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Multinucleon Removal Induced by High-Energy Protons
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Various light- and medium-mass nuclei have been bombarded with 150-, 230-, 600-,
and 960-MeV protons. Prompt y rays were measured with a Ge(Li) detector. A large
number of lines in the y-energy spectra correspond to the de-excitation of the first lev-
els of 4n nuclei {N=Z even). The dependence of this effect on the incident energy and
the mass of the target is studied. The data are compared with recent pion-bombardment
results.

Several experiments have recently been report-
ed on the interaction of fast negative pions with
nuclear matter, in which y rays were measured
by use of Ge(Li) detectors in coincidence with the
incident beam. ' Large cross sections were ob-
tained for multinucleon removal compared to one-
nucleon removal or inelastic scattering. If the
target is a 4' nucleus, i.e. , has an even and
equal number of protons and neutrons, residual
nuclei corresponding to single- and multiple- n
(or 2P-2n) removal from the target are produced
with very large yields. Comparable results were
also observed with low-energy and stopped pions, '
stopped kaons, ' and fast positive pions. ' In these
experiments, the reaction mechanism is nearly
unknown. It appeared interesting to investigate
whether similar results could be observed with

other incident particles.
This Letter reports preliminary data of an ex-

periment performed on the 3-GeV "Saturne" syn-
chrotron at Centre d'Etudes Nucldaires de Saclay.
A secondary beam of a few times 10' protons per
burst bombarded 10—15-g/cm' thick targets of
N, 0, P, S, and Vat 230 MeV and of Al, Si, Ca,
and Fe at various energies up to 1 GeV.

The y rays were measured by a carefully shield-
ed Ge(Li) detector set at 90' to the beam direc-
tion close to the target. This detector was read
in coincidence with a beam telescope and in anti-
coincidence with a scintillator detecting charged
particles scattered by the target into the Ge crys-
tal. A measurement of the time of flight of the
incident particles allowed rejection of a 10% deu-
teron and 1/q triton contamination of the beam.
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FIG. 1. Spectrum of y rays from a Ca target bombarded by 210-MeV protons (average energy).
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The energy resolution was 5 ke V at 1 Me V. By
a least-squares fit to the energies of the peaks,
agreement was found with known energies of the
assigned transitions to better than + 1 keV. The
detector efficiency and the absorption of y rays
in the target were measured in the experimental
geometry to deduce cross sections accurate to
within + 2(PO.

Figure 1 shows the y spectrum observed with
230-MeV protons striking a target of natural cal-
cium (9790 'Ca). The most energetic y rays cor-
respond to inelastic scattering on the 4OCa (3
state) and to one-nucleon pickup leading to the
+' and —,

' levels of ' K and "Ca. The most in-
tense lines are found between 1.2 and 2.3 MeV
and are attributed to "Ar and "K, "Ar, "Ar,
"S, and ' Si. 3 and 2' levels are mainly excited
in even nuclei; —,'levels in odd nuclei. "Si and
"Sare only observed through a 2'- g.s. line
which is Doppler broadened.

Table I summarizes the cross sections calculat-
ed from the lowest y transitions (the only ones

observed) of residual nuclei, under the assump-
tion of an isotropic angular distribution. In a
first approximation, they are representative of
the whole production of each nucleus (direct yield
of ground states excepted). These first excited
states indeed are populated either in a direct
process or via y-ray cascade from the decay of
higher levels excited after successive evapora-
tion of nucleons.

Fast- and stopped-pion data are also given to
show the strong similarity between protons and
fast pions in the prominent production of 4n nu-
clei. However, proton cross sections are weak-
er than g ones, on the average; the "Ar yield,
which would correspond to the ejection of a He
particle, is large at low energy in better agree-
ment with the g -absorption data.

On the Ca the production of 4n nuclei appears
enhanced when the proton energy increases. At
600 MeV, the production of "Mg is observed;
however, because of the increased background,
we did not find any conclusive evidence for "Ne

TABLE I. Cross sections for inelastic scattering and one-nucleon and multinucleon removal from 4 Ca, Si,
"Al, "S, "P, "V, and "Fe deduced froln y-ray yield-

Cross
Target . . a)Projectile SectionNucleus Unit ca 39 39ca

Residual nuclei

38K 38A A 36A 32 e) 8 24M 20N
Mg Ne

40

p(l ]O MeV)

p(210 MeV}
p{600 MeV}

(220 MeV)

stopped m

mb

arbit.

20
13.4
5.2

9 c)
o.56d)

20. 7 15.2
8.5 9.7
2.9 3.2

0.22

12.7 12
8.3 10.9

3.4

21.3
13.6
5.4

21 .7
1.07 2. 19

29. 6
28. 4
14. 1

137.9
1.34

18
16.6
7.6

114.8
0.47

19.5
16.7
6.9

66. 1

3.6 &!
36.2 27.4

28 27 . 27 26 l 26) AlS1 Al A] Mg
25

Mg
24 23 22 21 20 16

Mg Na Ne Ne Ne

28 S1
27Al
28Si

p(218 MeV)
p(19O MeV)

(220 MeV)

mb 24. 5
arbit.

mb 40 3

14 25~2
13.7

19.2 11
18.2 ]5

4 9 ]1 b) 32
0

23.4 38

9
8.8

6.7 6.7 19.3
5. 1 4.8 16.9

21.6 5.9

32S 3 ) 31 e) 30
S1 Al

24
Mg

32S
3]p

p{218 MeV)
p(220 MeV)

arbit. 18.9 14.3 23
23

5.3 19.7
4. 6 ]8. 1

15
11.4

2.9
1.7

9
8.3

51 50 50 . 48 . 47 . 46Tl Tl Tl ca 43ca 42ca

51
p(224 MeV) 4. 6 4.4 16. 1 17.5 1.9 11.3 6.2 7.25

56Fe 55 55 e) 54Fe Mn e Fe 53 53
Mn Cr

52 48
T1

44
Ca e)

56F p(960 MeV) 260 37.3 22. 9 20 15.5 16.6 26. 1 ]2, 7 5.3

'Average energy in the target.
Ambiguous ass ignment.

'Ref. 1 for all this line.

Ref. 2 for all this line.
'Uncertainty is larger for this column because of

nearby lines.
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(5o removal) at 960 MeV.
On Al and Si the production of 4n nuclei did not

seem to be so strongly dependent on energy. Ta-
ble I shows the similarity of Al and Si cross sec-
tions at 220 MeV. "Al, "Mg, "Al, "Mg, and
"Ne are mainly produced in both cases, with
"Mg comparatively more easily produced from
"Si (1n removal). Other weakly observed nuclei
are stable jsobars down to 2xNe.

The comparison of P and S shows the same ef-
fect as for Al and Si: t and t+ cy removal proceed
on the odd target, and n and 2a. removal on the
even target, to lead to the same mass distribu-
tion.

On V, we observed that t is also more easily
removed than e, and that t+ e removal has a
greater probability than 2' removal.

On Fe, residual nuclei equivalent to the target
minus one, two, and three n particles are ob-
served. Most of the residual nuclei show more
levels than with other targets and the direct pop-
ulation of the first excited state seems to give
only a small contribution to the cross section.

With 230-MeV protons striking a target of wa-
ter, we observed two Doppler-broadened lines
due to the 1,'- 0' (1.632 MeV) and 0'- 1'(g.s.)
(2.312 Me V) transitions in '4N as a result of a
deuteron removal from "O. The widths of these
lines are = 20 and 28 keV, and thus proportional

to the transition energies. This Doppler broad-
ening strongly indicates the direct nature of the
interaction in this case.

Finally, we report that a spectrum very simi-
lar to the 600-MeV proton one was recently meas-
ured with 600-MeV z particles on 40Ca.

Qualitatively these results suggest a breaking
of an excited system via the weakest bonds be-
tween groups of strongly bound nucleons.

~V. G. Lind, H. 8. Plendl, H. O. Funsten, W. J. Koss-
ler, B. J. Lieb, W. F. Lankford, and A. J. Buffa, Phys.
Rev, Lett, 32, 479 (1974); H. E. Jackson, L. Meyer-
Schutzmeister, T. P. Wangler, R. P. Redwine, B. E.
Segel, J. Tonn, and J. P. Schiffer, Phys. Rev. Lett. 31,
1353 (1973)

2H. Ullrich, E. T. Boschitz, H. D. Engelhardt, and
C. W. Lewis, Phys. Rev. Lett. 33, 433 (1974); H. D.
Zngelhardt, thesis, Grenoble, 1974 (unpublished).

3P. D. Barnes, M. Eckhause, R. A. Eisenstein, D. A.
Jenkins, J. Kane, R. Kunselman, %. C. Lam, J. Miller,
R. J. Powers, R. P. Redwine, J. P. Schiffer, R. E.
Segel, R. B. Sutton, and B. E. Welsh, Phys. Rev. Lett.
29, 230 (1972).

~D. Ashery, M. Zaider, Y. Shamai, S. Cochavi,
M. A. Moinester, A. I. Yavin, and J. Alster, Phys.
Rev. Lett. 32, 943 (1974).

775


