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Study of the Reactions 98e(p, m )'OC and ' C(p, n )'30 at 613 MeV

P. Couvert, Q. Bruge, R. Beurtey, A. Boudard, A. Chaumeaux, M. Garison, D. Qarreta,
P. C. Qugelot, ' Q. A. Moss, ~ S. Platchkov, ' J. P. Tabet, Y. Terrien, and J. Thirion

Semice de Physique NucZeaixe a Moyenne Enexgie, CenA e d'Etudes XucZeaires de &acZay,
91190Sif sur--Yvette, France

L. Bimbot, Y. Le Bornec, and B. Tatischeff
Enstitut de Physique ¹cZeaire, 91406 Oxsay, Prance

(Received 12 June 1978)

Negative-pion production leading to discrete excitation levels of the residual nucleus
has been investigated on ~Be and 2C targets with 618-MeV protons. On the first seen
spectra of 3O a strong excited peak is observed at 2.82+ 0.24 MeV in excitation energy.
The resulting cross sections are found to be far below previously published theoretical
predictions.

In the last few years an important effort has
been made to investigate the (P, ~) reactions.
Most of the results' are concerned with the posi-
tive-pion production with almost all of them near
threshold. Recent experiments performed at Sa-
clay have extended this study much above the
threshold. 2' All of these data have been exten-
sively interpreted by means of more or less so-
phisticated models.

On the other hand there are very few results
concerning the coherent production of negative
pions. However, this reaction is very interesting
from at least two points of view: (i) It implies a
double charge exchange, a process whose mecha-
nism can be usefully compared to the (P, m+) reac-
tion mechanism, the coherent positive-pion pro-
duction has been often interpreted in terms of the
one-nucleon model (ONM) which forbids the nega-
tive-pion production, whereas any other mecha-
nism that one could imagine to describe the (P, m )
reaction may be used to explain the (P, m') reac-
tion. ' (ii) From a spectroscopic point of view it
leads to exotic proton-rich nuclei, about which
little is known.

As for the experimental situation, since the pi-
oneering work of Rohlin e~ aE.' at CERN, who
made the first comparison between the m and 7T'

production cross sections at 0' on 'Be at 600
MeV, all the other results have been obtained
near the reaction thx'eshold. " These last data
have been interpreted in terms of models involv-
ing one or more nucleons in the target nucleus. '"
A recent and new approach, extended over a
large incident-energy range, has been developed
by Kisslinger and Miller' who attempted to de-
scribe the (P, m ) reaction as a single-step &"
transfer.

Here, we present the experimental results for

reactions 'Be(P, m )"C and "C(P,~ )"O.' We al-
so compare these results with some additional
measurements of the reactions "CQ, v )"0 and
'Be(P, m')' Be. The experiment was performed
using a 613-MeV proton beam from the Saclay
synchrotron Saturne. The negative pions were
detected with the high-resolution magnetic spec-
trometer SPES I, using the same detection ar-
rangement as for the previous (P, &') experi-
ments.

Because of the very low cross section to be
measured, the background problems were han-
dled very carefully. Part of these problems were
automatically solved due to the negative charge
of the pions in the magnetic spectrometer. Thus
the average background counting rate was less
than ten counts per hour in the whole useful part
of the spectrometer focal plane corresponding to
an excitation energy range of 15 MeV. Figure
1(a) displays a spectrum for the reaction 'Be(p,
m )"C obtained on line. For the ground state,
the signal-to-noise ratio is still less than 2. The
remaining background was mainly due to random
coincidences issued from the high noise level in
the experimental area and enhanced by the time
structure of the beam bursts. Off-line analysis
was thus done under strict conditions, the pro-
cedure of which is the following: The deviation
from a straight line of the positions of the events
detected in the four drift counters in coincidence
has a normal distribution of about 1.5-mm FTHM
(full width at half-maximum). This FWHM cor-
responds to the spatial resolution on the focal
plane including the multiple-scattering effects.
Because of the low statistics we set a cutoff at 4
times the FWHM. Figure 1(b) shows that such a
procedure, which we applied to all measurements,
enabled us to eliminate most of the background
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FIG. 1. Negative-pion spectrum from Be target at

8~ b
——25 (a) before and (b) after the background sub-

traction, the procedure of which is developed in the
text. The arrow indicates the lower threshold of the
many-body reactions. Because of a contraction of the
energy scale, the visible resolution is 600 keV in this
spectrum.

TABLE I. Center-of-mass differential cross sections
(in nb/er) for the reaction BBe(p, w )~~C.

8&b 8, ~ Ground state 8.85 MeV 5.28 MeV

57
28.8

0.24+ 0.17
0.27 + 0.07

0.95+ 0.88
0.78 + 0.18

1.90+ 0.66
1.68 + 0.22

and in that way to measure cross sections down
to an order of magnitude of 100 pb/sr.

The errors quoted in the text and the tables are
only due to statistics and background subtraction.
An overall error of 1RVo on the absolute normali-
zation must be added; it takes into account the
uncertainties on beam monitoring, solid angle,
target thickness, intrinsic and geometrical de-
tector efficiencies, muon contamination, and
evaluation of pion losses by absorbtion in the de-
tection system. In addition, all the cross-sec-
tion values given in this Letter are averaged over
the 2.8 angular aperture of the spectrometer.

We have measured the reaction 'Be(p, m )"C
at two angles and one can recognize known states
of "C (Ref. 10) in Fig. 1(b). The measured cross
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FIG. 2. Negative-pion spectrum from C target at
5' and 25' leading to 0 excitation levels after back-
ground subtraction (same comments as for Fig. 1}.

sections for the first three states are given in
Table I. The sum of those of the first two levels
is in good agreement with previous CERN data, '
where these two levels where unfortunately un-
resolved.

Figure 2 shows two spectra for the reaction
"C(p, m )"O. Very little is known about the "0
nucleus. " Fortunately its mass was previously
measured with precision" so that its ground
state could be identified without ambiguity. Noth-
ing is known about excited states in "O. We ob-
served a peak at 2.82*0.24 MeV in excitation en-
ergy and some other r groups. The structure
above 3 MeV has not been analyzed because of in-
sufficient statistics beyond the continuum due to
many-body reactions (which have a low threshold)
and a geometrical cutoff above 8-MeV excitation
energy in the detection system.

Table II gives the cross sections measured at
four angles for the ground state and the first pion
group at 2.82 MeV. The corresponding angular
distribution is plotted in Fig. 3. Nothing is known
about the nature of these states and the known but
complex spectrum of the "Bmirror nucleus" is
not very helpful in interpreting the observed "0
spectra if one considers our 450-keV energy res-
olution.

Given the present status of the theory, it is dif-
ficult to extract information by direct comparison
of our results to existing near-threshold data. As
previously observed, we find that no evident q de-
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TABLE Q. Center-of-mass differential cross sec-
tions (in nb/sr) for the reaction C(p, vr i O.
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t
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50

15'
25
35'

5.5'
16.6'
27.6'
38.4'

Ground state

1.00+ 0.89
0.21+ 0.12
0.89 + 0.17

0.088 + 0.088

2.82 MeV

8.22 + 0.60
1.40 + 0.82
2.76 + 0.42
0.83 + 0.20

~ 10
C

~ GROUND STATE
0 E = 2.82 MeV

pendence appears in the angular distributions and
that the cross sections have the same order of
magnitude

Kisslinger and Miller' have given some predic-
tions for the & production by incident proton on
different P-shell nuclei. Then, we have meas-
ured an additional point for the reaction "C(P,
m )' 0 at &i~=5'; the resulting cross section is

do'[' O(g. s.)]/dQ, = 1.01+ 0.51 nb/sr.

Taking into account the experimental uncertain-
ties, the "O(g.s.) to "O(g.s.) production ratio via
the (P, ti ) reaction at the same angle (ebb=5') is
then

o["O(g.s.)]/c ["O(g.s.)] = 1 + 0.6.

In the same way the "O(g.s.) to "C(g.s.) produc-
tion ratio at ~„,=5'is

&["O(g.s.)]/c["C(g.s.)] = 4+ 3.

These ratios are smaller than what could be ex-
pected from Ref. 8, but, given the precautions
taken by the authors concerning nuclear struc-
ture effects which could lessen these theoretical
ratios, the experimental values are not in com-
plete contradiction with their predictions. Never-
theless the measured absolute cross sections are
far below the values that they predicted.

Lastly, the comparison of the r versus m' pro-
ductions can be helpful for the understanding of
the reaction mechanism. Because of the poor
statistics of the present low-cross-section ex-
periments the ratio of (P, w') (Ref. 3) to (p, w )
reactions cross sections on 'Be target nucleus at
Ol,b=5' is obtained with large error bars. For
the ground state and the first excited state (of
'oBe and MC) these ratios are found to be 270
+ 200 and 290~ 120, respectively. These values
are compatible with previous CERN results. '

In conclusion, we have obtained the first dis-
crete level spectra for the (P, & ) reaction far
above the reaction threshold. We have presented
absolute cross sections for some of them which
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FIG. B. Angular distributions of the center-of-mass
differential cross section for the ground state and the
first observed peak in the 0 spectrum.

are much lower than the existing predictions'
where &" components in the nuclear wave func-
tions have been introduced. The effects of a
0.25% & probability was predicted of the order of
magnitude of the nonexotic nuclear processes
which all need at least two-step reaction [(P,n)
&&(n, m' ) or (P, &') (&', m )]. Thus, either the &

probability used in these calculations has to be
reduced or some other theoretical grounds are
questionable. Further theoretical analysis would
be of great interest.
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Large shell-model calculations have been made of a pseudonucleus to see (1) what col-
lective features appear and (2) what the resulting collective wave functions consistent with
the assumption of the interacting-boson model are. In the calculations, sets of states
with striking similarity to states in K=0 and K=2 rigid-rotor bands appear. For the
K= 0 bands, the lower states are dominated by states formed from coupling J= 0 and J= 2
two-neutron and two-proton states, consistent with the assumptions of the interacting-
boson model.

An approach of great recent interest to the
long-standing question of an adequate microscopic
many-particle description of collective nuclear
motion has been proposed the so-called inter-
acting-boson model (IBM). The IBM assumes
that collective behavior arises from the coupling,
through the neutron-proton interaction, of the
separate low-lying state systems of valence pro-
tons and neutrons defined with respect to a major
shell closure. The eigenstates of the proton
(neutron) systems are assumed to be constructed
purely from combining two-particle "bosons"
with I.= 0 and L, = 2 to form many-particle states.
Arima and Iachello' have studied the consequences
of such assumptions in a phenomenological model
(i.e. , no microscopic structure to the "bosons, "
and parametrized one-boson and two-boson inter-
actions). The model is capable of handling nu-
clear systems which are far beyond the domain
of applicability of any reasonably complete shell-
model calculation. It would be highly desirable to
have an exact large shell-model calculation which
could test some of the assumptions of the IBM.
It is the purpose of this note to present the results
of such a large shell-model calculation of a pseu-

donucleus which displays striking collective be-
havior suggestive of rotational phenomena. In
these calculations, a specific and physically
reasonable single-particle structure is given to
the wave functions, and an explicit two-body
residual interaction is used. Thus, the collec-
tive properties are not explicitly a part of the
model.

The calculations discussed here are quite sim-
ilar to earlier calculations of Hecht, Mcorory,
and Draayer. 2 The model space for the calcula-
tions reported here includes the Of,~„1P,~„
and 1P,~, proton single-particle orbits, and the
Og,~„ld, ~„jd,~ „and2s,~, neutron single-
particle orbits. The single-particle levels are
taken to be degenerate. For a reasonably large
number of particles, one-body spin-orbit effects
should be minimal. For the residual shell-model
Hamiltonian, the surface delta interaction' (SDI)
is used with equal strengths in the p-p, P-n, and
n-n systems. The SDI is known to be a useful
approximation to more empirical and/or more
realistic interactions. In one system treated
here, the dimension of the 4= 4' space is on the
order of 45000. This is well beyond present
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