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The energy dependence of the (p,m ) and (p,m-+) reactions on "C leading to isobaric analog
states of ' 0 and ' C has been measured at a fixed four-momentum transfer at proton lab energies
of 250, 354, and 489 MeV. Unlike the (p,m+) reactions, which show an enhancement of the
differential cross section near the invariant mass of the h&232 similar to that observed for the
pp~dm+ reaction at an equivalent center of mass energy and momentum transfer, the differential
cross section of the (p,n. ) reactions decrease with increasing energy through this region. This
difference is consistent with an interpretation of the (p,m. ) reaction mechanism as a NN~NNm
process in which nonresonant amplitudes are dominant in this region.

INTRODUCTION

From the beginning of its investigation, the (p,n. ) re-
action has been somewhat of a puzzle. Because of its
small cross section and nearly featureless angular distri-
bution, the (p,n. ) reaction did not originally arouse the
interest of early experiments, who preferred to study the
more pronounced features of (p,m. +) distributions. '

The (p, n ) reaction was also neglected in the early for-
mulation of (p,sr) theory. It cannot be directly accessed
by a single-particle stripping mechanism, and although
the featureless angular distribution is taken to be evi-
dence of a multistep process involving many nucleons,
only recently has work been done on two nucleon model
calculations for (p,n } reactions.

Recently, interest in (p,n ) reactions was heightened
by the results of a systematic study that revealed an
unexpectedly strong selectivity of the reaction for the
population of a closely spaced cluster of high-spin two-
particle one-hole (2p-lh) final states. This discovery
was subsequently explained within the context of a
NN~NNm reaction model. Further signatures of a
NN~NNn process in the (p,m ) reaction mechanism
were also seen at the Indiana University Cyclotron Facil-
ity (IUCF), such as the behavior of the analyzing powers
of the ' ' ' C(p, m } ' ' ' 0, transitions' (g.s. is

ground state} and the stable analyzing power shape for
(p,n ) reactions to high-spin stretched 2p-lh states on a
variety of nuclear targets. " Additional NN~NNm
signatures in (p,n ) reactions are contained in a recent
paper by Throwe et al. '

The role of NN~NNm+ processes in (p,n+) reactions
is less well known. This is partly because single nucleon
stripping mechanism processes can also contribute to
(p,n+) reactions. Nevertheless, there is some evidence'3
that b &232 resonant NN~NN~+ processes do play a
significant role in (p,n ) reactions. In particular, previ-
ous investigations' ' of the (p,n+) reaction indicate that
the differential cross section is enhanced in the region of
the 4,232 resonance, similar to that shown by the ele-
mentary pp~dm. + reaction. This can be interpreted as
a signature of NN~NN~+ processes occurring within
the nuclear environment. Furthermore, analyzing
powers of the (p,n.+) reaction to the continuum in the
kinematical region close to the exclusive reaction limit
show great similarities to the pp~dm+ reaction. ' For
the (p,n. ) reaction, differential cross sections have only
been obtained at energies far above, or well below the
5]232 region, so it has not been proven whether (p, tr+)
and (p,m ) reactions exhibit a similar energy depen-
dence. It would thus be desirable to have complete mea-
surements across the h, 232 region for both (p,n+) and
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(p,n ) reactions to investigate such questions relating to
the dynamical behavior of the two processes.

To elucidate the role of the hJp3p isobar in the (p,vr )

reaction, we have performed an experiment at TRIUMF
with an unpolarized beam to compare the energy depen-
dencies of the (p,m. ) and (p,m+) reactions on ' C leading
to mirror states of ' 0 and ' C. Beam energies of 250,
354, and 489 MeV were chosen because a simple calcula-
tion shows that the peak of the EIQ3$ excitation would
occur at a beam energy of 320 MeV if the beam proton
and ' C target combined to form a mass 14 nucleus in
which one nucleon is excited to a mass of 1232 MeV.
Thus, if the (p,m. ) reaction is dominated by the
NN~hN ~NNm process, the effect of intermediate
AIzzz formation should be pronounced in this energy
range. By choosing mirror final states, effects due to
differences in nuclear structure are minimized, and any
differences in the energy behavior of the (p,m ) and
(p,n +) differential cross sections at the same four
momentum transfer should primarily reflect differences
in reaction mechanism behavior rather than nuclear
structure. We note, however, that this comparison is
only valid to first order since the (p,n+) and (p,m ) reac-
tions are not mirrors of each other and, therefore, they
can sample different isospin components of a given mir-
ror pair of final states.

The merit of measuring the energy dependence of the
cross section at a constant t (square of the four-
momentum transfer) is that nuclear structure effects are
fixed' to first order and, hence, the energy behavior of
the cross section reflects the energy behavior of the reac-
tion mechanism. This statement can be simply illustrat-
ed by using a transformation described in Ref. 15 where
a real pp~dm. + process is forced to reproduce the
(p,n+) kinematics. At t =0.5 GeV /c the required nu-
clear proton momentum for this transformation is a con-
stant 238 MeV/c to within about 2 MeV/c for beam en-
ergies from 200 to 800 MeV. Not only is this a reason-
able value of nuclear momentum for this nucleus, but it
is nearly independent upon incident proton energy.
Hence the nuclear medium effect on the cross section
should be relatively constant. The transformation of
Ref. 15 is a plane wave calculation and one would expect
that at resonant energies distortions will play a major
role, possibly modifying our statements. However, for
both the (p,n+) and (p,m ) reactions on ' C the incom-
ing channel distortions are common and the distortions
in the outgoing channel between m. +-' C and m -' 0 are
assumed to have similar dynamic behaviors. Thus, al-
though distortions as final state interactions are energy
dependent and can affect the momentum transfer, the
comparisons of the (p,n+) and (p,m ) reactions at the
same energies should be almost insensitive to the effects
of the final state interactions and the fixed t values
should still be the best one can do in minimizing the
nondynamical variables. A four-momentum transfer
squared of t =0.5 GeV /c was chosen for this study be-
cause it is nearly the largest momentum transfer ac-
cessed at 180 MeV, and is approximately the smallest
momentum transfer accessed at 489 MeV. Thus, it is
the only four-momentum transfer for which a compar-

ison can be made from close to pion production thresh-
old to well above the h, p3p invariant mass.

EXPERINIENT

Data were taken with the Medium Resolution Spec-
trometer (MRS) at TRIUMF during two runs. The pro-
ton beam was incident on a research grade ' C target of
94+1 mg/cm thickness. The target angle with respect
to the beam was chosen at each spectrometer angle set-
ting so that the energy loss of the proton beam in the
target would be approximately equal to the energy loss
of the detected pions in order to optimize the energy
resolution of the MRS. An error of 2' in the target an-
gle calibration corresponds to a relative uncertainty in
the target thickness of approximately 4%%uo.

Beam intensity was monitored continuously by an in-
beam polarirneter and by a secondary emission monitor
(SEM), both of which were previously calibrated against
a Faraday cup. The polarimeter consisted of a CHz tar-
get of 1.383 mg/cm thickness and two pairs of counter
telescopes, each in coincidence with a recoil counter,
that detect elastic proton-proton scattering events.
Agreement between the two monitors for total charge on
target was usually within 4%%uo, however, SEM was used
for the beam normalization since the thin polarimeter
target has been known to wrinkle after an extended time
period in the beam. The location and size of the beam
spot (typically 2.5 cmX0. 5 cm XY in dispersed mode)
was visually monitored periodically with a scintillator lo-
cated at the target position.

Because the CAMAC scalers of the MRS are not in-
hibited when the data acquisition system is busy, all
scalers must be corrected by the live time of the instru-
ment. This live time was measured by two independent
means. It can be simply measured by taking the ratio of
the number of busy latches that the data acquisition
electronics generates divided by the number of event
triggers. The MRS electronics also contains provision
for generating pseudoevents electronically. The ratio of
the number of these pseudoevents actually seen by the
acquisition system, divided by the number of pseudo-
events generated, gives a second determination of the
live time. In most cases the two different methods were
within 2%%uo of each other; during the (p,n ) runs the live
time was approximately 98%.

The eftective solid angle of the MRS spectrometer was
determined relative to the very accurately known cross
section of the pp~d~+ reaction' at a proton energy of
500 MeV, an energy which yields pions of momentum
similar to those from the reactions of interest. The
effective solid angle of the spectrometer was determined
by this method to be 2.1 msr, with a standard deviation
of 0.1 msr between independent calibrations. This solid
angle was found to be independent of beam spot size and
pion energy within this uncertainty.

The spectrometer detection system consisted of a mul-
tiwire drift chamber located in front of the
spectrometer's entrance quadrupole, and two vertical
drift chambers followed by two levels of plastic scintilla-
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tors located near the focal plane of the spectrometer.
The two levels of scintillators, along with one plane of
the front end chamber, and one plane of the first of the
two vertical drift chambers, provided the event
definition. The product of the eSciency of all three
chambers was typically 75% for (p,n.+) runs, and 50%
for (p, n. ) runs. This decrease in efficiency was shared
equally between all three chambers, and was primarily
due to increased beam current during the (p,~ ) runs in
order to reduce the running time, resulting in increased
double hits from the background.

Because (p,m. ) reactions have very low cross sections,
background problems warrant careful consideration.
The use of a front end wire chamber provides a high de-
gree of redundancy as it allows a complete ray trace
through the spectrometer back to the target, a distance
of about 11 m. Therefore, all background sources not
originating from the illuminated target spot could be
eliminated. Most of the muons resulting from pion de-
cay within the spectrometer were eliminated via the
beam spot and solid angle cuts; net events observed were
then corrected for pion decay within the spectrometer.
This pion survival fraction was approximately 35% at
250 MeV, 50% at 354 meV, and 65% at 489 MeV. In
addition, when using a magnetic spectrometer the pro-
ton background problem associated with (p,n+} experi-
ments is reduced in (p,n. ) experiments due to the nega-
tive charge of the pions; this, coupled with the redun-
dancy of the cuts applied in the off-line event-by-event
analysis made it possible to observe states with
differential cross sections as low as 0.5 nb/sr.

The energy resolution obtained was 180 keV at 354
MeV in the first data taking run and 300 keV in the
second run. The poorer energy resolution in the second
run was due to a larger than usual energy spread of the
incident proton beam from the TRIUMF cyclotron
(0.35% bp/p instead of 0.2% bp/p). Data from the
first and second runs cannot be directly compared be-
cause different angles were studied in each run; however,
where the two data sets overlapped there was agreement
within the statistical uncertainties. The poorer energy
resolution of the second run did not affect the minimum
observable (p,m. } cross section.

RESULTS

Off-line analyzed pion spectra from the first run (after
solid angle, energy loss, time of Aight, and target il-
lumination cuts) are shown in Figs. 1 and 2. Both spec-
tra shown in Fig. 1 are dominated by a 3 state near 6
MeV excitation, which has predominantly a two-particle
one-hole configuration (2p-lh} with respect to the ' C, .
Note that at 250 MeV the momentum acceptance of the
spectrometer was not large enough to allow data from
states ranging from the ' C, to '

Cz3 2 to be collected
simultaneously. At this energy, data were obtained with
two magnetic field settings of the spectrometer; only
data from the highest field setting are shown in Fig. 1.

At 354 MeV, the acceptance of the spectrometer was
large enough to view the entire energy range, as shown
in Fig. 2. The high spin 11.67 and 14.87 MeV states
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dominate the (p, m. +) spectrum shown in Fig. 2, as one
would expect considering the high momentum transfer
of this reaction. In addition, the 23.2 MeV state of ' C,
which has been previously observed' to have an unusual
zero analyzing power, is clearly visible. The absence of a
strongly populated mirror state in ' 0 near 23 MeV ex-
citation at 354 and 489 MeV indicates, by isospin argu-
ments, that this is not a T=2 state, and confirms argu-
ments presented in Ref. 15. The 13.50 and 14.05 MeV
states of ' C' shown in Fig. 2 are reasonably populated
but are not listed in the nuclear level tables of
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FIG. 2. 354 MeV (p,~+) focal plane spectrum from the first
run of the experiment taken at a four-momentum transfer
squared of t =0.47 GeV /e . The spin assignment of the 11.67
and 14.87 MeV states is taken from Ref. 15 instead of Ref. 17.
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FIG. 1. 250 MeV focal plane spectra from the first run of
the experiment taken at a four-momentum transfer squared of
t =0.57 GeV /c .
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TABLE I. A list of values of differential cross sections for
selected Snal states of the "C(p,m )' 0* reaction. All quanti-
ties shovvn are in the center of mass frame; angles are in de-

grees and do/dQ are in nb/sr. The numbers in parentheses
reflect statistical uncertainties only. The systematic error in
the overall normalization has been estimated at 8%, and the
relative uncertainty has been estimated at 10%.
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OO

14O
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5. 17

14+6.27, 6.79
14p +
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1.6(0.4)

T~ =250 MeV
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Ajzenberg-Selove. ' These states are also visible in the
pion spectrum obtained' at 200 MeV.

Because of the close spacing of the populated levels
near 6 MeV, a peak fitting routine' was used to decon-
volute these states. This procedure was a necessity for
the poorer resolution spectra obtained from the second
run, but was also performed on the spectra from the first
run in order to be consistent. For the states shown in
Fig. 1, the peak fitting routine was used to deconvolute
the 6.09 and 7.34 MeV states from the 6.73 MeV peak of
' C. It should be noted that the 6.73 MeV state is close
in energy to a cluster of other states (6.59, 6.90, and 7.01
MeV). The deconvolution routine shows that these
states are most probably weak in comparison to the 6.73
MeV state, so no attempt was made to subtract their
strengths from the 6.73, 3 peak. For the (p,n ) spec-
tra, no attempt was made to deconvolute the 6.79 MeV
state of ' 0 from the 6.27 MeV peak because of poor
statistics. Differential cross sections for all states are
listed in Tables I and II. Systematic and relative errors
are summarized in Table III.

Plots of differential cross section versus center of mass
energy at a constant four-momentum transfer are shown
for the ' C(p, m )' 0, and ' C(p,n+)' C, reactions in
Fig. 3, and for the ' C(p, n' )' 0627679

' C(p,n+)' C6„
and ' C(p,m+)' C$32 reactions in Fig. 4. These figures
plot data from this work, as well as other previously
published data ' ' ' ' using the relativistically invari-
ant Mandelstam variables s and t. The choice of s and t
is dictated by the fact that the unpolarized scattering
amplitude is only a function of s and t, as far as the kine-
matic variables are concerned. The quantity &s —m, 3C
is a measure of the excitation energy available for one
nucleon. The cross sections shown in Figs. 3 and 4 at
t =0.50 QeV /c were obtained by interpolation using
fits to the data. For the data below T~ =250
MeV, ' ' ' ' Legendre polynomial fits to the angular
distribution results were used. For T =250 MeV and
above, which are the data from this work, an exponen-
tial was fitted to the cross section at the two angles mea-
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sured. For the T =354 and 489 MeV, (p,n ) results,
where the cross section was measured at only one angle,
the relative exponential fit to the 250 MeV data was
used. Since the data in this experiment were measured
close to t =0.5 GeV /c, the error involved in this inter-
polation is minimal.

Plotting the differential cross section at a constant
four-momentum transfer permits, as discussed previous-
ly, the first order separation of the reaction mechanism
from the nuclear structure effects. ' Any differences in
the energy behavior of the (p,m ) and (p,m. +) differential
cross sections can then be attributed mainly to the reac-
tion mechanism. Both Figs. 3 and 4 show that at
t =0.50 GeV /c the (p,n+) reactions have an enhance-
ment in the differential cross section near the invariant
mass of the h, 23/ ( &s —m» ——l.232 GeV). This

C

enhancement has been noted previously for the H, He,
Be, ' B, ' C(p, m+) reactions near this momentum

transfer. ' ' ' ' For comparison, the differential cross
section of the pp~dm+ reaction, in which the 5,23& res-
onance is known to play a dominant role, and referred to
the nucleon-nucleus frame using the transformation of
Ref. 15, is plotted at a constant momentum transfer of
t =0.50 GeV /c at the bottom of Fig. 3. It is easily
seen that the energy dependence of the pp~dn. + and
(p,m+) reactions is strikingly similar. The addition of
pp~pnm+ contributions to the pp —+de.+ plot would
enhance the high energy tail and cause it to more closely
resemble the ' C(p,n+) energy dependence. This energy
dependence is cotnmon to other (p,n+) reactions at
four-momentum transfers greater than t =0.45
GeV2/c 2 l3

In contrast, the differential cross sections of both
(p,m ) reactions in Figs. 3 and 4 show no enhancement
near the invariant mass of the h&232 These are the first
measurements of the energy dependence of the (p,n ) re-
action in this dynamical region. The combination of the
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FIG. 3. Differential cross section versus center-of-mass ener-

gy (&s —m» ) at a constant four-momentum transfer (t) of
C

0.50 GeV /c for the ground state transitions. Plotting sym-
bols indicate the source of data as follows: 6 {Ref. 19) 185
MeV; o (Ref. 10) 190 MeV; A (Ref. 20) 200 MeV; ~ (this
work) 250, 354, 489 MeV. Also shown are the differential
cross sections for the pp~dm+ reaction with modifications as
described in the text. Plotting symbols indicate the source of
data as follows: 4 (Ref. 16); ~ (Ref. 25); 0 (Ref. 26); 6 (Ref.
27); 0 (Ref. 28). The data from Refs. 25-27 were extracted
from Legendre polynomial fits contained in Ref. 29. The error
bars reflect statistical uncertainties only.
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FIG. 4. Same as in Fig. 3 except for high-spin final states.
Plotting symbols are the same as in Fig. 3 except 0 (Ref. S) 191
MeV; 4 (Ref. 15) 200 MeV.
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small (p,m. ) cross section and the 2.1 msr spectrometer
solid angle made it impractical to obtain a distribution
of (p,n ) differential cross sections over a large angular
range (corresponding to a large range of t values). How-
ever, it has been shown in Ref. 13 for the ' C(p,n+)' C*
reaction that the energy dependence of the differential
cross section at constant momentum transfer is indepen-
dent of the t value chosen within the range of
0.7) t )0.45 GeV /c . No angular distribution results
exist for the ' C(p,n+)' C' reaction at higher energies.
Nevertheless, the similarity of the energy dependence of
this reaction, as shown in Figs. 3 and 4, to those shown
in Refs. 13 and 14 suggests that this feature is a general
characteristic of (p,n+) reactions in this range of four-
momentum transfers. Thus, we expect that the energy
dependencies shown for the (p,n+) reaction are not very
sensitive to the t value chosen within this range. Al-
though angular distributions for (p,n ) reactions are not
available over a similarly large energy range, recently
published (p,n. ) angular distributions' ' 3 which in-
clude nuclei from Li to Ca do not exhibit dips and
wiggles. This leads us to expect that the energy depen-
dencies of (p,~ ) reactions are similarly insensitive to
the momentum transfer chosen within this range of t
values. Although the energy dependencies of the two
(p,n. ) reactions are somewhat difFerent, the most impor-
tant feature is the lack of an enhancement of the cross
section in the dk&232 region. This common feature of two
transitions to two entirely different 6nal states indicates
that, in addition to any differences which nuclear struc-
ture may cause, there is a substantial dynamical
difference between the (p,n ) and (p,m+) reactions. We
note that the (p,m+) transitions to mirror final states ex-
hibit a common energy dependence which is markedly
different than that exhibited by either of the (p,m ) reac-
tions.

As an added measure for comparison, the squares of
the invariant matrix elements were extracted from the
differential cross sections in order to remove any effects
due to an increase in phase space as the energy increases.
This extraction was done using the equation for
A(p, n)A + 1 react. ions in general

k (2J„+1)(2Spi 1)

fi2c2 k (2Jq+1+1)(2S +1) dQ
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FIG. 5. Invariant matrix element (as explained in the text)
plotted versus center-of-mass energy &s —m» at a constant

C

four-momentum transfer (t) of 0.50 GeV /c' for the ground
state transitions as well as the pp~dm+ reaction. Plotting
symbols are the same as in Fig. 3.

where s is the Mandelstam variable previously described,
and the other symbols are standard and referring to the
center of mass frame. The results are plotted in Figs. S

and 6. These plots clearly indicate again that there is a
substantial difference between the (p,n ) and (p,m+) re-
action mechanisms.
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DISCUSSION

The NN~NNm dominance of the (p,m ) reaction
mechanism has been a widely accepted assumption. '

The role of the A, 232 resonance in the (p,n. ) reaction,
however, is currently an open question. ' The striking
difFerences between the (p, m. +) and (p, n. ) energy depen-
dencies shown in Figs. 3—6 suggest that the role of the
6 ]232 is distinctly different in the two reactions.

13O ( ~ ~ +) 14' r

23.2

1.2 1.3 'l. 4
Ms — ITl (peg)

FIG. 6. Same as in Fig. 5 except for high-spin final states.
Plotting symbols are as in Fig. 4. A Anal state spin of 3 was
used in the matrix element calculation for all three of these
plots.
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It is well known that the dominant amplitude for
the pp~pnm+ reaction in the 5&f32 resonance region is
pp('D2)~EN( S2)~pn( S, )+P wa-ve m+. This ampli-
tude is forbidden for the pn~ppm reaction by angular
momentum and parity conservation and the Pauli
principle. Allowed h&232 channels for ~ production
in a two-nucleon mechanism are pn( Po)~EN( Po)
~pp('So)+S-wave m and pn('D2)~EN( S2)
—+pp( P2)+S-wave n involving P waves for either the
intermediate hN or final NN state, as well as other
channels involving still higher partial waves. These reso-
nant amplitudes are much smaller than the one above
that dominates the pp~pnm+ reaction, and may be
masked in the (p, n ) reaction by nonresonant ampli-
tudes. A recent analysis of analyzing power data for
(p,n ) reactions on nuclei together with a phase shift
analysis of differential cross sections for low-energy ~
absorption by a 'So, T =1 proton pair in He (Ref. 36)
suggests that the pn~ppn. reaction at low energies
may be dominated by the nonresonant pn( D &, T
=0)~pp('So) transition, which cannot access an inter-
mediate hN(T =1,2) state. This may be the reason for
the lack of an enhancement of the (p, n ) reaction near
the invariant mass of the 6&232. It should be noted that
other considerations, such as the possible influence of
higher energy n.N resonances that only the (p,n ) reac-
tion can access, or possible differences in m+ and m ab-
sorption by the nuclear medium, may further influence
the energy dependence of the (p,m } reaction.

Alternatively, the possibility exists that the (p,m ) re-
action may be a two step process involving pion single
charge exchange. In this case, recent results from pion-
nucleus single charge exchange studies at the Los
Alamos Meson Physics Facility (LAMPF) (Ref. 37) may
have direct bearing on this discussion. This reference in-
dicates that the (n.+, m ) reaction on a wide variety of
nuclei exhibits the influence of the h&232 resonance by a
suppression of the cross section in the b J23Q region due
to increased absorption of the outgoing pion in the nu-
clear medium. Detailed model calculations are needed
to clarify the role of the 5,232 in the A (p, n )A +1 re-
action.

SUMMARY AND CONCLUSIONS

The energy dependence of the ' C(p,n )
' 0" and

' C(p, n.+ )' C* reactions leading to mirror final states has
been measured in the region where 5&232 resonance
effects should be maximal. At the four-momentum
transfer investigated, the excitation functions of the
(p,n+) reactions show an enhancement near the invari-
ant mass of the h&f32 similar to that exhibited by the
pp~dm+ reaction, which proceeds mainly through in-
termediate delta formation. The differential cross sec-
tions of the (p,m. ) reactions, on the other hand, do not
exhibit this enhancement. This lack of an enhancement
at the invariant mass of the 6&232 is also seen in the ener-

gy dependence of the invariant matrix element (Figs. 5
and 6}, which does not include the gradual increase in
phase space over the energy range. This difference is
consistent with an interpretation of the (p,~ ) reaction
mechanism as a NN~NNm process in which inter-
mediate h&232 formation is much less important in the
(p, n ) reaction than in the (p,m+} reaction.

These results should spur additional development of
current theoretical models. At present, existing Two
Nucleon Model codes ' ' include only rescattering via
Let J 232 formation and neglect nonresonant contributions.
Microscopic 6-hole calculations including nonresonant
terms have not yet been applied to (p,m ) reactions.
Further experimental work is also necessary to clear up
questions about the sensitivity of the energy dependence
of the (p,n ) reaction to momentum transfer (t) and to
nuclear structure effects.
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