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ANTIPROTON-NUCLEUS INELASTIC SCATIERING AND THE
QPIN-ISOSPIN DEPENDENCE OF THE NN INTERACTION

Carl B. Dover
Brookhaven National Laboratory
Upton, New York, U.S5.A. 11973

ABSTRACT

A general overview of the utility of antinucleon {N)-nucleus inelastic
scattering studies is presented, emphasizing both the sensitivity of the cross
sections to various components of the NN transition amplitudes and the
prospects for the exploration of some novel aspects of nuclear structure. We
start with an examination of the relation betweca: NN and NN potentcials,
focusing on the coherences pedicted for the central, spin-orbit and tensor
components, and how these may be revealed by meausurements of two-body spin
observables. We next discuss the role of the nucleus as a spin and isospin
filter, and show how, by a judicious choice of final state quantum numbers
(natural or umnatural parity states, isospin transfer AT=0 or 1) and momentum
transfer q, one can isolate different components of the NN transition
amplitude. Various models for the NN interaction which give reasonable fits
to the available two-body data are shown to lead to strikingly different
predictions for certain spin-flip nuclear transitiomns. Ve suggest several
possible directions for future N-nucleus inelastic scattering experiments at
LEAR, for Instance the study of spln observables which would be accessible
with polarized N _beams, charge exchange reactions, and higher resolution
studies of the (p,p') reaction. We compare the antinucleon and the nucleon as
a probe of nuclear modes of excitation.

*Supported by the U.S. Department of Encrgy under contract
DE-AC02-76CH00016.



1. INTRODUCTION

With the advent of the LEAR facility, one has begun to exploit the
pctentialities of antinucleon (N)-nucleus iInelastic scattering as a proﬁe both
of nuclear sturcture and the spin-isospin dependence of the two-body NN
interaction. One anticipates that useful structure information will be
obtained, because of the uniqueness of the nuclear response to the ﬁ, and the
pogsibility of comparative studies of (;,5'), (p,p"), e,e’), (n,n') and other
inelastic scattering reactionms.

Medium energy nucleon-nucleus scattering has been an effective way to
investigate spin-isospin modes in nuclei, excited by a spin transfer AS and
isospin transfer AT to the target nucleus. For example, the systematics of
non-normal parity A4S = AT = ] transitions have been mapped out, and the very
intriguing suppression of this Gamow-Teller strengthl) has been the object
of much discussion, Using standard models such as the distorted wave impulse
approximationz) (DWIA), one is able to relate the strength of spin-isospin
(and other) modes in the nuclear response to dominant components of the
nucleon~nucleon (NN) transition operator. By varying the momentum transfer q
to the nucleus, one can emphasize central (small g) or tensor and/or
spin-orbit (higher q) components of the NN effective amplitude. A similar
strategy has been Suggesteds’“) for inelastic N scattering. It is one of
the main purposes of this paper to exhibit the extent to which we can extract
constraints on the two-body central and spin dependent NN interactions from an
analysis of the existing LEAR data®>8),

In Sect. 2, we explore the relation between the NN and NN meson exchange
interactions, with emphasis on spin dependeat observables for the NN system.,
We discuss phenomenolcgical NN potentials in Sec. 3, which contain a very
strong short range annihilation potential W(r) accounting for decay modes
Nﬁ*mesons, absent for the NN channel. These models are used in Sec. &4 to
construct transition amplitudes t appropriate to nuclear inelastic scattering
processes of specified AS and AT. We emphasize how a strong spin dependence
of W(r), present in the Paris mode17), shows up as a notable enhancement in
isoscalar spin-flip inelastic transitions. 1In Sects. 5 and 6, we interpret
the available datas’s) on the inelastic process lzC(E,;')IZC* at 46 and
180 MeV, leading to various discrete states of 120, The excitation of
isoscalar natural parity states (2%(4.4 MeV) and 37(9.6 MeV)) is well
described in a parameter—free DWIA framework, indicating the close connection
between inelastic nuclear scattering and the underlying spin-isospin averaged
NN central amplitude ty. For spin-flip transitions to unnatural parity states
(e.g. 1%(12.7 MeV) and I*(15.1 MeV) in '%C), the situation is less clear,
since the preliminary LEAR data®) 4o not permit us to easily isolare the



cross section due to these excitations. With finer energy resolutiom (£ 300
keV or so) the separation of spin flip cross sections could be achieved, and
one could obtain a siganificant constraint on the isovector tensor compoﬁent of
the NN interaction. Recommendations for higher resolution inelastic
scattering studies with antinucleon beams are summarized in Sect. 7.
2. RELATION BETWEEN THE NN and NN INTERAGTIONS: SPIN OBSERVABLES

In the conventional picture of the NN interaction, the potential V is
generated by meson exchange (t—channel). Such a picture is appropriate for
the medium and long range parts of V. In phenomenological one boson exchange
(OBE) models, for example ref. (9), contributions to V arise from exchanges of
nonets of scalar, pseudoscalar and vector mesons. In the work of the Stony
Brooklo) and Parisll) groups, the ¢ and p exchange contributions of the
OBE approach are replaced by isoscalar and isovector two plon exchange
contributions evaluated by dispersion relation techniques. In either
approach, a potential of the form VNN = Z V; arises, where 1 refers to the
quantum numbers of the various t-channeliexchanges. If Gj is defined as the
G-parity of the exchanged meson 1, then the corresponding part of the NN
potential is just V _ =} (—)Gi v

i
plons. This is theNNG—pa%ity transformation”, which leads to a very close

; note that G = (~1)% for a system of

connection between the t-—channel NN and NN potentials, and fostered early
hopes that an analysis of the NN observables would provide additional
constraints on the meson exchange picture of the NN force.

In practice, the usefulness of the G~parity transformation is limited to
the medium and long range part of V. The short range part of the NN force is
generally treated pihenomenologically (by hard cores®) or other parametrized
cutoffsll), for instance), and it is not clear how to transform these
prescriptions into the NN sector. For r € 0.8 - 1 fm, the representation of V
as a local meson exchange potential breaks down, since the quark bags making
up the N and N start to overlap appreciably. The short range aspects of the
N¥ and NN systems demand a description in terms of quark dynamics. In
addition, the NN system, having baryon number B = 0, easily annihilates into
mesons (the NN absorption cross section is about twice that for elastic
scattering at low eﬁergies). The annihilation mechanism has no counterpart in
the low energy NN system (here plons are oaly appreciably produced above
400 MeV kinetic energy). Thus the NN phenomenology provides no guidance as to
how to construct the effective NN annihilation potential V,,, + IW. The
presence of strong absorption masks the sensitivity of the NN observables to
the short range real potential. Note also that the annihilation process
(through dispersive corrections) gemerates a real potemtial Vg,, as well as

an imaginary part W. The magnitude of V,,, has not been reliably estimated



theoretically; in principle, it could be comparable in size tc the t-chamnel
meson exchange potential at critical distances of order r =~ 1 fm, although it
is intrinsically of shorter range.

Is it possible to isolate the longer range effects of the t-channel meson
exchange potential from an analysis of NN observables? So far this has uot
been accomplished, since the available NN data consist mostly of total cross
sections (elastic, charge exchange and annlhilation) and some angular
distributions, which reflect mainly the strong absorption (geometric) aspects
of the problem. Except for some crude data on pp elastic polarization, no
spin observables have been measured. These spin quantities hold the key to
seeing the characteristic effects of t—channel exchanges in NN, and hence
establishing some connection to the NN problem.

We now indicate that the coherences present in the NN potential provide
signatures in the NN spin observables even in the presence of strong
absorption.

Let us first review the ccherence propertieslz) of the NN system, aund
their effect on the observables. The mosty dramatic effect of coherence in
the NN system is seen in the 33Pg phase shift. Here, the one pion exchange
potential (OPEP), dominated by its tensor component, 1s strongly attractive.
On the other hand, the short range spin-spin, spin-orbit and vector meson
exchange forces are all ccherently repulsive. The competition between strong
long range attraction and coherent short range repulsion leads to a sign
change in the 33P0 phase shift near 200 MeV. The same mechanism holds also
for other triplet—-odd NN waves with J = L - 1., Partial waves for which an
attractive OPEP 1s balanced against non-coherent short range repulsion do not
display a zero of the phase shift; an example 1s the 13D2 channel, where the
phase remains close to the OPEP value and there is no zero, Deviations from
OPEP predictions for peripheral NN partial waves are particularly interesting,
since they register the coherent summed strength of ;1-32, t.3 and vector
exchange potentials.

In passing from the NN to the RE] system, the G-parity transformation

leads to a dramatic change in the patterm of coherence. For Nﬁ, the central,

tensor and quadratic spia-orbit forces are fully coherent and attractive for

isospin I = O states with spin S =1 and L=J £ 1.

The coherence of NN tensor forces for I = 0 is most readily seen in spin
observablesla), for instance the pE elastic pola.ization P(8). If the
spin-spin and spin-orbit parts of the NN potential are set to zero, P(9)
reméins essentially unchanged, while if tensor forces are neglected, P(0)
almost vanishes. In contrast to the NN system, where P(8) arises

predominantly from the spin-orbit potential, the polarization in NN is largely



an effect of the coherent tensor force from meson exchange. The quantitative

aspects of P(8) (and other spin observables) are influenced, however, by a
possible strong spin-spin and tensor component in W(r), which can cloud the
simple and elegant interpretation based on meson exchange.

To summarize, a careful measurement of NN spin observables could provide
an important constraint on the summed strenght of the w, w and p tensor
potentials (and also the coherent quadratic spin-orbit potemtials). This
information would be complementary to that obtained from 2 study of the spin
dependence in NN scattering. ’

3. PHENOMENOLOGICAL NR POTENTIALS

Simple black disk or boundary condition models are sufficient for a
semi-quantitative understanding of NN total cross sections, but provide no
useful account of spin observables, isospin dependence, or large amngle elastic
or charge exchange scattering. For these quantities, which contain most of
the interesting physics, a full optical model treatment is mecessary.

An early optical modal fit to the NN data was carried out by Bryan and
Phillipslk). They used an OBE Model for the t-channel meson exchange
potential, and a local Woods—=Saxon form

Voon(E) + 1W(r) = = (Vo + 1Wg}/1 + exp({r-R)/a)) (n

for the complex annihilation potential. They chose Vg = 0, Wy = 62 GeV, R = 0
and a = 1/6 fm. This type of analysis was later redome by Dover aand
Richardls), who used the Paris potentialll) for the t—channel part, and
also included a real annihilation potential. They fit the high precision
Ep + nn charge exchange datal®) which had become available. A family
of annihilation potentials was found!%) which fits the data (Model I with
Vg = 21 GeV, Wg = 20 GeV, R = 0, a = 1/5 fm and Model II with Vg = Wy =
500 MeV, R = 0.8 fm, a = 1/5 fm are two examples). This family has the
characteristic that the absorptive parts are comparable at around 1 fm. The
enormous values (many GeV) attained by the annihilatiom potential at short
distances are of no physical significance. The cross sections are insensitive
to the potentials in this region, as long as absorption is sufficiently
stroug. A similar situvation prevails in heavy ion reactioms.

After the analysis of Dover and Richard}3) appeared, Ep backward
(8 = 174°) elastic scattering was measured with high precision by
Alston~Garnjost et al.l?), Although ref, (15) was consistent with the
earlier crude elastic data at backward angles, it mow considerably
underestimated the cross section. It proved impossible to remedy this
situation by further variations of an annihilation potential of the type (i).
Tha Paris group7) reanalyzed the NN data including all differential cross

section and polarization information, using a more flexible phenomenological



form

> >
W(r) = {3c(1 + £ E) +ggo (1 + £,.E)0)°0) _
(2)
€1s++1 4 Kg{2mr)
ML S
m
The coefficients g., 8gg» 2p» 8Lg are adjusted separately for isospins

I =0, 1. The radial dependence is given 1n terms of the modified Bessel

r

function Ky of range 1/2m ~ 0.1 fm (held fixed), which reduces to a Yukawa
form for large r. The form (2) is rather general, incorporating arbitrary
spin, isospin and energy (E) dependence, as well as L and J dependence through
the spin-orbit (f'g) and tensor (S;5) terms. No real anmihilation poteatial
was considered, and an updated version'®) of the Paris potential was used
for the t-channel exchange part.

Since numerous free parameters are ilanvolved in these fits7), it is
clear that they cannot all be uniquely determined from the limited data. In
particular, since the only spin observable that has been measured (crudely) is
P(0), it 1is difficult to disentangle the effects of 31-32, .8 and Sjp terms.
Nevertheless, some interesting conclusions can be drawn from this-
analysis7). Firstly, the spin and isospin dependence of W(r) in ref. (7) is
very strong. For s-waves, the values of WIS stand in the ratio

; 1:0,81:0.11:0,073, E = 0
w00, 0, O, L1l (3
~ 0.92:1.0.15:0.035, E = 100 ¥eV

From Eq. (3), we see that W is an order of magnitude or so more absorptive in

S = 0 than in S = 1 channels, whereas the isospin dependence is significant
but not as strong as the spin dependence. Further, we note that W is strougly
energy <>pendent, For instance, as E changes from 100 to 200 MeV, w00
increases by a factor 1l.6. The strong spin dependence of W(r) has a dramatic

consequence in § inelastic scattering on nuclei“): isoscalar, spin—-flip

(AS = 1) modes of nuclel, which are excited only very weakly in nucleon
inelastic scattering, become very promineat in the N inelastic respounse
function. This matter 1s discussed further in Sect. 6.

Recently, the Nijmegen-grouplg) has advanced a coupled channel meodel
for NN scattering. They solved a relativistic Schrodinger equation, including
an explicit coupling to effective mesonic annihilation channels. By comparing
the predicted elastic polarizations P(6), one sees that the Paris’? and
Nijmegenlg) models sgree well in the angular reglon where data exist, but
differ strongly in their predictions for P(6) near 8 = 90°. The situation is
similar for other spin obsrevables. This is due to the strong spin dependence
of NN annihilation in ref. (7), which 1is absent in ref. (19).



It is clear that the present NN data are insufficient to settle the
fascinating question of tlie degree of spin and isospin dependence of NN
annihilation processes. Quantitative guidance f£rom the quark/gluon picﬁure is
needed. Various other phenomenological models have beesa appiied to the NN
system, although no fits as detailed as those of the Paris and Nijmegen groups
have been done. We mention separable potentialzo) models, which have some
motivation in the context of quark rearrangement. The measurement of two-body
NN spin observables at LEAR will be crucial in choosing between different
theoretical models.

To summarize, we have introduced twc models for the NN optical potential,
in order to compare their predictions for (N,N') inelastic cress sections om
nuclear targets. The mcdels of Dover and Richardls), referred to as DRI and
DRII in subsequent sections, are characterized by an annihilation potential
which is independent of spin and isospin. On the other hand, the model of
Coté et al’), 1abelled "PARIS" in the following discussion, has W(r) which
is much stronger in the spin singlet than in the spin triplet state. These
models give strikingly different predictions for isoscalar spin flip
transitions in nuclei, as discussed 1n Sect. 6.

4. THE TRANSITION AMPLITUDES FOR N INELASTIC SCATTERING FROM NUCLEIL

The two body NN potential V_ 1s wricten in the forn

> > > > > >

V. =V +Vg o +VTeT_+V 0 o_1
NN c oN N TN N ot N NN N

LS LSt N N T !2 (%)

¥
¥
~¥
¥

T Qa2 +V Q -
Tt 12 N N Ls2 LS2t 12 N N

where £-§, Q12> and S;, denote the usual two particle spin-orbit, quadratic
spin-orbit, and tensor operators, respectively. The real potentials Voo
Vo, V. V.., and VL

LS> 'T S2
from t-channel meseon exchanges. The potentials \Tﬁ,N of models DRI, DRIX and

> >
and their T *T_ counterpzrts are assumed to arise
N N

PARTS (Sect. 3) are converted to NN scattering t matrices by solving the
nonrelativistic Schrddinger equation for nonidentical fermions. There are
several ways to express the various independent terms in the tramsition
operator for inelastic antinucleon scattering from nuclei. We adopt the
formulation used by Love and Franeyz) in order to facilitate comparison with
NN results and to make more transparent the connection between the NN t matrix
and the spin-isospin excitations expected to dominate the nuclear response.

Thus, ia analogy with the potential given in Eq. (4), the t matrix is written



in the form

t o= t§ + S0 & + t°T T+ 1CF S5 T -1
o N N TN N gt N N N

+ S 4 e85 A EE 4+ o] + 77 s, 3
N N TN N

TQ TQ

+ (tgY + €737 +T_)S,,(d),
0 T N & 12

where the various components tj are functions of the c.m. energy and the
momentum transfer q(; = ;i - Sf, where ;i and ;f are the incoming and

outgoing momenta in the two particle c.m. system, respectively). The
spin-orbit (f.§) and tensor Slz(ﬁ) operators are defined, in momentum space,
as in Ref. 2. Note that in defining the various components of the NN t matrix
those central terms with a subscript T (0) are isovector (spin—vector)
operators in the nuclear target space for (ﬁ,ﬁ') reactions on nuclei. The
last term in Eq. (5) is a function of the total momentum 3 = ;i + Ef.

In general, the low q components of the transition operator are
responsible for exciting low angular momentum nuclear final states near the
peak cross section for such states, while the components dominant at high q
are responsible for exciting high spin states. It is useful to record which
final nuclear states can be excited via various terms in the transition
operator assuming a J = T = 0 nuclear target initial state. Thus, we
summéri;e below the opeators able to excite various final states of spin J and

parity w in transitions with spin and isospin transfers AS and AT:

Non=-spin flip

(a8 = 0) Spin £f1ip (AS = 1)
Isoscalar T = (—l)J to,t%s T = (-I)J’J+1 ta,tgs,tg
T
(AT = 0) (6)
oy LS SRV I 0 LS T
Isovector T (- tr’tT T = (~1) tat’tr ’tT
e?
(AT = 1)

To compute cross sections for N inelastic scattering on nucleil, we use
the distorted wave impulse approximation (DWIA), In DWIA, many-body cross
sections and spin observables are directly related to the underlying two-body
t-matrices. This approximation has been frequently appliedZI) to medium
enargy nucleon inelastic scattering with success. In this approach, the
initzl and final state distorting potentials are calculated from the same
t-matrix used to obtain transition operators of different spin-isospin

character in Eq. (6). For J = T = 0 target, the elastic scattering optiecal



potential is obtained from a convolution of the spin-isospin averaged
amplitude tg with the nuclear density p. Nuclear medium convections to this
simple “tp" approximation have been discussed in the talk of von Gerambh?2)
at this conference. The comparison between DW theory and the LEAR
data®>®) is also treated in detail in ref. (22) for elastic N-nucleus
scattering, Here, we focus attention on inelasiic N scattering, which tests
other components of the t-matrix besides tg, in particular the tenmsor
components tT which enter strongly in spin-flip transitions.

In plane wave approximation (PWA), the Inelastic differential cross
section dg/dR has the form

%%»= ‘tiiz + It}slz (normal parity state, AS = 0 dominant)

TB|z

Tyj2
1 + Eltoi + ti Y(non-normal

LSj2 Taj2
clci|+1'roi+:i!+|tai+t
parity, AS = 1), (I = T for AT = 1 transitions only), where (7
Te _ T _ s _ T T™Q Ty TQ
BT 1 "ttty 1
which shows explicitly the interplay between central, spin-orbit and temsor

2678, ¢ = -2t] 4t
amplitudes. In Eq. (7), we have assumed a specific angular momentum transfer
and suppressed nuclear structure factors (except for &, which 1s equal to 2
for stretched configurationsz)). We see that central and tensor amplitudes
interfere in AS = 1 transitions, while the spin-orbit contributions add
incoherently. In PWA, the asymmetry A associated with the excitatior of the

various spin-isospin modes is given by

2eRitE; = Ciths)
A(q) = (normal parity, AS = 0 dominant),
ci2 LSy2
e} + feg |
Z[tLS(tc +tTB) - th(tc +tTB)] (8)
Ri“"I1i "Ii I1*"Ri "Ri
Alq) = TBI2 (non-normal parity,

BT T + Tl # e o= T s,

where R(I) denotes the real (imaginary) parts of the t matrix.

The existence of inelastic scattering data obtalned with polarized proton
beams has led to considerable interest in understanding the origins of. nonzero
values of P - A (polarization minus analyzing power) in (p,p'). Besides
explicit Q value effects, such mechanisms as exchange, energy, and velocity
dependence of the transition operator and multistep processes have been
discussed??) as contributors to (P - A). Since exchange effects are absent
for NN, and the épin-isospin components have different energy and momentum
transfer dependence than those appearing in the NN opeator, the study of
(P - A) for antinucleon inelastic scattering should provide usaeful additional

information. 1In Sect. 6, we present some predictions for P * A in N inelastic



scattering.
Let us now examine some of the characteristic features of the NN

transition amplitudes. The q dependence of the central components tg, ﬁq,

ty and ty, for several iyoical enmergies 1s displayed in Fig. 1. These

curves refer to the PARIS model”) introduced in Sect. 3. These central

terms dominate the inelastic nuclear response for small q. We note that itoi
is by far the largest amplitude: the AS = AT = ( inelastic cross sections
will thus be the most prominent. Relative to t,, t; and t;,., the

amplitude t; is even more dominant for NN than for NN. Thus spin flip
excitations induced by the N will be difficult to isolate in a coarse
resolution (;,5') experiment, 1f natural parity T = 0 states lie close in
energy.

Next to 'to,, Fig. 1 shows that itul is the most important amplitude
for the PARIS model., The term ltai plays a crucial role in exciting low
spin AT = O pon-normal parity states. Thus i1f the PARIS mode17) is correct,
(p,p') inelastic scattering could be a2 valuable tool for exciting isoscalar
spin-flip resonances. The relative strength of 'ta! in the Paris model 1is
directly comnnected to the strong spin dependence of the absorptive potential
W(r). In the Dover-Richard models DRI and DRII, this spin dependence is
absent, and Ital is very small, as for the case of (p,p'). For the DR
models,- the Gamow-Teller NN transition amplitude t;, is the most important
(after ty), a situation analogous to the (N,N') case.

The strong model dependence of t; suggests a simple test for a strong
spin dependence of W(r), namely the ratio of (5,5') cross sections to
isoscalar and isovector spin flip excitations. The special case of the ¥
states at 12,7 MeV (T = 0) and 15.1 MeV (T = 1) in 'C was considered in
Ref. (4). Differences of an order of magnitude for such ratios at q = 0 were
found in the PARIS and DR models., We return to this point in Sect. 6.

The energy dependeunce of Itg‘ at ¢ = 0 13 chown in Fig. 2 for the case of
(N,N') and (N,N'). We note that ltoi is considerably larger for NN than for
NN, and has the opposite energy dependence. These characteristic differences
show up strikingly in the inelastic scattering to isoscalar natural parity
states (see Sect, 5). The amplitude ty is largely imaginary for Nﬁ,
reflecting the influence of the large absorptive potential.

The comparison of Gamow-Teller amplitudes 'torl for NN and NN is given
in Fig. 3. Unlike the situation for Itoi, we see that ttar' is considerably
suppressed for NN relative to NN. This is agaln the effect 6f strong
absorption for the N. Note that there is substantial model dependence for the

N case, which shows up in small angle cross sections to unnatural parity

states.
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For larger q, the non-central parts of t control the nuclear response.
The i1sovector tensor and isoscalar spin-orbit pieces ltf[ and [t%s[ at
q=1 £t are displayed in Fig. 4. For both the NN and NN cases, these are
considerably larger than Itg' and lt?sl. From a weson exchange viewpoint,
this reflects the dominant role of isovector 7w and p exchange for teasor
amplitudes and isoscalar w,0 exchange for spin-orbit amplitudes. Note that
once again, as for |tge}, the strong absorption for the NN system leads to a
suppression of Itfl and 't%sl relative to the NN case., Thus unnatural parity
spin flip states at q ~ 1 fm~  are expected to be more weakly excited by N's
than by N's, This is borme out by the DWIA calculations presented in Sect. 6.
S. EXCITATION OF NATURAL PARITY STATES BY ANTINUCLEONS

In addition to elastic scattering measurements, the first LEAR
experiments on 126(5,5')120* by Garreta et a1%:%) deduced cross sections
for the low-lying natural parity states in 1ZC, namely the 2t (4.4 MeV, T = Q)
and 3~ (9.6 MeV, T = G) levels. The 2' data at 47 MeV are shown in Fig. 5,
while the 2+ and 3™ data at 180 MeV are shown in Figs. 6 and 7. The {(p,p')
data®* at 46 MeV and 185 MeV (ref. 25) are also shown for comparison. One
notes that at 46 MeV, the 2t crogs section at peak 1is about a factor of three
smaller for (5,5') than for (p,p'), while at 180 MeV the situation is
reversed, with the (p,p') cross section to the 2% now a factor of three larger
than for (5,5'). This is a consequence of the opposite energy dependences of
'to! for NN and NN shown in Fig. 2, and represents a reassuring confirmation
of the DWIA approach as well as the spin-isospin averaged properties of the
theoretical NN amplitudes. Note that ltot dominates AT = 0 (5,5') transitions
to natural parity states in the angular range shown in Figs. 5-7. The solid
curves in Figs. 5-7 correspond to the PARIS model, but the results for mecdels
DRI and DRII are practically the same for the 2* and 3~ cross sections. Any
reasonable model for the NN interaction will give about the
same results for 'tnl, the largest amplitude, if it reproduces the observed NN
elastic and total cross sections. Different models can vary considerably in
their predictions for spin-dependent amplitudes (e.g. tg), however, since
these are relatively unconstrained by the available two-body NN data.

The nuclear structure transition amplitudes used for the (5,5') DWATIA
calculations were scaled to fit the experimental longitudinal (e,e') form
factors. This yields the good agreement in absolute normalization shown in
Figs. 5-7. The positions of the maxima and minima in the angular
distributions are also very well reproduced. The maxima (minima) in the 27F
and 3~ cross sections correspond to minima (maxima) in the p elastic
scattering angular distribution. This is the well-known Blair phase
rulezs), and is typical of a strong absorption situation.
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There are preliminary LEAR data®) on the excitation of the
of (7.65 Mev, T -VO) level in 12¢ with ;'s at 180 MeV, These data are shown
as triangles in Fig. 8, together with the results of a DWIA calculation using
the PARIS NN amplitudes. The 0% (g.s.) + O (7.65 MeV) transition is
dominated by the same (strcné) amplitude ’tg' responsible for the 2t and 37
excitations. The agreement wirh theory 1s reasonable for the angular shape,
but not éo good for the absolute normalization. This transition was discussed
in more detail by von Gerambzz) at this conference.

To summarize, the agreement between theory and experiment is rather good
for (;,5') inelastic scattering to collective I = 0 natural parity levels in
12¢, Here one tests the spin-isospin averaged NN amplitude 'tui, which is
relatively well determined by optical model fits to the NN data. There seems
to be no need for large corrections to the free space amplitude itu' due to
nuclear medium effects. This is due to the strongly absorbing character of
the § optical potential, which restricts the inelastic reaction to the far
nuclear surface where the density is low.

6. SPIN FLIP EXCITATIONS

We now turn our attention to the excitation of unnatural parity states
via the (S.;') reaction. Such spin flip excitations are driven by the central
amplitudes t, (for AT = 0) and tg,; (for AT = 1) at small q and the
spin-orbit and tensor pieces tLS and tT at larger q. These components of
the NN interaction are less well determined than the dominant term tg. In
principle, one would like to use (5,5') cross sections to unnatural parity
nuclear states to derive some constraints un the two-body spin dependent NN
amplitudes. In practice this goal has not yet be.n realized, because of the
experimental difficulty of isolating small spin flip excitations from a large
background of AT = AS = 0 states excited by tg .

We now focus on the excitation of 1T and 2~ states in 2C via the (p,p")
reaction. As mentioned above, for small angle inelastic N scattering
(e £ 5°), the central parts ty (AT = 0) and tg, (AT = 1) provide the most
important contributions to the unnatural parity transition amplitudes. In
this region the DR and PARIS models are sharply distinguished by the
ratio 'tg/tcr{z, which is small in the former and large in the latter
case. At 8 = 0°, for energies 100 < E < 300 MeV, we f£ind")

R, = |:a/c01|2 ~ 4 (PARIS model),

= 1/9 (DR model),
The large difference in this ratio between the two models is a direct

9

consequence of the very strong spin dependence of the NN absorptive potential

in the PARIS model’).
One measure of the ratio Ry 1s provided by the ratio R of the N cross



section to the 1t exciced state in 120 a¢ 12,7 Mev (T = 0, excited by ty at
swall @) divided by that to the state at 15.1 MeV (T = 1, excited by tg;).
These two states have similar nuclear structure factors, and in the plane wave
approximation at 8 = 0°, neglecting the tensor parts of t, we would have just
R = Re. Absr ve effects modify this simple result but in a calculable
way.

The results at E = 175 MaV for the ratio

R(8) = [do(1*, T = 0)/a8]

(10)
x[de(1*, T = 1)/ar]?
Table 1.

o T R(8) [PARIS] R(8)[DR]
(deg)

0 0.44 0.05

5 0.60 0.11

10 0.38 0.15

15 0.30 0.16

are shown in Table 1, uhile the predicted cross sections to the 1H(T = 1)
state at 15,1 MeV are shown in Fig. 9. Apparently the small angle region

(& < 3°) offers an excellent opportunity to distinguish between the PARIS and
DR models. For a model with strong spin dependence of W, such as PARIS the

ratio, R, is enhanced by an order of magnitude relative to a model with no

spin dependence, such as DR, so that for the PARIS model the 12,7 MeV state
should be observable in the inelastic ; spectrum. Note that the cross
sections (Fig. 9) to the 15.1 MeV state are very similar in the two models,
even at smaller angles, so most of the change in R comes from the large
variation in the cross section to the 12,7 MeV state. As 0 increases, R
becomes less definitive as a means of distinguishing between models for the
two-body NN interaction. For 6 > 5°, the central parts of the NN t-matrix no
longer provide the most important comntributicn. For example, in model P we
have for the 1*¥ (15.1 MeV) transition
0.21, 0.21, 0.33 ub/sr at 0°,
do/dQ = (11)
0.0014, 0.0028, 0.20 wr/sr at 10°,
for {C, C + 1S, C + LS + T}, i.e., central terms only, central + spin-orbit
and ceantral + spin-orbit + teasor terms included in the calculation of do/df.
Even at 0°, we see that tensor terms are fairly important. For 6 = 10°, the
tensor terms in fact dominate. Another point worth noting is that R is
considerably less than Ry (eq. (9)), the PWA result. This differeuce arises
from the stronger damping of the isoscalar transition due to absorption.



A similar effect is seen in (p,n}
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101

do /dfd (mb/sr)

(5,9")
AT I75 Mev distribution shown in Fig. 9 for the
1* (15.1 MeV) excitation in 12¢

displays a peak at small 6, , due

primarily to tg, and a second
maximum at larger angle arising from
t¥. The difference between the

1o 20 30 FARIS and DR models is not very
6c.m.(deq)

“Fig. 9
Predicted (p,p') cross sections
in DWIA for exc&sing the 17(15.1 MeV, cross section
T =1)_level in "°C. Resulgs for the
Paris’’) and Dover-Richard!®) NN models -
are shown, as well as the measured (p,p') Note that the (p,p') cross section
cross section for comparison. to the 1t (15.1 MeV) state is

significant, particularly for the
4,27) tensor contribution. The (p,p')
28) at 200 Mev 1s

shown in Fig. 9 for comparison.

predicted to be significantly smaller than that for (p,p') for all angles.
That this must be so 1s seen directly from Figs. 3 and 4, whicl. show the
strong suppression of tg, and t¥ for MN reiative to NN. In addition, the
absorptive effect due to wave functica distortion further reduces the (p,p')
cross sections relative to {p,p'). Recently, preliminary values®) for the
120 (p,p') cross sections at 180 Me\. (summed over the excitation energy range
13.2 - 17 MeV) of about 1 mb/sT (8., ., = 9.5 % 4°) and 1.35 mb/sr (ec.m. =

15 £ 4°) have been given. These cross sections are much larger (even
exceeding those for (p,p')!) than the values given in Fig. 9 for the

1" (15.1 MeV) level, and they rise rather than drop with increasing angle.
Clearly, the large observad cross section cannot bes identified with the 1t
(15.1 MeV) level alone., It is known2%:2%) from (p,p*), (e,e’), (w,n')

and (a,a') studies that a broad level exists in '2C ceantered at 15.3 MeV.

This level, from its appearance in (a,a'), is evideotly a natural parity,
iscscalar excitation. As such, it will be strongly excited by the dominant NN
amplitude tg. If we assume the 15.3 MeV level is a 2+, T = 0 state for which

there is evidence from (a,a'), Wwe can estimate its cross section by taking



from Fig. 6 the measured peak cross section for the 2+ (4.4 MeV, T = 0) state
in (p,p') at 180 MeV, about 15 mb/sr for Oc.m. * 15°, and multiplying by the
ratio of 2% (4.4 MeV)to 2% (15.3 MeV) cross sections as seen in (p,p'), or
(z,a') of about 1/15. By this scaling argument, we estimate27) a cross
section for the 12C(E,E')IZC(ISJ MeV, T = 0) reaction of order 1 mb/sr. This
is much larger than the peak cross section of ~0.15 wb/sr predicted for the

It (15.1 MeV) state, and about the same as the total observeds) cross

section in the 15 MeV region at 6. ,, = 15°. If the 15.3 MeV level were
assumed to be 37, T = 0, the same scaling arguments go through. In any case,
it is clear that the energy resolution (~1 MeV) of the first LEAR
experimentsh'sﬁa) was not sufficient to resolve the clump of states im

124 in the region of 14~16 MeV excitation. The very interesting unmatural
parity (1" and 27) spin flip excitations in this energy region, which could in
principle reveal the strength of spin dependent NN transition amplitudes, are
masked by the very gtrong AS = AT = 0 excitation of the 15.3 MeV level. Higher
resolution experiments are called for in order to isolate the spin flip
strength in the (5,5') reaction. Alternativelv, one could consider the study
of the (p,n') charge. exchange reaction, as a means of eliminating the dominant
AT = 0 background. The (E,E') reaction is similar to the (n,p) reaction, in
that for ¥ = Z targets one studies analogues of the Gamow-Teller resonances,
while for N > Z nuclei, the (p,n') process can be used to investigate TS
resounances without the contamination of lcwer isospin configurations.

We have also considered") the excitation of the 2~ stites in '2C at
18.3 MaV (T = 0) and 19.4 MeV (T = 1). Millener's wave functionsso) were
used in the calculations after being modif’ed to describes {p,p‘') cross
sections at 200 ﬂevzs) and near 400 MeV3!), The calculated peak cross
sections ocecur near 0.6fm'1(6c_m_ = 12°) for the 18.3 MeV excitation and
near 0.7fm_1(ec.m. = 15°) for the 19.4 MeV excitation. For the 19.4 MeV
excitation the calculated peak cross sections (~ 0.3 mb/sr) are essentially
equal in the DR and PARIS models. For the 18.3 MeV state the cross section
predicted by the PARIS model (= 0.3 mb/sr) is nearly five times larger than
that given by the DR model. This suggests that these transitions should also
be helpful in distinguishing between different NN interactions.

Other spin observables in (5,;') reactions covld also be very useful in
constraining the spin dependence of the NN amplitudas. For instance, the
elasrcic polarization P(8) in S + 2 is significantly larger in the PARIS than
in the DR model (at 8. g = 40, we predict®) P = 0.53 for the PARIS model
and 0.25 for model DR, for example). Note that the quantity P-A (polarization
minus asymmetry (see Eq. 8)) is in general mot zero for inelastic scattering,
and offers a sensitive test of the spin dependence of t. 1iIn Fig., 10, we
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(p,p') ar 175 MeV, excitel in (p,p') at 175 MeV.

display DWIA predictions2”) of (P*A) do/d% for the I¥ (15.1 MeV) level in
120, The spin f£lip probability®2) s, for the 1* (T = 0 and 1) levels is
shown in Fig. ll. Large spin effects are evident from thesge figures. The
measurement of quantities like A and S, requires a polarized E Jor n) beam,
however, which currently does unot exist at LEAR,

Another iantriguing consequence of a strong spin dependence of the NN
absorptive potential W(r) is the possibility &I relatively narrow excitations
in the NNN and NNNN systems. This has been investigated by Baltz et 3133),
who suggest that an S, = 3/2, I = 1/2 state X of the NN system could be
sufficiently long-lived tb be observable in the 3He(E,p)X reaction. For
energies E = 100-200 MeV, the production cross section (do/df)ge for X is
estimated>3) to be of order 0.5 mb/sr. If X has a width T < 15 MeV or so,
it could be observable in the (S,p) reaction above the large backgroundak)
of exit protous from 5 annihilation followed by proton knockout by the
annihilation pioms. Such (E,p) or (S,n) experiments with 3He or “He targets
should be considered at LEAR,

7. RECOMMENDATIONS FOR THE ACOL ERA

The problem of N-nucleus inelastic scattering has two main aspects. On

the one hand, one can view inelastic N-nuclear processes as a veflection of

the spin and 1sospin dependence of the underlying two-body NN amplitudes. The




connection between two-body and many-body N amplitudes is made explicit and
transparent via the DWIA, an appropriate approximation at the intermediate
energies available at LEAR. The nucleus can be fruitfully used as a
spin-isospin filter (by choosing J" and T of the nuclear sitate being

excited) or as a discriminator of central or spin-orbit/t::nsor interactions
(by choosing the momentum transfer q) in order to test theories of the
two-body NN interaction. On the other hand, oﬁce the input NN amplitudes are
known, one could utilize the unique features of the Nas a probe to uncover
some novel aspects of nuclear structure. At this stage, we are exploring the
first aspect: we pick nuclear excited states of well-known character, for
which detailed wave functions are available from studies of other reactions
such as (e,e'), (m,n'), (p,p'?), etc., and we try to test our models for the
two-body force. For tramsitions excited by the spim-isospin averaged NN
amplitude t;, there is impressive consistency between the two-body models and

the 2 and 3~ cross sections in 1ZC measuredsfe) at LEAR, These natural

parity, isoscalar excitations are more strongly excited in (5.5') by roughly
two orders of magnitude than the predicted unnatural parity spin flip states

(1+,27). To test the spin dependent central and tensor amplitudes tg, tgp
and t?, for instancé, high resolution (5,5') studies will be required. For
p—shell targets, an energy resoltuion of 200-300 keV should be sufficient to
separate some of the interesting spin flip levels from the large AS = AT = 0
background. The (5,5') reaction also merits attention. It offers another
method (complementary to (p,n)] of studying the quenching of Gamow-Teller
streugthrin nuclei, If a significant part of this quenching is due to A-hole
admixtures (A (1236) is a J =T = 3/2 baryon resonance) in nuclear wave
functions, the p could be a powerful tool in elucidating this question. The 7
and p contributions to the N + AN transition potential are coherent, so one
might expect (N,N') inelastic scattering to be sensitive to A-hole components.
Spin observables such as P*A and S,, are predicted?”) to exhibit
strong angular and energy variations which mirror the spin dependence of the
two-body NN amplitudes, particularly the isovector ténsor component tg. it
polarized N beams become available in the ACOL era, it would Be interesting to
measure such quantities and, even more importantly, the two-body NN spin
observablesla), for which large effects of the coherent tensor force due to

pion and vector meson exchange are predicted.
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