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Angular distributions from the (p, x+) and (p, 7t. ) reactions on Be leading to discrete iso-
baric analog states in Be and 0C have been measured at 800 MeV over the momentum-
transfer interval 600-800 MeV/ .cThe ratio between the (p, n+) and (p, w ) production
cross sections is found to be much larger at 800 MeV than at lower energy. The angular
distributions from the (p, x ) reaction show a pronounced slope not observed in previous
data e

The existing experimental information on the

(p, n') reaction from nuclei have been primarily
obtained at energies close to the threshold. '
These data show large sensitivity to nuclear
structure as well as the pion-nucleus interaction,
and have thereby created great hope that the (P, v)
reaction will be a useful tool for investigating
these matters. However, extraction of any quan-
titative information from the (p, n)data ha's so far
been prevented as a result of our poor knowledge
of the details in the reaction mechanism. Very
little data exist from the (p, n ) reaction, partly
because of the extremely small cross sections.
Moreover, it is expected that the nuclear struc-
ture information from the (p, n ) reaction is lim-
ited because of a very complex reaction mecha-
nism. This is indicated by the almost isotropic
(p, n ) angular distributions obtained at low ener-
gies. However, very important information about
the reaction mechanism can be extracted from a
comparison between the (p, n') and (p, n ) angular
distributions, since each reaction mechanism
gives its characteristic difference between the
cross sections for the two production modes. "
For example, & production is forbidden to first
order in the pionic stripping process, described
by the one-nuclear model. For a few light nuclei
(p, m') data exist for some proton energies up to
700 MeV. ' These limited data indicate only a
moderate energy dependence of the (p, w') reac-
tion, but much more experimental information is
needed to establish such a feature. In fact, the
new data presented in this paper indicate a much
stronger energy dependence. The specific infor-
mation which can be deduced from the (p, n) reac-

tion at high energy is largely unknown, but in gen-
eral one expects that the dynamics of the pion pro-
duction and in particular the subsequent rescatter-
ing processes will have a major influence on the
shape of the angular distributions.

In this paper we present the first data on the
(p, v) reaction on nuclei (A & 2) at 800 MeV bom-
barding energy. These data, obtained w'ith 'Be
as target, show some characteristics not ob-
served previously at any energy. The 'Be nucle-
us enables us to compare the (p, m') and (p, n )
cross sections when isobaric analog states in the
final nucleus are populated. Thereby, differences
in the nuclear structure involved are minimized,
facilitating the interpretation of the reaction pro-
cess.

This experiment was performed with the 800-
MeV proton beam from the Clinton P. Anderson
Meson Physics Facility, using the high-resolution
spectrometer (HRS) for pion detection and momen-
tum analysis. A detailed description of HRS and
its detector system is given by Blanpied etal. and
Hoffman eta/. ' In the trigger electronics, the
positive pions were selected from the large num-
ber of inelastically scattered protons of the same
momentum by the difference in time of flight oc-
curring in a 2-m flight path in the detector sys-
tem, located near the focal plane of HRS. Addi-
tional rejection of proton events was obtained with
a Lucite Cherenkov counter. In the final data re-
duction the pions were separated from background
events by accurate measurements of time of
flight and energy loss as well as by applying con-
straints on the outgoing particle trajectories.

Spectra from the (p, n') and (p, & ) reactions on
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'Be are shown in Fig. 1. As can be seen, the
background level is very small. This is especial-
ly true for the & spectrum where the ground-
state peak corresponds to a cross section of only
0.5 nb/sr. The energy resolution was typically
350 keV [full width at half maximum (FWHM) j,
where the main contribution came from energy
straggling in the 388-mg/cm' target. The 'Be(p,
v')MBe spectrum exhibits three peaks which can
be identified with single levels in ' Be, namely,
the ground state, the 3.37-MeV level, and the
poorly known state at 11.8 MeV. ' Although only
one level is known at 11.8 MeV in "Be, the width
of the peak in the (p, w) spectrum corresponding
to this level indicates that the presence of several
levels around 11.8 MeV cannot be excluded. The
salient features of the spectrum in Fig. 1 are
similar to those obtained at lower energies, in
spite of large differences in the momentumtrans-
fer involved. In the negative-pion spectrum the
first two peaks correspond to the levels in "C
which are the analogs to the ground state and the

3.37-MeV state in "Be. The absolute cross sec-
tion was determined by normalization to the
known proton-proton elastic-scattering cross sec-
tion. 7 The total error in the absolute cross sec-
tion is estimated to be about +15%. The main con-
tributions to this error are due to uncertainties
in the trigger efficiency including pion losses due
to nuclear reactions in the detectors (+ 10/p) the
proton-proton cross section (+ 5%), the normaliza-
tion measurement (+ 5%), and the Cherenkov effi-
ciency (+ 6%).

In Fig. 2 the angular distributions from the m'

and m production leading to the ground and first
excited states in "Be and "C are presented as a
function of momentum transfer, g. The differ-
ence in the (p, m+) and (p, m ) cross sections when
these two levels are populated should mainly be
due to the reaction process, because of the simi-
larities in the nuclear structure involved. At 800
MeV the momentum transfer is very large even
at small angles and hence there is little overlap
between these data and those near threshold. '
Nevertheless, a comparison between the data ob-
tained at 800 and 185 MeV is meaningful in order
to point out the specific characteristics of the
(p, w) reaction at higher energies. From the angu-
lar distribution in Fig. 2 we observe the strong
dominance of the r' production over the & pro-
duction. In fact, the &'/m ratio for the ground-
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FIG. 1. Energy spectrum of x' and m production. on
~Be at 800 MeV plotted as a function of excitation ener-
gy of the residual nuclei ~OBe and
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FIG. 2. Angular distributions of ~+ and m production
on Be leading to discrete isobaric analog states in Be
and C. The angular range is from 9.5 to 82.5 deg in
the laboratory system.
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state transitions at q= 600 MeV/c is much larger
at 800 MeV (about 15) than at 185 MeV (about 3).
This is surprising, since at the very large mo-
mentum transfers one might expect that several
nucleons are involved in the production process,
and therefore no drastic differences in the (p, &')
and (p, w ) cross sections should occur. The large
7T'/w ratio at 800 MeV can be a consequence of
the particular dynamics of the reaction process
at this energy. However, it should be pointed out
that in a nucleon-nucleon collision inside the nu-
cleus, the core nucleons can contribute in the r'
production without being rearranged while the r
production on a core nucleon involves a rearrange-
ment leading to an intermediate excited state.

From Fig. 2 we also observe that the difference
in the cross sections when the ground state and
first excited state is populated, respectively, is
larger for r' production than for w production.
This is probably due to the low sensitivity of the

(p, v ) reaction to nuclear structure. Another ex-
perimental result seen in Fig. 2, which has no
correspondence in previous data, is the noniso-
tropic (p, w ) distribution. In fact, the slopes in
the (p, w') and (p, m ) distributions are almost
identical, particularly if the 'Be(p, &')"Be(g.s.)
data are considered above 650 MeV/c, where this
angular distribution has a break in the slope.
Since the isotropic angular distribution of the re-
action 'Be(p, & )"C(g.s.) measured at 185 MeV
reaches a maximum momentum transfer of only
600 MeV/c, those data give no indication whether
the nonisotropic distribution at 800 MeV is a con-
sequence of the very high momentum transfer or
if it should be associated with the higher energy.
Two existing data points obtained' at 613 MeV
also suggest an isotropic distribution, although
the true behavior is quite uncertain at this energy
because of the large statistical errors in these
points. However, in a recent measurement at
Indiana University Cyclotron Facility" of the (p,
m ) reaction on "C at 200 MeV, which was extend-
ed to q = 660 MeV/c, preliminary results show
that in this case the (p, v ) angular distribution is
indeed isotropic in the whole momentum-transfer
region. Thereby we have an indication that the
nonisotropic (p, w ) distribution at 800 MeV is due
to the energy at which the (p, &) reaction is stud-
ied rather than a consequence of the very large
momentum transfer. In summary, there are two
specific properties of the (p, &) data obtained at
800 MeV which most likely are an energy effect,
namely the large v+/n ratio and the nonisotropic
(p, w ) angular distributions.
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FIG. 8. Angular distributions of m+ production on 9Be
leading to the level at 11.8 MeV, and of 7t production
leading to the peaks around 5.8 and 6.6 MeV in C.
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The difference in the reaction process at 800
and 185 MeV indicated by the (p, v ) angular dis-
tributions does not appear clearly in the (p, v')
distributions. When the ground state in "Be is
populated, the distribution follows a rough extrap-
olation of the 185-MeV data, when plotted as a
function of momentum transfer. However, the
data obtained for the 3.37-MeV level fall more
rapidly with momentum transfer at 800 than at
185 Mev.

The general pattern in the (p, v) data observed
in the transitions to the ground state and first ex-
cited state in ' Be and ' C also applies to the tran-
sitions to higher excited states. This can be seen
in Fig. 3, in which the angular distributions from
some transitions to excited states are presented.
However, the magnitude of the (p, v ) cross sec-
tion, for the transitions to the group of levels at
5.3 and at 6.6 MeV is much larger than the cross
section for the transitions to the ground and first
excited states. It should be.pointed out that this
enhancement of the (p, & ) cross section does not
occur in the (p, &+) reaction when the correspond-
ing analog states are populated in "Be (see Fig.
1).

In conclusion, the experimental results from
the (p, v') and (p, n)reac. tions at 800 MeV on 'Be
show some characteristic features different from
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those observed at energies near threshold. This
is, of course, not very surprising since there is
no reason to assume that the reaction process
should remain the same over a large energy re-
gion. However, the very large m'/w ratio at 800
MeV we find puzzling. This information should
give a strong constraint on the reaction mecha-
n18 111,
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Use of a total y-energy spectrometer in coincidence with a variety of detectors has led
to the observation of the highest multiplicities yet achieved for compound nuclear pro-
ducts, allowing for the selection and study of high angular momentum states. A differen-
tial comparison of coincident y spectra corresponding to slices of the total-energy spec-
trum yields a direct evaluation of the moment of inertia for a rotational nuclear structure.

The study of very high-spin states in nuclei is
progressing along bvo rather different lines, ac-
cording to whether the observed y-ray spectrum
is resolved or not. In the former case, level
schemes are constructed, and spins as high as
3'ta have been observed. ' ' In the latter case,
one must study the unresolved ("continuum" )

spectrum, and much progress has recently been
made for the y rays from evaporation residues
following heavy-ion reactions. Studies have been
made of the shapes of these continum spectra" '

as well as of their multiplicities, angular dis-
tributions, ' conversion coefficients, ' and lif e-
times. ' lt is now established that these spectra
consist of a tail above -2 MeV which decreases
exponentially with increasing y-ray energy, and
usually a bump at lower energy which contains
the transitions that remove the major part of the
angular momentum of the system. The nature of
these latter transitions appears quite sensitive
to the nuclear structure, whereas the tail seems
to be composed of statistical transitions that are
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