proton spectra can be described by a Maxwellian distribution 

d2u/d!ldE = C VB exp ( -E/T), where Tis regarded as an effective temperature. Table 2 gives the 
temperatures obtained for the different targets in fitting the above expression to the data. A general 
trend in the results is that the effective temperature decreases with the target mass. 

Energy spectra of protons emitted after antiproton annihilation in nuclei have been calculated by 
different groups [13, 14] in the framework of the intranuclear cascade (INC) model. It is based on the 
simple physical picture of the antiproton annihilating on a single nucleon, generating a number of 

2 



pions, which then cascade through the nucleus interacting with the remaining nucleons. Although 

such calculations are meaningful only for heavier nuclei, the result of a calculation for the p + 12C 

annihilation proton spectra at 600 MeV /c [14) is shown in figs. 3 and 5 as a dashed line. The 

predicted slope, T = 62 MeV, is steeper than in the measured spectra from which an effective 

temperature of 86 MeV (full line) can be deduced. 

This simple INC model describes well the overall gross features of the experimental data on the 

antiproton annihilation in nuclei [8, 15). The quantitative understanding of these data necessitates 

refined INC calculations, taking into account the location of the annihilation inside or at the surface 

of the nucleus, the energy of the pions, and the attenuation of both the pions and the ejected protons 

as a function of their energy or the use of a more realistic picture of the p-nucleus annihilation. 

The dependence of the proton production cross-section in the continuum on the target mass A 

was determined on the heavier targets C, Cu, and Bi to be ex Av3 [9). Such a nuclear mass 

dependence is to be expected for a hadronic strong interaction process such as the antiproton 

annihilation. The INC calculations, also predicted a similar A-dependence. The measurements of 6Li 

(fig. 2) and D, deduced from the CD2 measurements after the subtraction of the carbon contribution 

(fig. 6), exhibit a stronger dependence, about ex A1.7
• This is shown in fig. 7, which displays, for 

convenience, the ratio of the double differential cross-sections at 01ab = oo and Ep = Eli on the 

various targets to the carbon cross-section as a function of the corresponding mass ratio A;/12 (dark 

points). The Av3-dependence is drawn as a full line for the heavier targets (A 2: 12), and the 

A1.1-dependence as a dashed line for the lighter targets (A s 12). Such a mass dependence' can be 

understood if one considers the two main processes contributing to the proton production: i) the 

antiproton annihilation in the nucleus, with the well-established A v 3 -dependence, giving rise to an 

average number of five pions, and ii) the ejection of a proton from among those remaining after the 

annihilation (if one neglects to first order the ... + n-> 11"
0p charge-exchange contribution of= 200Jo). 

Light targets are rather transparent to the pions, and process (ii) should depend directly on the 

number of the available protons after annihilation. On the average this number is [Z - (Z/ A)], and 

for Z = N nuclei (Z - 1h). This leads to an overall (A, Z)-dependence of = Av3(Z- 1h) or = 

Av3 (A- 1). 

In heavier targets the probability for pions to interact is saturated-the nuclei are 'opaque' to 

the pions and thus no additional mass dependence is to be added to the A 213 -dependence of the 

annihilation. 

The above proposed physical picture should be replaced by more elaborate calculations taking 

into account all processes contributing to the proton ejection by the annihilation pions and resulting 

in a mass dependence with a smooth transition between the two regimes. 

The fourth column in Table 2 gives the energy integrated cross-sections do-/ dO at 01ab = 0°. As 

can be seen on fig. 7 (open circles) the dependence of these cross-sections on the target mass, A, is 

nearly the same as observed for the double differential cross-sections. This is not surprising in view of 

the small differences in the effective temperatures of the different targets. 

The integration of the differential cross-sections over the solid angle required the knowledge of 

the angular distributions of the proton spectra. In our previous work [9] the proton energy spectra on 
12C had also been measured at 40°. Angular distributions for the energy integrated proton 

cross-sections have also been calculated for 12C and 238U [14) and for 4°Ca and 108Ag [13) in the INC 

framework. The angular distributions from ref. [14) and our previous work [9) are similar. 

The total proton production cross-section we obtain for 12C using the angular distribution of 

ref. [14) is afot = 520 ± 30mb. Using the angular distribution of the same reference for 238U, the 

total proton cross-sections for 208Pb and 209Bi would be 3520 ± 690 mb and 4110 ± 660 mb 

respectively. 
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Comparing these integrated proton cross-sections to the reaction cross-section <TR on the same 
nuclei [5]leads to an average number of protons produced per annihilation which is 1.04 ± 0.06 for 
12C, 1.3 ± 0.3 for 208Pb and 1.5 ± 0.3 for 209Bi. 

3.2 Quasi-free scattering aud effective proton number 
The backward (180°) elastic scattering pp -+ pp of the antiprotons on hydrogen was easily 

identified as a narrow proton line at Ep = Eii in the proton spectra measured with the scintillator 
target (see fig. 5). The average value of all our measurements (including those reported ealier [9]) of 
the c.m. differential cross-section for this reaction is du!dO* (180°) = 0.66 ± 0.03 mb/sr, to be 
compared with the value of 0.65 ± 0.05 mb/sr that can be deduced from an earlier [II] excitation 
study. 

The prominent structure in the CD2 spectrum (fig. 6a) is due to the quasi-free backward pp 
scattering on the proton in deuterium. Figure 6b shows the proton spectrum after subtraction of the 
carbon continuum. The differential cross-section for this reaction is du!dO = (1437 ± 41) l'b/sr (see 
table 3). 

The quasi-free pp scattering was difficult to observe in the heavier targets, despite its relatively 
large cross-section, because of the proton continuum background, which has the strong 
A-dependence discussed in the previous section. Narrow structures to be attributed to this process 
could be observed with the 6Li target (fig. 2) and with larger systematic uncertainties on 12C in a 
high-statistics measurement using the scintillator target (fig. 8a,b). 

Calculations of the quasi-free scattering have been carried out for 2H, 6Li and 12C, using a 
simple picture in which the recoil (A-1, Z-1) nucleus and the hit proton move back-to-back with 
the proton's internal momentum before the collision. 

For deuterium a McGee type parametrization [16] of the Reid soft-core wave function has been 
used. Internal momentum distributions of the form F(k) - sin2 (1rk/kF ) were assumed for the max 
lp-shell protons in 6Li and 12C. For the Fermi momenta kF , those determined from quasi-free rna> 
electron scattering on nuclei [17) were adopted. The results are represented in figs. 2, 6 and 8. The 
calculated spectra have been scaled down in intensity by the ratio of the corresponding differential 
cross-section to the free pp -+ pp cross-section, which can be regarded as an effective number N,n of 
protons in the target nucleus. 

In the 6Li case, the calculation of the quasi-free scattering on lp-shell protons (dash-dotted line 
in fig. 2) is in good agreement with the observed bumps near 168 MeV and confirms the quasi-free 
peak interpretation. The lower-energy shoulder near 155 MeV could be due to the antiproton 
scattering on Is-shell protons, which would give rise to a bump around !54 MeV, as represented by 
the dotted line in fig. 2. 

In the carbon case the determination of the quasi-free peak position and intensity has large 
uncertainties due to the statistics and mainly to the subtraction of the continuum contribution. The 
calculated quasi-free proton bump position due to antiproton scattering on lp-shell protons is 
= 6 MeV lower than experimentally observed (see fig. 8b). The discrepancy may be explained by the 
Coulomb corrections not included in the calculations and which are small in the case of 6Li. For the 
sake of completeness, as in the 6Li case, the quasi-free contribution from the Is-shell protons in 12C is 
shown as a dotted line in fig. 8b. The overall shape is in good agreement with the experimental one 
but, given the present experimental inaccuracies, no meaningful discussion of the shape and its 
position could be made. 

Table 3 summarizes the differential cross-sections for the quasi-free scattering, the 
corresponding statistical and systematic errors, and the effective proton numbers corresponding to 
the various targets, defined as N,n = du[pA -+ p(A-l)p]ldu(pp -+ pp). The effective proton 
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numbers determined for 6Li and 12C are smaller than the theoretical estimate ofN," = 0.5 [18]. They 
are also smaller than the number a@C -+ iiX)/ a(pp -+ iin) = 0.86 ± 0.05 reported for the 

charge-exchange reactions on carbon and hydrogen [19]. 
Part of the discrepancy between the two experimentally determined effective proton numbers 

could be due to the large difference in the momentum acceptance and in the energy and angular 

resolutions. 
The explanation of the observed difference may also be related to the nature of the underlying 

'elementary' processes: the charge exchange pp -+ iin for the A(p, ii)X reaction, and the antiproton 

backward scattering (or protron knock-out) pp -+ pp for the A(p, p)qua.i:''" reaction. The former 
proceeds through one-pion exchange, implying a long-range (A1) interaction of the incoming 
antiprotons, which can, therefore, interact with the target nucleus without entering the nucleus. The 

latter proceeds through g, w, or heavier meson-exchange, implying a short-range (Az) interaction of 
the incoming p and consequently a large annihilation probability. The ratio r of the total probabilities 
for these two types of processes on a given nucleus of radius R can be roughly estimated by the 

geometrical expression r = [(R + >-. 1)
2 

- R2]/[(R + >-.2)
2 

- R2
], where the interaction cross-section is 

= (R + >-.;)2
, and the antiproton flux attenuation due to the annihilation is = R2

. Taking currently 

accepted values At = 1.5 fm, >--z = 0.5 fm, and R = 1.2 A 113 fm, we find for carbon, r.,c = 3.5. Such 
a reduction factor is not very different from the experimental ratio N,ff(p, ii)/Nort(jl, p)qua.i-fm of the 
effective proton numbers measured through the (p, ii) and the quasi-free (p, p) reactions, 

respectively. 

3.3 Upper limits for the production of narrow ji-nucleus states 

With the exception of the quasi-free scattering peaks, no narrow proton lines could be found in 
the proton spectra produced on the various targets. The use of a CDz target was useful in measuring 
the quasi-free (p, p) cross-section and in estimating the annihilation continuum background on 

deuterium. This target was not appropriate for the search for ( p-n) states, nor was it competitive 
with a cryogenic target. 

Experimental upper limits for the production cross-section of narrow antiprotonic states can be 

deduced, in Li, C, and Pb, for different outgoing proton energies and level widths. The values (3a) 
quoted in table 4 have been estimated considering proton energies close to the incident antiproton 
energy, i.e. states in which the antiproton binding energy is close to the binding energy of the ejected 
proton. A level width of 2 MeV has been assumed. The upper limits deduced from the most 

statistically significant measurements, those on Li and C, are more than one order of magnitude 
lower than theoretically predicted for the production of such p-nucleus states. 

Direct comparisons of the experimental results with the existing theoretical predictions is 

difficult because of the antiproton energies and nuclear targets considered. However, some 
comments can be made regarding the comparison with the work of Gibbs and Kaufmann [20] and 

with that ofHeiselberg eta!. [3]. 
Although not directly related to the physics of the present paper, the production of low-lying 

antiprotonic atom levels through the (p, p) reaction is interesting because such levels should have 

shifts and widths larger than those observed in usual antiproton-cascade X-ray measurements. The 
production cross-sections are predicted to be a few l'b/ sr' at oo. The relatively strong antiproton 

binding would be, for example for 180zs, about 0.5 MeV, but the widths of these Coulomb states 
should be small, r,.

0 
= 34 keV. Scaling the results of ref. [19], at Eii = 100 MeV, up to Eii = 

" 180 MeV, the differential cross-section for the 19F(p, p) {p-180)zs reaction would be da/dO (0°) = 

4.9 l'b/sr. Given the energy resolution of our apparatus, = 1.5 MeV, the double differential 
cross-section at the peak amplitude for this state would be 0.17 l'b/ sr ·MeV. If we use the carbon data 
and the A 213 -dependence for the proton continuum background, the double differential 
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cross-sections for the background expected with a 19F target would be about 220 l'b/sr ·MeV. The 
detection of the above atomic states, corresponding to proton energies slightly(~ 7.5 MeV) below 
the incident antiproton beam energy, was obviously out of reach of the present experiment. 

The predictions of Heiselberg et a!. [3] for the production of bound states were made for the 
160(p, p) reaction at Eii = 20 to I 00 MeV, using optical potential parameters determined before the 
recent studies of the p-nucleus interaction at LEAR [5, 6]. For a qualitative comparison with the 
experiment, their predictions can be scaled up in energy to Eii ~ 180 MeV and down in the real part, 
V o = 300 MeV, of the optical potential to V 0 = 50 MeV. The result would be a bump in the proton 
energy spectrum at Ep =. 270 MeV with an amplitude cross-section of 0.28 mb/sr ·MeV and a width 
of 160MeV. 

The highest proton energy values measured in our experiments are Ep = 290 MeV. Within this 
limitation the following remarks can be made on the high-statistics measurements on carbon. The 
differential cross-sections are exponentially decreasing from ~ 230 l'b/sr·MeV at 120 MeV to 
~ 50 l'b/sr·MeV at 290 MeV. No deviation from this exponential fall-off has been noticed and, 
more specifically, the cross-section at the suggested proton energy peak at 270 MeV is much lower 
than the expected value of 0.28 mb/sr ·MeV. 

4. SUMMARY AND CONCLUSION 
The study of the proton spectra produced on various targets through the (p, p) knock-out 

reaction at 600 MeV /c allowed a quantitative understanding of the annihilation-induced proton 
continuum and its dependence on the target mass. 

The quasi-free scattering cross-sections could be observed on the individual protons of the 
lighter targets, for which an effective number of protons could be defined by comparison with the 
free pp -+ pp cross-section at the same energy. 

The present study showed no evidence for the existence of narrow bound or resonant p-nucleus 
states. The upper limits set on the production cross-section of such states are about one order of 
magnitude lower than the various theoretical predictions. However, the present experimental results 
are consistent with the nature of the p-nucleus interaction as established by the recent high-quality 
elastic and inelastic scattering as well as by the antiprotonic atom data. 

Recently [21] the strong spin and/or isospin dependence of the imaginary part of the NN 
interaction was considered for a possible reduction of the annihilation probability of antiprotons in 
nuclei. This led to the hypothesis that the NNN or NNNN systems might form relatively narrow 
bound states. Practically, the reaction p + 3He -+ p + X with X = [ p-(pn)) can be considered. 

Future generation experiments searching for antiprotonic bound or resonant states will require 
high resolution and large acceptance detectors, similar to the present one, but will also aim at 
considerably higher statistics ;,: 1011 p. In order to initiate such an experimental program more 
theoretical calculations would be needed, taking into account the now established properties of the 
ji-nucleus interaction as well as the nuclear structure of the involved specific nuclear states. 
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Table 1 

Proton energy range Ep measured for the various targets 

and the corresponding range of binding energy difference, Bp-B~, 

of the proton or the antiproton in the core (A- I, Z- I). 

Target EP EP range Bp-BP 

(MeV) (MeV) (MeV) 

6Li 177.9 134- 294 44-(-116) 

12c 179.7 106-210 74-(-30) 

208pb 179.2 139-229 62-(-50) 

Scint. 176.5 117-291 60-(-114) 

CD2 178.8 106-210 73-(~31) 

Table 2 

Temperatures T obtained from the best fit of the Maxwellian expression cv'E exp (- E/T) 

to the proton energy spectra and the energy integrated differential cross-sections at 01ab = 0°. 

Target T c da/dO (0°) 

(MeV) {J<b/sr MeV312) (mb/sr) 

6Li 101 ± 4 17.3 15.6 ± 0.9 

tzca) 86 ± 1.5 84 59.4 ± 1.6 Ref. (9] and present work 

6'Cu 69 ± 10 405 206 ± 45 Ref. (9] 

208pb 72± 9 619 335 ± 63 

209Bi 69 ± 7 770 391 ± 60 Ref. (9] 

a) Also taken into account are the measurements on the scintillator target whose continuum is exclusively due to the carbon 

component. 
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Tab.Ie3 

Quasi-free backward elastic pp scattering cross-sections: 
o,at are the statistical errors and o,y,. the systematic uncertainties 

due mainly to the continuum subtraction; N," is the effective proton number. 

Target 

2H 
6Li 

12c 

du/dO (180°) Ostat Osyst Netr 
(/<b/sr) (/<b/sr) 

1437 ±41 ±46 0.53 ± 0.06 
386 ± 16 ±40 0.15 ± 0.03 
216 ±16 ±40 0.09 ± O.Q3 
304 ±30 ± Il2 O.Il ± 0.06 
135 ±23 ±80 0.05 ± 0.04 

Table 4 

Upper limits (3u) for the production cross-section of 
p-nucleus states through the (jj, p) reaction, 

assuming a level width of 2 MeV and an antiproton 
binding energy equal to the initial protons. 

Target jj-nucleus state (du/dO)u.L. 
(,<b/sr) 

6Li (p-5He] 12 
12c [p-"B] 18 
208pb ( P-2"'TI] 630 

Proton shell 

Is 
lp 
Is 
lp 
Is 

9 



Figure captions 
Fig. I: a) Schematic layout of the SPES II magnetic spectrometer facility. Particles travel in 

vacuum from the quadrupole entrance to the first localization MWPC, inside a vacuum 

chamber not shown in this figure. 

b) Details of the antiproton beam-pipe end and the target region. 
Fig. 2: Double differential cross-sections for the 6Li(p, p)X reaction at Eil = 177.9 MeV. The full 

line corresponds to an average temperature T = 101 MeV. The dash-dotted line is the result 
of a quasi-free scattering calculation corresponding to an effective proton number N,ff = 

0.15. The dotted line represents the contribution of the quasi-free scattering on Is-shell 

protons with an effective proton number 0.09. 
Fig. 3: Double differential cross-sections for the 12C(p, p)X reaction at Eil = 179.7 MeV. The full 

line corresponds to an average temperature T = 86 MeV. The dashed line is the result of the 

INC calculation with T = 62 MeV. 
Fig. 4: Double differential cross-sections for the 208Pb(p, p)X reaction at Eil = 179.2 MeV. The 

full line corresponds to an average temperature T = 72 MeV. 
Fig. 5: Double differential cross-sections for the (p, p)X reaction on a scintillator target at Eil = 

176.5 MeV. The sharp peak at M(X) = M(A) corresponds to the backward elastic pp 

scattering on hydrogen. The full line corresponds to an average temperature T = 86 MeV, 
and the dashed line represents an INC calculation with T = 62 MeV. 

Fig. 6: a) Double differential cross-sections for the (p, p)X reaction on a CDz target at Eil = 178.8 
MeV. The full line represents the best fit to the proton spectra produced on carbon. The 

dotted line represents the quasi-free scattering calculation on deuterium with N,ff = 

0.53, superimposed to the carbon continuum. 
b) Double differential cross-sections for the D(p, p )X reaction obtained from the CDz 

spectra after subtraction of the carbon contribution (best fit). The dotted line represents 
the same quasi-free scattering result as in part a). 

Fig. 7: Dependence of the differential cross-section for proton production in the continuum as a 
function of the target mass A. The full line corresponds to a mass dependence o: A 2/J and 
the dashed line to a mass dependence o: A 1. 

7
• 

Fig. 8: a) Proton spectrum produced on the scintillator target. The full line is the best fit of the 
carbon continuum. The dash-dotted curve represents the quasi-free scattering 

calculation on I p-shell protons with N,ff = 0.11. 

10 

b) The proton spectrum after subtraction of the annihilation continuum. The dash-dotted 

line represents the quasi-free scattering calculation on I p-shell protons with N,ff = 0.11. 
The dotted line shows the contribution of the quasi-free scattering on Is-shell protons 

with N,rt = 0.05. 
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