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We propose a series of experimental measurements of the exclusive (N, N'm) process on light
nuclei. It is suggested that different physical effects can be isolated by the following procedures:
(a) varying the incident energy of the projectile nucleon at fixed nuclear energy and momentum
transfer; (b) measuring ratios of cross sections to different T, substates of the same final nuclear
isotopic mutiplet; and (c) comparing ratios of cross sections for high spin non-normal parity states
to those of low spin normal parity states. We discuss each of these methods for comparing data,
and show what physical information can be extracted with each method.

PACS number(s): 25.40.—h

I. INTRODUCTION

The study of intermediate energy pion production and
absorption on complex nuclei remains an important el-
ement in understanding strongly interacting many-body
systems. This is part of the more general topic of hadron
production and propagation in the nuclear environment.
In order to understand nuclear processes at high energy,
or the multiplicity of particles (mainly pions) produced
by very high energy colliding heavy ions, it is necessary
that we understand nuclear pion production and trans-
mission at intermediate energies. A successful study of
pion production may require the use of different probes
to induce the production reaction, each projectile hav-
ing its characteristic advantages and limitations. The
(p, ) process has historically played an important role
in studying proton-induced pion production, because of
the assumed elementary nature of the process and the
availability of high quality data. While some progress
has occurred during the past decade in understanding
the theoretical aspects of the (p,7) reaction to bound
or quasibound states of complex nuclei, many uncertain-
ties remain [1-4]. Comparison of the most detailed theo-
ries with experiment has met with limited success, and it
seems fair to say that the pion production reaction mech-
anism is not yet completely understood. One difficulty is
that the (p,7) process necessarily transfers a large mo-
mentum to the nucleus (g ~ 400-700 MeV /c). Thus, cal-
culations of this process are quite sensitive to “multistep”
processes, theoretical input uncertainties, and details of
off-shell propagators. One reason for the lack of progress
in this field is the number of uncertain quantities in the
(p, ) process.

Recently, we have studied the exclusive (N, N'rm) reac-
tion to quasibound states of complex nuclei [5,6]. This
reaction can be studied experimentally at existing facili-
ties and has some theoretical advantages when compared
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to the (p, ) reaction. The most important advantage re-
sults from the fact that the (N, N'w) reaction can occur
at relatively low to medium nuclear momentum transfers
(g ~ 100-300 MeV/c), as well as at the higher momen-
tum transfers required for the (p,n) reaction.

A potential disadvantage in studying the (N, N'x) re-
action is that it requires knowledge of a large number
of variables. Since this reaction involves several strongly
interacting systems (the reaction involves at least three
final continuum particles — the nucleon, pion, and fi-
nal nuclear state), quantitative descriptions of this reac-
tion require knowledge of initial- and final-state distorted
waves, the reaction N+ N — N+ N+ in the nuclear en-
vironment, and the appropriate nuclear wave functions.
In order to make some sense of this reaction, it is nec-
essary to make a systematic study of observables which
are highly sensitive to certain variables, and reasonably
insensitive to others.

We have argued that it may be possible to accom-
plish this. Measurement of (N, N'm) cross sections to
final nuclear states of definite angular momentum, par-
ity, and isospin allows one to use the nucleus as a “spin-
isospin filter,” i.e., transitions to certain final states can
occur through only one, or a few, of the various reac-
tion amplitudes. We argued that this selectivity of the
exclusive (N, N'r) reaction, together with the low nu-
clear momentum transfers possible, might make theoret-
ical predictions of this process both more reliable and
easier to test experimentally, than for the (p,w) reac-
tion. These issues are discussed in detail in Ref. [5] and
provide the starting points for this paper. Finally, our
predicted (N, N'7) cross sections were large enough that
this process could be studied experimentally at facilities
such as TRIUMF and the Indiana University Cyclotron
Facility [7], although it was predicted that the maximum
cross sections for this reaction would occur at somewhat
higher incident proton energies [8,9].

The microscopic reaction mechanism incorporated in
our earlier (N, N'rm) study [5] is the so-called two nu-
cleon mechanism, the reaction NN — NN in the nu-
clear medium. For the energies of interest (nucleon en-
ergies at or above 500 MeV), it is reasonable to assume
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the process is dominated by formation of an intermediate
A(1232). The various possible reaction amplitudes are
shown schematically in Fig. 1 and all include a propagat-
ing intermediate meson and A. Assuming that the iso-
bar production amplitudes dominate our cross sections,
then our model requires as input the external particle dis-
torted waves, initial- and final-bound nuclear wave func-
tions, form factors for the baryon-meson vertices, and the
self-energies of the meson and A.

In this paper we suggest various experimental mea-
surements which concentrate on certain properties, and
which are less sensitive to other quantities. For example,
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FIG. 1. Amplitudes included in the two-nucleon (N, N'r)
reaction discussed in the text. The post-emission amplitudes
(a)—(d) are associated with the amplitudes A} — D}, respec-
tively, in Eq. (2), while the pre-emission amplitudes (e) -
(h) are associated with the amplitudes A} — D5, respectively.
Mesons are represented by dashed lines. The narrow rectangle
represents the intermediate A. Solid lines with (without) mo-
mentum labels represent continuum (bound or quasibound)
nucleons.

a common technique is to take ratios of certain cross sec-
tions at the same incident proton energy, since in such
ratios the absolute beam normalization cancels out. Such
ratios may also be relatively insensitive to optical distor-
tions of incident and outgoing particles. The ideas we
present are similar to those already adopted in various
areas of intermediate energy physics. We concentrate on
three general categories.

(1) Measurement of cross sections at different energies
and angles, at fized nuclear momentum transfer. As the
(N, N'm) process involves three final-state particles, it
is possible to arrange the experimental kinematics so the
momentum transfer to the nucleus remains constant, over
a range of energies (or energy loss) and detection angles
for the external particles. First, this is useful because
the momentum transfer to the nucleus, g4, produces the
most rapid variation in the cross section. Keeping g4
constant ensures that the reaction amplitudes vary slowly
and smoothly.

In addition, several important many-body effects are
strong functions of nuclear momentum transfer. We
can predict the energy, scattering angle, and momentum
transfer dependence of the nuclear response function. A
similar idea is widely used in inelastic electron scatter-
ing, where Rosenbluth plots of the (e,e’) cross section
have been useful in separating longitudinal and trans-
verse form factor contributions and testing the validity
of the one photon exchange approximation [10]. Work-
ing at fixed nuclear momentum transfer and varying the
projectile scattering angle has also been useful in (7, 7’)
and (p,p’) reactions, for identifying the spin and parity
of excited nuclear states, studying the importance of in-
dividual terms in the transition operator, and providing
tests of the distorted wave impulse approximation [11,12].

(2) Measuring ratios of cross sections to different mem-
bers of the same nuclear isotopic multiplet. This can be
useful in comparing the contribution of various reaction
amplitudes for this process. For example, if a single re-
action amplitude dominated all (IV, N'm) reactions, then
ratios of reactions involving different final states of the
same isotopic multiplet, e.g., 180(p, p'n+)1N[J™ = 47]/
80(p,nrt)®0[J™ = 47], would be simple ratios of
isospin Clebsch-Gordan coefficients, and this ratio would
be independent of kinematic variables such as the nuclear
momentum transfer.

Strong deviation of these ratios from the isospin
Clebsch-Gordan coefficients would suggest a more com-
plicated reaction mechanism. Our calculations predict
cross sections for processes leading to analog states of
the same isotopic multiplet, which disagree strongly with
the isospin Clebsch-Gordan coefficients. Our calculated
cross-section ratios also show strong dependence on the
nuclear momentum transfer (for certain charge states of
the final pion-nucleon system). We will show that this ra-
tio depends critically on the relative magnitude of “post-
emission” and “pre-emission” amplitudes. “Post-
emission (“pre-emission”) amplitudes are those where the
final-state pion is emitted when the A decays (is formed).
For certain reactions we expect the post-emission am-
plitudes to dominate. In other reactions, however, we
predict considerable enhancement of pre-emission ampli-
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tudes relative to post-emission terms. We will show that
the ratio of transitions to different states of the same iso-
topic multiplet (but the same J and T') depend strongly
on the relative magnitude of these amplitudes.

(3) Comparison of transitions to low-spin normal par-
ity, and high-spin non-normal parity, nuclear states. Pre-
vious calculations [5] have indicated that, depending on
the nuclear momentum transfer, a small number of low-
spin normal parity or high-spin non-normal parity fi-
nal nuclear states dominate the nuclear response. This
is interesting because different reaction amplitudes con-
tribute to these dominant states. In particular, the pro-
cess shown in Fig. 1(a) results only in the excitation
of non-normal parity AT = 1 states [for (N, N'm) pro-
cesses on a T = 0 target]. In our previous paper we
showed that such transitions were especially sensitive to
the nuclear medium self-energy of the virtual pion in this
reaction. We showed that by taking ratios of cross sec-
tions to appropriate dominant final nuclear states, one
can either exclude or accentuate the predicted effects as-
sociated with virtual meson propagation.

The comparison of ratios of cross sections in inter-
mediate energy nuclear physics (other than to eliminate
straightforward effects of external particle distortion) has
a long history in nuclear physics. For example, such a
procedure has been useful in comparison of (e, e’), (w,n’),
and (p,p’) cross sections, to eliminate nuclear structure
uncertainties and study the validity of the distorted wave
impulse approximation and strong interaction transition
operators [13].

The outline of our paper is as follows. In Sec. II we
review the basic expressions for the (N, N'w) reaction.
As these results have been outlined in considerable de-
tail in Ref. [5], we review the results in schematic form.
Our aim is to present a heuristic picture to illustrate the
physics which can be extracted, when data are compiled
according to the three procedures we have suggested. In
Sec. III we present results obtained using the formulas
given in Sec. II. The results are presented in a series of
figures which are discussed at length. We also suggest
future experimental studies which might be carried out
with this reaction. We then summarize our results in a
concluding section.

II. FORMALISM AND PROCEDURES

Our model for the differential cross sections for the
(N,N'r) reaction was discussed in detail in Ref. [5]; a
complete set of equations and references can be found
in that paper. In what follows we briefly summarize the
main assumptions and write the cross-section expression
in a schematic form sufficient for our purposes, using the
notation developed in our previous paper. For complete-
ness, in the Appendix we include a more detailed expres-
sion for one typical amplitude.

We assume that the relevant scattering amplitudes
arise from the process shown schematically in Fig. 1. For
these amplitudes the external pion is produced in the re-
action N+ N — N + N + 7 in the nuclear environment,
assuming the process is dominated by A resonance for-

mation. We use optical potentials to generate distortions
of the external nucleons and pions. We focus on exclu-
sive (N, N'w) reactions leading to one-particle-one-hole
states of the target nucleus. The initial (closed shell) and
final (particle-hole) nuclear wave functions are described
in the standard shell model as combinations of products
of single nucleon orbitals [14]. Using these assumptions
and the procedures discussed in Ref. [5] we may write the
(N, N'r) differential cross section in the nucleon-nucleus
center-of-mass (c.m.) frame (for an initial unpolarized
nucleon) as

d’o 10t
dQVdQ.dE'

k'qE'E
2(2m) k(L + E/E4)

Tyl (1)

where E(E’) and k(k') are the initial (final) nucleon en-
ergy and momentum, respectively. The units for the cross
section in Eq. (1) are ub/sr?/MeV (we use units where
A =c¢ =1). The momentum of the outgoing pion is de-
noted ¢’ and E 4 is the initial nuclear target energy in the
c.m. frame. The amplitude Tfi will be the focus of our
study. We will discuss sets of observables which focus on
specific aspects of the transition operator, and which are
less sensitive to other effects. We will attempt to separate
effects in Ty; arising from external particle distortions,
the nuclear many-body shell model wave functions, and
the microscopic reaction mechanism.

We divide the scattering process into three parts: dis-
tortions of the incoming and outgoing free particles, nu-
clear structure effects, and a hard scattering process by
which the A is produced and decays. We account for the
distortions by using optical potentials derived from elas-
tic scattering of medium energy nucleons [15] and pions
[16]. The amplitudes contributing to the hard scattering
process are shown schematically in Fig. 1. The process
N+ N — N + A is mediated by exchange of an isovector
meson (7 or p, in our calculations). T'y; consists of eight
amplitudes. Four of these, shown in Figs. 1(a)-1(d),
are the so-called “post-emission” amplitudes, where the
outgoing pion is produced when the A decays. The
remaining four, in Figs. 1(e)-1(h), comprise the “pre-
emission” amplitudes, where the outgoing pion is created
when the A is formed.

In our original calculation we considered only the
“post-emission” amplitudes, but we will show that for
some reactions the “pre-emission” amplitudes should
dominate. This depends primarily on the charge of the
emitted pion. For certain transitions we find that some
amplitudes may be dominant, while other amplitudes are
negligible. There are two possible reasons for this. For
exclusive transitions to certain states, spin-isospin selec-
tion rules eliminate certain terms. The nucleus acts as
a “spin-isospin filter,” which removes some amplitudes.
In other situations, certain amplitudes may dominate for
kinematic reasons. Because of the large energy transfer
associated with A production, the various terms which
contribute to the scattering amplitude correspond to vir-
tual mesons with very different energies and momenta. In
certain kinematic regions some amplitudes may be disre-
garded.

We may write
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where 7 = 1 (2) refers to amplitudes associated with the
postemission (pre-emission) processes shown in Fig. 1.
The cross section is averaged over initial nucleon spin s,
and summed over final nucleon spins (s.,) and nuclear
angular momentum projection J,. We can illustrate the
general form of the scattering amplitude by studying the
process shown in Fig. 1(a) (the detailed expression for
the amplitude corresponding to Fig. 1(a) is given in the
Appendix). Assuming the intermediate isovector meson
is a pion, the amplitude corresponding to Fig. 1(a) can
be written schematically as

A{ F(qAa ’U)

Al =
' Dx(qa,wa)Da(a5,w3)’

(3)

where Al as listed in the Appendix (see Table I) contains
all the isospin dependence associated with the reaction.
The term Dy(g;,w;) is the inverse of the intermediate
pion propagator and has the general form

D (gi,wi) = wi — ¢f —m7 — I(gi, w;), (4)
where II(g;,w;) is the pion self-energy contribution. Our
approximation for the self-energy includes intermediate

nucleon particle-nucleon hole and A particle-nucleon hole
J

h L ~L
e

Lol frnnf?

™

A7

where g4 is the nuclear momentum transfer and

A;:":;’ 1.(g4) is the nuclear particle-hole radial matrix el-
ement which (for a given set of nuclear orbitals, nuclear
size, and orbital angular momentum L) depends only on
the magnitude of g4. For the definition of other symbols
in Eq. (7) see Ref. [5] and the Appendix.

The energy, wa (w4), and momentum g4 (g5) of the
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ring energies calculated for an infinite medium (Fermi
gas) [10,17,18], as well as a short-range repulsion char-
acterized by a Landau-Migdal g’ term. The isobar prop-
agator term Da will be given by Eq. (9). The term
F(qa,v) contains the dependence of the amplitude on
the momentum transferred to the nucleus, g4, as well
as all other nonisospin variables, v. This term is gener-
ally quite complicated and typical of strong interaction
processes involving distortion.

The nuclear momentum transfer dependence is diffi-
cult to isolate or to characterize. However, our shell
model amplitudes produce cross sections which decrease
rapidly with increasing nuclear momentum transfer. For
this reason it is useful to consider processes at fixed nu-
clear momentum transfer; in this case we expect a slow
and smooth dependence of the reaction cross section on
other kinematic variables. To demonstrate this, we con-
sider the expression A] in the plane wave limit for a
particular particle-hole transition using nuclear L-S cou-
pling. The post-emission amplitude A; in plane wave
approximation is given in Appendix C of Ref. [5]. We
find for amplitude A4

A} o AJATAY, (5)
where A is the isospin factor mentioned earlier. The
other factors, which depend on geometry, coupling con-
stants, intermediate particle propagators, and nuclear
structure are given by

F7(q4)
Dvr(‘lA; WA)DA(QQ’ wﬁ) ’
N s’ 1
Yl(qA)] s! { %

} 65,1)
[

intermediate pion (A) are related to the other energies
and momenta via

= EA - E:Qa qa
wi = E' + Eq, i (8)

where k' (q') (see Fig. 1) is the momentum of the final
detected nucleon (pion). For example, one can vary the

1 J ,nn
0 0 Alp i vL

(24) Y5 (4a) (6)

(7)

Dt
vl N
2

wa =k +4q -k

=k' + q,

TABLE 1. Values for the isospin factor A] appearing in Eq. (2.3) and in the Appendix assuming
a closed shell 'O ground state and a final particle-hole configuration for the final nucleus and a

final nuclear isospin 7.

Reaction Post-emission amplitudes Pre-emission amplitude

160(N, N’ﬂ') A1 Bz Cl D1 Az Bz C3 D4
7171'+

(pane™) V2 V2 -v2/3 —v2/3 V2/3 V2/3 V2/3 V2/3

(PvT"z”;;) —2/3 —2/3 2/3 2/3 2/3 —2/3 2/3 —-2/3

<P’T"?"Oo) 0 0 4/3 4/3 0 4/3 0 —4/3

(pp’n") —2v2/3 —24/2/3 0 0 —-2v2/3 0 —2v/2/3 0
10

(pp'e") 0 0 -2v2/3 —2v2/3 0 —2v/2/3 0 —2v/2/3

(P;%"l"_) 2/3 2/3 —2/3 -2/3 -2/3 2/3 —2/3 2/3

1 A V2/3 V2/3 V2/3 V2/3 V2 —/2/3 V2 —v2/3
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kinetic energies of the incident nucleon and final detected
nucleon, with the pion and nucleon angles and the energy
of the pion held fixed (q’ is thus held fixed).

In this paper we wish to focus the discussion on the
predicted behavior, for fixed momentum transfer, of the
various contributions to the amplitudes making up the
(N,N'r) cross section. In principle the distortion ef-
fects, which are functions of the nucleon or pion energy,
can change for fixed nuclear momentum transfer. How-
ever, we are working in a kinetic energy region of approx-
imately 50 MeV for the final pion and 100-500 MeV for
the nucleons, where optical potential parameters are rea-
sonably well known and pion absorption effects are not
dramatic [16]. We compare in the next section, plane
wave and distorted wave, fixed nuclear momentum trans-
fer, and variable external nucleon energy results. Use of
distorted waves could cause some changes in the energy
dependence of the delta and intermediate pion propaga-
tors, because additional integrations over kinematic vari-
ables enter compared to plane wave calculations. With
this caveat in mind, we now discuss the predicted exter-
nal nucleon energy dependence of the intermediate delta
and virtual pion propagators for fixed nuclear momentum
transfer.

A. The delta propagators

Each of the eight amplitudes shown schematically in
Fig. 1 has an associated A propagator. We assume that
the general form for the inverse of the delta propagator
is given by

DA(quwA) =w?—Ty — M, - VA(qA,wA) -+-’LF/2 (9)

In Eq. (9) we have used I' = 115 MeV, the free width
of the A. We have neglected two corrections to the A
width in the medium: Pauli modifications, which require
that the nucleon produced in A decay have momentum
greater than the nuclear Fermi momentum; and collision
broadening, which increases the A width in the medium.
Isobar-hole studies of A production in pion scattering cal-
culate an increase in the A width in medium [19-22]. For
the real A-nucleus interaction, we have chosen a poten-
tial whose shape follows the nuclear density and whose
central value is chosen as V, = —35 MeV, an average
nuclear potential for the A appropriate for the energies
we are considering [19]. In Ref. [5] we estimate the ef-
fects of Pauli modifications and collision broadening on
the effective width of the A in the nuclear medium.

In the plane wave limit and with the procedure used
in Ref. [5] one can determine w® and ¢ for each am-
plitude. In addition there exist symmetries between the
different amplitudes of Fig. 1 that result in the following
equalities:

A, _ pB
Dyt = Dt

Az __ C.
D42 = D2,

¢ _ pb
D = Dt

DB: = pD= (10)

In Fig. 2 we plot the inverse squared A propagators in
the center of the nucleus, as a function of the incoming
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nucleon kinetic energy Tp, for fixed nuclear momentum
transfer. In Fig. 2(a) we plot the post-emission delta
propagators 1/|Da|?. All have the same order of mag-
nitude, and show a linear dependence on the nucleon ki-
netic energy. In Fig. 2(b) we show the pre-emission A
propagators; the results are similar to the post-emission
terms, but the magnitude of the pre-emission propaga-
tors is much smaller. The pre-emission propagators are
considerably reduced because of the extra pion energy
factor appearing in the energy denominator.

The propagation of isobars in nuclei has been consid-
ered in great detail in isobar-hole models of pion-nucleus
interactions [19-24]. In our model we use some average
local potential to estimate effects of isobar interactions
in the medium. We may compare our results with those
of Karaoglu and Moniz [24], who constructed a local A
optical potential and compared the results with those
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FIG. 2. (a) The variation of the square of the post-emission
A propagators. The quantity 1/|Dal|? of Eq. (9) at central
nuclear density, in units fm? is plotted vs the kinetic energy T}
of the initial nucleon. The final nucleon energy and direction
is varied so the magnitude of the momentum transfer to the
nucleus is fixed at 1 fm™! and the nuclear excitation energy
is 6 MeV. The final forward (0°) pion energy is fixed at 50
MeV. Solid curve: amplitudes A} and B from Eq. (2); dashed
curve: amplitudes C; and Dj. (b) The variation of the square
of the pre-emission A propagators. Solid curve: amplitudes

% and C} of Eq. (2); dashed curve: amplitudes B3 and Dj.
The kinematic constraints are as in (a).
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obtained from isobar-hole models. In isobar-hole models
the isobar self-energy is divided into two parts, a “Pauli”
term representing Pauli blocking effects whereby occu-
pied nucleon states prohibit the process A — 7w + N in
the medium, and a “spreading” interaction which arises
from multiparticle-hole states arising from A medium in-
teractions.

The A-nucleus interaction is assumed to follow the nu-
clear density. The real part of the A-nucleus interaction
arises from the sum of a A-nucleus attractive interaction,
assumed to be equal to that for nucleon-nucleus scatter-
ing (with a central value ~ 55 MeV), and the real parts
of the Pauli and spreading potentials (both of which are
repulsive and would shift the resonance energy upward).
The real part of our A-nucleus interaction approximates
the sum of these three parts. Similarly, the imaginary
part of the A-nucleus interaction represents the combi-
nation of the Pauli term, which would produce a decrease
in the A width by suppressing the pionic decay of a A in
medium, and the spreading width, which would increase
the A width (relative to its free value) due to multiparti-
cle intermediate states reached via the AN — NN inter-
action in medium. We have used the free A width in our
calculations, whereas isobar-hole calculations show some
overall increase in the A width in medium.

Finally, isobar-hole calculations find an L-dependent
shift of the resonance energy in nuclei. We have not in-
cluded such an effect, which tends to be repulsive for the
central partial waves in pion-nucleus interactions, and
attractive for the peripheral ones. Therefore our simple
choice for the A propagator in nuclei can be expected to
reproduce only some average properties of isobar propa-
gation.

B. The intermediate pion propagators

In Fig. 3 we plot the inverse squared virtual pion prop-
agators associated with amplitudes A and D of Fig. 1, as
a function of the incident nucleon kinetic energy. The
symmetry of the amplitudes leads to the following equal-
ities:

D = D2, DB = DB,
DS = DS:,  DP+ = DP-. (11)

We plot the pion propagators both with and without the
pion-nuclear matter self-energy contribution, for a transi-
tion to a final nuclear state with excitation energy about
10 MeV. The results again show a smooth linear depen-
dence of the propagators vs. the nucleon energy. The
pion propagators associated with amplitudes A and D
are much larger than those with amplitudes B and C.
The propagators associated with amplitudes B and C
carry, on average, a much larger momentum (g, ~ 700-
800 MeV/c) than those associated with amplitudes A and
D (g ~ 200-300 MeV/c). The fact that the virtual pion
is closer to being on shell for process A (corresponding to
a pion with negligible energy and moderate momentum)
results in a relatively dramatic increase in 1/|D2|? when
the pion self-energy contribution is included.

]

2.0

A with s.e.

Pion Propagator, A and D B

LI B B B S B N N

1/1D,1% (fm*)
5

Dwithse. ] 1
0.5 e T e ]
F _ |
__________________ 5"'"‘**-—7——4-___4
O.Or : ‘ L . n
350 400 po 1
T, (Mev)

FIG. 3. The pion propagators 1/|D2|* and 1/|DP|? [cor-
responding to the amplitudes shown in Figs. 1(a) and 1(d),
respectively] vs the incident nucleon kinetic energy T,. The
self-energy contribution contains medium modifications due
to nucleon (and A) particle-nucleon hole rings as well as a
Landau-Migdal term with ¢’ = 0.7. Solid curve: pion prop-
agator for amplitude A; dash-dotted curve: same propagator
including pion self-energy contribution. Dashed curve: pion
propagator for amplitude D; dash-dot-dotted curve: same
propagator including pion self-energy contribution.

This is the “acoustic mode” for the pion, correspond-
ing to very small energy w, and moderate pion momen-
tum g [25,26]. For pions in this kinematic region we find
substantial medium effects. These appear as a signif-
icant increase in the amplitude A, which appears only
for non-normal parity particle-hole transitions. Our pion
self-energy calculations were carried out using a Fermi-
gas approximation for the nuclear medium. It is possible
that the assumption of an infinite medium overestimates
the effects of the pion self-energy. In the next section
we show that it should be possible to test whether large
medium effects would appear in exclusive (N, N'7) tran-
sitions to specific final nuclear states.

We believe that the preceding heuristic discussion of
meson and delta propagators is useful for several rea-
sons. First, it helps provide a qualitative understanding
for the dominance of certain amplitudes. Second, angu-
lar momentum and isospin selection rules rule out some
amplitudes for certain transitions. If, for example, the
forbidden transitions are those with very large ampli-
tudes, then the transition in question will be strongly
suppressed. Finally, it illustrates the simple linear de-
pendence of the propagators for fixed nucleon momen-
tum transfer, as a function of other external kinematic
variables. Thus at fixed nuclear momentum transfer, the
propagators and nuclear structure terms should vary lin-
early as a function of nucleon energy loss in the energy
regime to be studied.

III. RESULTS AND DISCUSSION

A. Results at fixed nuclear momentum transfer

In Fig. 4 we show the scattering amplitude |Ts;|?,
for exclusive (p,p'm™) cross sections on a 0 target,
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vs the incident proton kinetic energy T,. The quantity
|T 7:|* has units fm®; the overall normalization constants
are determined so that the final cross section has units
ub/(sr* MeV), as seen from Eq. (1). We calculate tran-
sitions leading to the J™ = 4~ nuclear state in ®N; this
is the “stretched” state in our one particle-one hole ba-
sis, and transitions to this state should dominate these
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reactions at large momentum transfer [5]. We have cal-
culated transitions at a fixed nuclear momentum trans-
fer g4 = 1 fm~!. The full results are shown in Fig.
4(a), and Figs. 4(b)—4(e) show results for each ampli-
tude separately. We have used the same proton and
pion optical potentials, nuclear structure wave functions,
pion-nucleon vertex functions, and other input parame-
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FIG. 4. (a) The scattering amplitude |Ty;|*> [(see Eq. (1)] for the reaction **O(p,p'n*)**N (J™ = 47) vs incident proton
kinetic energy T,. Solid line: distorted wave results; dashed line: plane wave results. The magnitude of the momentum transfer

to the nucleus is fixed at 1 fm™!.

The energy of the incident proton is varied from 350 to 450 MeV. The other kinematic

constraints are the same as in Fig. 2(a). This cross section includes all post-emission amplitudes given in Figs. 1(a) — 1(d).
(b) Same as (a) except only the contribution of amplitude A, [Fig. 1(a)] is included. (c) Same as (a) except only the B,
contribution [Fig. 1(b)] is included. (d) Same as (a) except only the C; contribution [Fig. 1(c)] is included. (e) Same as (a)

except only the D; contribution [Fig. 1(d)] is included.
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ters given in Ref. [5]; we have not included pion medium
effects in these figures.

The results for the high spin 4~ state reveal, as ex-
pected, that both the plane wave and distorted wave re-
sults at fixed momentum transfer have a very smooth,
almost linear, behavior as a function of the incident pro-
ton kinetic energy. The distorted wave results are char-
acteristically reduced by about a factor of 2. Each of
the amplitudes that contribute to this cross section also
exhibits a smooth behavior when plotted at fixed mo-
mentum transfer. The largest contribution to this cross
section, at this momentum transfer, is amplitude 4; am-
plitude D makes a negligible contribution in this kine-
matic region, and can be ignored. All other amplitudes
produce contributions which decrease smoothly with in-
creasing proton incident energy. Furthermore, inclusion
of distortions changes the magnitude, but leaves the slope
of the cross sections vs proton energy essentially un-
changed. Thus the rate of change of this transition, mea-
sured at constant nuclear momentum transfer, depends
only rather weakly on the initial- and final-state particle
distortions or nuclear wave functions. However, it does
depend rather strongly on the assumed reaction mecha-
nism, and to some extent on our assumptions regarding
the range of the meson-nucleon form factors.

Consequently, measuring the variation of this transi-
tion with incident proton energy (at constant g4) should
constitute one rather strong test of the adequacy of our
reaction model.

B. Cross sections leading to different charge states
of the same isotopic multiplet

In Sec. II we stated that the relative importance of pre-
emission and post-emission amplitudes could vary greatly
for (N, N'7) reactions leading to different final T, states
of the same isotopic multiplet. In Fig. 5, we show the con-
tributions of post-emission and pre-emission amplitudes
for the (p,p'n) reaction on 160, leading to particle-hole
states with L = § = 1,J = 2 1d(1p)~! character, at
E, = 6 MeV excitation energy for the residual nucleus
16N (all subsequent results correspond to incident pro-
ton energy 450 MeV, outgoing nucleon energy 250 MeV,
and scattering angle 10°). For this transition, the pre-
emission contribution is completely negligible, as can be
seen in Fig. 5(c), where the solid curve (both pre-emission
and post-emission amplitudes included) is almost iden-
tical to the long-dashed curve, corresponding to post-
emission amplitudes only. A similar conclusion can be
drawn for the (p,nm™) reaction leading to the isobaric
analog of the final nuclear state; these cross sections are
shown in Fig. 6. From Fig. 6(c) we see that inclusion of
the pre-emission amplitudes increases the cross section
to this state by about 10%. We show plane wave re-
sults in these figures; distortions would change the abso-
lute magnitude of the results, but none of the qualitative
conclusions.

However, for the (p,p'n ™) reaction to the isobaric ana-
log nuclear state, the pre-emission contribution domi-
nates, as is shown in Fig. 7. Interference effects are
important for this case, as the phases and magnitudes
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FIG. 5. (a) Plane wave results for the reaction
0(p,p'nT)®N*[L = § = 1,J = 2 1d(1p)” " state, at
E.. = 6 MeV]. Solid curve: cross section including the four
post-emission amplitudes from Figs. 1(a) — 1(d). The contri-
bution of each individual amplitude is shown separately. Long
dashed line: amplitude A;; short dashed line: amplitude Bs;
dot-dashed line: amplitude Ci; triple dot-dashed line: ampli-
tude D;. The incident nucleon energy is 450 MeV; the final
nucleon energy is 250 MeV and angle is 10°. (b) Same as
(a) except the contribution of the four pre-emission ampli-
tudes given in Figs. 1(e)— 1(h) are shown. (c) Same as (a).
Short-dashed curve: only pre-emission amplitudes included;
long-dashed curve: only post-emission amplitudes included;
solid curve: both post- and pre-emission amplitudes included.
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(see Table I) of the individual pre-emission amplitudes
interfere constructively for this transition, while the post-
emission amplitudes interfere destructively. Note as men-
tioned earlier, the A propagators are substantially larger
for the post-emission amplitudes for all transitions con-
sidered. Since the (relatively large) post-emission am-
plitudes cancel in the (p,p’nw™) reaction, other relatively
small amplitudes may contribute substantially to these
transitions. For example, nonresonant amplitudes might
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tion. (c) Same notation as Fig. 5(c), except for the

60(p,nnt)®0O*[L = § = 1,J = 2 1d(1p) '] transition.
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make an important contribution to the (p, p'n ™) reaction,
and these should be included in future calculations.

In Fig. 8 we show the ratio of the cross section for the
(p,p'm™) reaction, to those for the (p,nnt)and (p,p'7™)
reactions, all leading to isobaric analog states of the fi-
nal nucleus. In Fig. 8(a) we show the ratios of the full
cross sections; in Fig. 8(b) we show the results we would
obtain using only the post-emission amplitudes. For the
reactions leading to (p,7*) and (n,n™) final states, the
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16Q(p,p'n")®F*[L = § = 1,J = 2 1d(1p) '] transition.
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cross section ratios are rather constant as a function of
the outgoing pion angle, with a value between 3 and 4.
Each of these cross sections is dominated by the post-
emission amplitudes. The largest amplitudes for this
reaction are A and B; if only these post-emission am-
plitudes contributed, isospin Clebsch-Gordan coefficients
to these states would predict a cross section ratio of 4.5,
as can be seen from Table I.

The reactions leading to (p,7*) and (p,7~) final
states differ greatly, as the former is dominated by post-
emission amplitudes and the latter by pre-emission terms.
The calculated ratio has a strong dependence on out-
going pion angle, and varies between a low value of 2
and a high value of 12. If we consider only the post-
emission amplitudes A and B, we would predict a ra-
tio of 9 for these transitions, independent of scattering
angle. Figure 8(a) shows these cross-section ratios in-
cluding all amplitudes, and Fig. 8(b) shows the same ra-
tios with only post-emission amplitudes included. The
(p,7t)/(n,m) ratio is roughly the same in both fig-
ures, while the (p, 7*)/(p, 7™ ) ratio changes dramatically
when the pre-emission amplitudes are included. Thus
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measurement of cross sections to excite different members
of the same isobaric multiplet can provide useful informa-
tion about the reaction mechanism, and in particular on
the importance of amplitudes other than post-emission
A excitation.

The predicted cross sections to the isobaric nuclear
states are of the same order of magnitude, so that it is
plausible that all could be studied experimentally. The
ratios should be relatively independent of details of the
distortions, and meson self-energies. The predicted ra-
tios depend strongly on our assumptions about the hard
scattering amplitudes shown in Fig. 1. Comparing the
ratios of these transitions would test directly the hard
scattering assumptions in our model.

C. Ratios of cross sections for dominant transitions
with different spin and parity

As discussed earlier the spin and isospin selection rules
operate selectively for different amplitudes. Thus for a
nuclear final state with a given spin-isospin character,
certain amplitudes may dominate, or they may be for-
bidden to contribute to that state. Thus by observing
certain transitions we can obtain information on specific
scattering amplitudes; for this reason we say that the
nucleus serves as a “spin-isospin filter” for A formation
amplitudes. Because of the number of amplitudes which
contribute to such processes, this property is extremely
useful in sorting out the various reaction amplitudes.

In Ref. [5] we pointed out a case where this selec-
tivity can be used to determine information about the
reaction. Because of the large energy transfer needed
to produce the A resonance, the various amplitudes
shown in Fig. 1 correspond to very different kinemat-
ics (energy-momentum transfer) for the virtual isovec-
tor meson which mediates A formation. As a result, we
predicted that the various amplitudes would be affected
quite differently by medium effects (self-energies) of the
virtual mesons. The pion medium corrections were par-
ticularly important for amplitude A [shown in Fig. 1(a)]
because (for low-energy nuclear excitations) this ampli-
tude corresponded to virtual mesons with small energies
and moderate three-momenta.

For pions in this kinematic region, the pion propaga-
tor denominator is rather large (the pion is close to be-
ing on-shell). Thus, relatively modest changes due to
medium effects can result in appreciable changes in the
predicted cross section. As a specific example we consider
the (p,p'n ™) reaction leading to the J™ = 4=, T = 1 state
in °*N, and to the J™ = 17,7 = 1 “giant resonance”
state. We show the 4~ cross sections in Fig. 9, and the
17 cross sections in Fig. 10. Each transition should be
dominated by contributions from one or two amplitudes
(amplitude A for the 4~ state, and B and D for the 1~
transition).

We choose these states because they should be among
the very largest observed transitions. The 1~ giant res-
onance state is a normal-parity transition, and should
peak at rather low nuclear momentum transfer g4 ~ 1
fm~!. The 4~ state is a non-normal parity transition
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FIG. 9. Cross sections for the 1°O(p,p'n*)'*N*(4~,T = 1)
reaction as a function of outgoing pion angle. The incident nu-
cleon kinetic energy is 450 MeV; the outgoing nucleon kinetic
energy is 250 MeV, and scattering angle is 10°. Dotted curve:
plane wave calculation including pion medium effects; dashed
curve: plane wave calculation neglecting medium effects;
solid curve: distorted wave calculation including medium ef-
fects; dash-dotted curve: distorted wave calculation neglect-
ing medium effects.

which should peak at substantially larger momentum
transfer. This is apparent from Figs. 9 and 10, as the
nuclear momentum transfer increases with the outgoing
pion angle. The 1~ transition peaks at much smaller
pion angle than does the 4~ reaction. Since amplitude
A contributes only to non-normal parity transitions for
this reaction, it makes no contribution to 1~ excitation.
Therefore, the large self-energy enhancements seen for
this amplitude will contribute to the 4~ cross sections
but not to the 1~ state, and this can be seen in Figs. 9
and 10.

This can also be seen in Fig. 11, where we plot the ratio
of cross sections calculated for the 4~ and 1~ states, with
and without the self-energy contribution from the virtual
pion state. We see that the self-energies are predicted to
make a considerable enhancement in this ratio. This ratio
is relatively independent of distortion effects and nuclear
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structure. In estimating medium effects for mesons in
light nuclei we used a Fermi-gas model for the nuclear
medium. It is possible that this assumption causes us
to overestimate the pion self-energy, since the Fermi-gas
model assumes an infinite medium. If so, measurement
of ratios of cross sections to the 1~ and 4~ states, in the
(p,p'w") reaction on 10, should answer this question.
Although observation of individual transitions give us
useful information on this reaction, measurement of ra-
tios of transitions allows us to remove the dependence on
a few reaction variables; for a reaction which depends on
so many quantities this is an extremely valuable property.

IV. CONCLUSIONS

In a previous paper we had presented a two-nucleon
model for the exclusive (N, N'r) reaction, in a region
dominated by A isobar formation. As this model depends
on a number of assumptions regarding particle form fac-
tors, medium effects on intermediate mesons and isobars,
and distortions of several continuum particles, in this pa-
per we have examined the dependence of our results on
several of these quantities. We have attempted to find
observables, or combinations of observables, which are
rather sensitive to certain of these parameters, and much
less sensitive to others.

First, we showed that comparisons of cross sections
at fixed momentum transfer to the nucleus (but differ-
ent outgoing energies and/or angles) should exhibit a
smooth, slow, and characteristic dependence on the in-
cident nucleon kinetic energy. This behavior depends
primarily on the form we assume for the elementary
NN — NN interaction in the nuclear medium. De-
viation of the cross sections (at fixed nuclear momentum
transfer) from this smooth behavior would suggest that
the elementary interaction does not follow our assumed
form.

Next, we discussed the information which can be ob-
tained by measuring proton-induced pion production in
the (N, N'm) reaction, and comparing cross sections lead-
ing to different pion charge states. In particular, our
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calculations suggest that the (p,p'w*) and (p,p'nw~) re-
actions (leading to analog states of the final nucleus) pro-
ceed quite differently. In the (p,p'n™t) reaction on €0,
the dominant amplitudes are the “post-emission” terms,
where the pion is emitted following the decay of the A
In the (p,p’m ™) reaction, however, we predict very large
cancellations between different post-emission amplitudes,
so that the most important amplitudes for this process
are the pre-emission amplitudes where the pion is emit-
ted when the A is formed. We show how measurements
of these cross sections would test this hypothesis.

A production in the nucleus occurs when a virtual
isovector meson interacts with the incident proton. For
virtual pions we predict substantial medium effects for
certain amplitudes. We discuss how the nucleus can be
used as a “spin-isospin filter” for this process, since (for a
spin-0, isospin-0 target) only AS = AT = 1 (non-normal
parity, T = 1) states are excited by this amplitude.
Therefore, comparing excitation of normal-parity states
to non-normal parity states in the final nucleus, should
show a substantial enhancement of the non-normal parity
states. We demonstrate this for the excitation of J™ = 4~
and 1~ states for the (p,p’w) reaction on €0.

In summary, we have presented examples of techniques
for isolating the physical effects associated with inter-
mediate meson propagation, inclusion of pre- and post-
emission amplitudes, and the gross kinematic dependen-
cies of the assumed reaction mechanism. Experimental
results that allow application of these techniques would
be useful in studying the appropriateness of the assumed
mechanism for interpreting (N, N'm) experiments.
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APPENDIX

In this appendix we summarize the expression for one
of the amplitudes [A;, see Fig. 1(a)] contributing to
the (N, N'm) process. More discussion and details of the
derivation are available in Ref. [5]. We assume an effec-
tive nonrelativistic Lagrangian with coupling constants
and vertex functions, as given in Eq. (2.3) of Ref. [5].
Distorted waves are obtained from optical potentials for
nucleons and pions in this energy region [15,16]. The
incoming spin-averaged nuclear distorted wave has the
form

Tk,r) =4 Y ()Y (RS ()l (k7)o (A1)
£1my
The outgoing pion distorted wave is written
V(k,r) =dm Y (—i)BY5 (K5 (£)ée, (K, ) - (A2)

£3ms

The initial target nucleus is assumed to be a closed shell.
The final nuclear excited states are assumed to be a linear
combination of particle-hole states. Harmonic oscillator

orbitals @7 I, (r) [(I)Z:lzh (r)] are used for single bound

nucleon particle (hole) states.

For process A; the projectile nucleon (asymptotic mo-
mentum k) is excited to a A isobar through meson ex-
change with a target nucleon. The isobar subsequently
decays into a final continuum nucleon (k’) and pion (q').
The initial closed shell target is excited to a nuclear
particle-hole state by interaction with the incident con-
tinuum nucleon. The expression for the amplitude A; is
given by

-

‘2‘—31h+lh mh O 2
S, —

G [ 4 /‘“2

fl: N

R

x(4m)® D0 N D ()R vk (k) Vi (k) YV (&) Yt (£1) Y (R1)

l1,mq la,mz l3,m3

exp [iq - (ry

—T2)]

x¢11 (k 7'1) d)lz (k Tl)

This is Eq. (2.24) of Ref. [5]. The symbol C h b
my Mo

(qywA)D (quwﬁ)
x (sp| o - a|sn) (s5] [V (£1) & (¢, 1)] (S - ¥7) (ST

le,mp (1‘2) Q?h,m;. (1‘2)

(A3)

nlf denotes the usual Clebsch-Gordan coefficient, and o[S] is
3

a Pauli [2 x 4 transition] spin operator. The isospin dependent term A7 is given by

1/21/2 T
Al= " (-pVrte 22 T

tepitey

(tplT - BT [tn) (t sl (T) - x (&

NPt (A4)
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The virtual (outgoing final) pion unit vector field is denoted é (q@’ ) in Eq. (A4). The isospin (and Z projection) of the
final nuclear excited state is denoted T' (T,) and X’ is the spherical index for the final outgoing pion isospin projection.
The isospin dependent terms are listed for various processes in Table I. For example, A! is given from Table I as
v/267,;. Standard angular momentum coupling techniques [27] are used to reduce this expression to a calculable form
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