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We have described previously our microscopic model® of proton-induced nuclear pion
production and its application!'? to the 3He(p,7+)*He reaction at T;“b = 200 MeV.
Recently, we have examined the energy dependence of the various components of the
calculations from the near threshold region [Tzl,“b = 178 MeV, Tf™ = 10.5 MeV] to an
energy at which the Aj;32 resonance should clearly dominate the reaction mechanism
[T}S“b = 300 MeV, Tf™ = 93.6 MeV]. The full calculations are compared with existing
differential cross section and analyzing power data® at T!%® = 178 and 200 MeV, and with
cross section data*® from the time-reversed * He(n ™, n)%H and *He(nt,p)2 He reactions
at equivalent proton laboratory energies of 229, 262, 296 and 329 MeV, assuming charge
symmetry and detailed balance. The only energy above 200 MeV at which both differential
cross section and analyzing power data are available is 800 MeV®, far above the region of
applicability of our model.

Our microscopic model of the A(p,7)A+1 reaction is based on mesonic and isobaric
degrees of freedom and includes explicitly both the one-nucleon mechanism (ONM) and
the resonant p-wave rescattering part of the two-nucleon mechanism (TNM). Higher order
processes are included through proton-nucleus and pion-nucleus optical-model distortions.
For the present calculations, the proton distortions were obtained using optical model po-
tentials that give a good description of proton elastic data at 178 MeV? and at 200 and
300 MeV®, and then interpolating for 250 MeV. The pion distorted waves were gener-
ated using the pion-nucleus optical model code DWPIES (which is described in Ref. 1)
and including second-order parameters determined by systematic fits to a large body of
n-elastic data®. The second-order parameters are well known up to only 80 MeV pion
energy, so an extrapolation was required to obtain the parameters for T, = 300 MeV,
which is equivalent to a laboratory pion energy of 103 MeV. An energy-dependent pion
self-energy was included in the two-nucleon mechanism.
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In Fig. 1 we compare our calculations at T, = 178 and 200 MeV with the data of
Kehayias et al.3, which are in good agreement with the cross section data of Willis et al.10
at T, = 180 and 201 MeV, and show the decomposition of the full calculations (solid lines)
into the projectile-emission (PEM), target-emission (TEM) and one-nucleon mechanism
(ONM) components. The corresponding calculations at 7, = 250 and 300 MeV are also
shown in Fig. 1. Presently, no analyzing power data are available at 250 and 300 MeV,
but experiments covering this energy range have been proposed!!). The model predicts
a characteristic shift in the pattern of the analyzing power angular distributions between
T, = 178 and 300 MeV; it would be interesting to see if these predictions are borne out
by experiment. At 178 MeV the calculations are dominated by the (ONM) amplitude and
reproduce the data remarkably well, except for an overall factor of 2.5 in the magnitude
of the cross section. At 200 MeV the calculations agree less well with the data, perhaps
because at this energy they are sensitive to the interference between two approximately
equal amplitudes (ONM and PEM). Fig. 1 shows that the TEM amplitude is practically
negligible at all energies.

It may seem surprising that the ONM contribution is so large and does not fall more
rapidly at large angles, corresponding to large momentum transfers. In a plane-wave ONM
calculation, the cross section is directly proportional to the high momentum components of
the bound-state wave function and is indeed much smaller, and several orders of magnitude
smaller at 180° than at 0° (see Ref. 1). In the present calculations, the curves labeled ONM
include both proton distortions and non-resonant pion distortions, which help with the
momentum sharing and raise significantly the cross sections, particularly at large angles.

The analyzing powers shown in Fig. 1 vary smoothly with energy. The PEM and TEM
contributions individually give opposite signs for A,, but TEM has little effect because
of its very small cross section. The analyzing power is essentially that of the ONM at
178 MeV but is sensitive to the interference between the ONM and PEM contributions at
the higher energies. Analyzing power data at higher energies would provide a particularly
sensitive test of the model.

Fig. 2 displays the energy dependence of the full calculations and of the ONM, PEM
and TEM contributions separately. In this figure, we plot the differential cross sections
and analyzing powers versus the relativistically invariant Mandelstam variable t, which is’
the square of the four-momentum transfer. Comparing the cross sections at a constant
t-value to minimize nuclear structure effects'?12, we see that the ONM cross section varies
by only a factor of 4 between 178 and 300 MeV, whereas the PEM and TEM contributions
vary by about 3 orders of magnitude over this energy range. Consequently, the ONM
dominates the reaction at 178 MeV but PEM dominates at 250 and 300 MeV (at forward
angles). The ONM analyzing powers also vary less rapidly with energy than the PEM and
TEM analyzing powers.

Fig. 3 shows the effects of distortions at the various energies. Despite the fact that
the dominant rescattering mechanism is included microscopically in our model, the 178
and 200 MeV calculations are still quite sensitive to distortions. The difficulties in de-
scribing the 200 MeV data may very well be due to shortcomings of the optical model
distortions for such light systems?. The sensitivity to distortions is somewhat less at 250
and 300 MeV. It is seen from Fig. 3 that the analyzing powers are sensitive to both proton
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Figure 2. TNM calculations for the *He(p, 77)*Hey. 5. reaction at T;“b=178 MeV (solid
lines), 200 MeV (dashed lines), 250 MeV (dot-dashed lines) and 300 MeV (dotted lines).
The full (FULL) calculations represent the coherent sum of the one-nucleon mechanism
(ONM), projectile-emission (PEM) and target-emission (TEM) contributions, which are
also shown separately. The cross sections and analyzing powers are plotted versus the
relativistically invariant Mandelstam variable t, which is the square of the four-momentum

transfer.
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Figure 3. TNM calculations for the *He(p, n)*He, o, reaction at T}*® = 178, 200, 250

and 300 MeV with plane waves (dotted lines), proton distortions only (dashed lines), pion

distortions only (dot-dashed lines) and full distortions (solid lines). The data are from Ref.
3.
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and pion distortions, which separately tend to give opposite signs for Ay. The effects of
pion distortions are surprisingly large at the two lowest energies (Tlf“b=178 and 200 MeV
corresponding to Tc™=10.5 and 25.7 MeV, respectively) considering that the m-nucleus
interaction is weak at these energies, corresponding to a pion mean-free-path in nuclear
matter!4 that is large compared to the size of the *He nucleus. Pion distortions were
ignored in some of the early calculations®:'€ of (p, 7) analyzing powers, but were included
in others!?.

Although analyzing power data are not yet available to compare with the present cal-
culations above 200 MeV, cross sections for the charge-symmetric, time-reversed reaction
4He(r~,n)2H have been measured* at pion lab energies of 50, 75, 100, and 125 MeV (and
higher energies). Fig. 4 shows these data transformed to the (p, 7*) reaction using detailed
balance (top), together with the 178 and 200 MeV 3He(p, 7+)* He data of Kehayias et al.3
(middle) and the present calculations made at close to the experimental energies (bottom).
We note that the calculations predict a monotonic decrease in cross section with energy
at large t-values, whereas the 200 MeV cross sections of Kehayias et al. are larger than
those at 229 MeV obtained from the 50 MeV (r~,n) data of Killne et al.* by detailed
balance.

Fig. 5 shows a comparison of the calculated (p,7#*) and transformed (7~,n) cross
sections. The calculations reproduce qualitatively the gross features of the angular distri-
butions. The magnitudes of the calculated cross sections, however, are consistently larger
than those obtained by detailed balance from the (7~,n) data?, whereas they are smaller
that the (p,m") cross sections measured? at Tlg“b = 178 and 200 MeV (see Fig. 1).

Killne et al.’ have also measured cross sections for the He(r*,p)2 He reaction at
one angle (8, = 20°) for T = 50 and 100 MeV. They obtained cross sections that were
larger than those obtained earlier from the  He(r~, n)3H reaction* by factors of 3.25 and
1.7, respectively, at the two energies.

In Fig. 6 the cross sections obtained from Fig. 4 at a constant four-momentum transfer
of t = 0.575 (GeV2/c?) are plotted vs /s - m(®He), where s is the relativistic Mandelstam
variable corresponding to the square of the center of mass energy. This quantity represents
the energy available for excitation of one nucleon, e.g., to an intermediate Aj232, in a two-
nucleon mechanism!?!2, Also plotted in Fig. 6 are the cross sections obtained from the 50
and 100 MeV (7~,n) data* by detailed balance multiplied by 3.25 and 1.7, respectively,
as indicated by the (nt,p) data®. The calculations give about the right slope for the
excitation function, falling in between the low energy 2 He(p, 7*)* He data® and the higher
energy *He(n~,n)>H data*, in rough agreement with the *He(n*,p)>He data 5. New
3He(p,m+)*He cross section data in the 200 — 300 MeV range would be helpful in resolving
the discrepancies shown in Fig. 6.

In summary, our microscopic model describes fairly well the angular distributions of
both the differential cross sections and the analyzing powers at T, = 178 and 200 MeV, and
also gives qualitatively the correct energy depenence of the cross sections up to T, = 325
MeV. New experiments are needed to resolve discrepancies among existing (p, 7t), (7, n)
and (7, p) cross section data and to obtain analyzing powers at the higher energies, which
would provide stringent tests of the model.
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Figure 4. Top: 3He(p,n+)*He,.,. differential cross sections at T, = 229, 262, 296 and
329 MeV obtained from the *He(r~,n)>H data of Ref. 4 at T}%®* = 50, 75, 100 and
125 MeV by detailed balance. Middle: ®He(p,nt)*He, . differential cross sections at
T, = 178 and 200 MeV from Ref. 3. Bottom: Calculated differential cross sections for the
SHe(p,nt)*He,. . reaction at T, = 178, 200, 225, 250, 300 and 325 MeV. The abscissa
is the relativistically invariant Mandelstam variable t, which is the square of the four-
momentum transfer.
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T;“b = 225, 250, 300 and 325 MeV with experimental differential cross sections at
Tlg“b = 229, 262, 296 and 329 MeV obtained from the *He(r~,n)>H data of Ref. 4 at
T#‘b = 50, 75, 100, and 125 MeV by detailed balance.
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Figure 6. Energy dependence of the 3He(p, 7*)*He, ;. differential cross sections at a con-
stant four-momentum transfer of t = 0.575 GeV'2/c%. Open circles: 3He(p, 7+)*Hey s, data
from Ref. 3. Solid triangles: * He(r~,n)% H data from Ref. 4 transformed to *He(p, 7+)*He
by detailed balance. Asterisks: the 50 and 100 MeV (7~ ,n) data of Ref. 4 multiplied by
3.25 and 1.7, respectively, as indicated by the ‘He(rt,p)® He data of Ref. 5. Solid line:
calculated excitation function at t = 0.575 GeV?2/c? (from Fig. 4, bottom).
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A current focus of the IUCF pion production program is on studying the extent to
which A(p,7ri) reactions can be viewed as resulting from quasifree NN — NN~ processes
in the nucleus.!’? Evidence in favor of a quasifree mechanism is particularly striking for
A(P,mT)A+1 reactions, where analyzing power angular distributions [A,(#)] for contin-
uum production, and for nearly all strong transitions to discrete residual states as well,
are similar to results for pp—dnt, when the latter are transformed to the nucleon-nucleus
reference frame.! These A, (f) are large and negative over most of the angle range. In
(P,m*) measurements for several Ip-shell target nuclei,!»® however, we have observed typi-
cally one, sometimes two, strong anomalous transitions — to relatively sharp states at high
excitation (E;~ 14-23 MeV) — with Ay ~ 0 at all angles. It is important to understand the
nature of the anomalous final states, since these transitions may provide a clue essential
to a more complete understanding of pion production from nuclei.

One plausible explanation®! concerning the anomalous states observed in 12C,
13¢(p,nt) at 21.4 MeV in !3C and 23.2 MeV in !*C is that they are isospin-mixed. A
(p,7*) transition to a T state in the final nucleus would involve a AT=3/2 amplitude,
which is known! from (p,7~) studies to be characterized by A, of opposite sign and of
smaller magnitude than is typical for AT=1/2 transitions. A suitable Ts — T« admixture
could conceivably account for the observed analyzing powers, cross section magnitudes, and
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