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SPIN OBSERVABLES AT INTERMEDIATF ENERGIES:
A TOOL IN VIEWING THE NUCLEUS

J. B. McClelland
Los Alamos National Laboratory, Los Alamos, NM 85745

In this paper I attempt to summarize come of the advances made
in intermediate nuclear physics through measurements of spin observ-
ables, notably in the range »f bombarding energies from 100 to
1000 MeV. I leave the discussion of the important nucleon-nucleon
(NN) measurements to other speskers. Relative to measurements of
cross csection, spin observables offer a highly selective filter in
viewing the nucleus. Their general utility is found in their sensi-
tivity to particular nuclear transitions and is further augmented by
their simple connections to the NN force. The advantage of higher
energies is apparent from the dominance of single-step mechanisms
even at large energy losses where general nuclear .spin responses may
be made. Experimentally, this is an energy range wvhere efficient,
high-analyzing-pcwver polarimeters can be coupled with high resolu-
tion detection techniques.!

The first experiment to measure a complete set of spin observ-
ablas for the elastic scattering of protons from a nucleus? provided
the impetus for a Dirac description of the scattering process.? An
apparent fallure of the nonrelativistic KMT treatment of
intermediate-energy proton elastic scattering data for cross sec-
tions and, most noticeably, analyzing powers had already been exten-
sively investigated 1looking at numerous corrections in order to
resolve the discrepancies. Furthermore, it was beliwved that the
data were driven by the geometries of the nucleus such that the
third independent observable for elastic scattering, the spin-
rotation parameter, Q, would be predicted from the other two, cross
section and analyzing powver. The data for Q turned out to be in to-
tal disagreement with this prediction and not explained by the stan-
dard KMT analysis. Predictions of Q using the Dirac phenomenology,
howvever, provided evcellent agreement with the data.

As can be seen in Fig. 1, only small differences in the cross
section are seen between a more recent relativistic impulse
approximation® (solid curve) and nonrelativistic impulse
approximation (dashed curve) predictions, vhereas the analyzing
pover (or polarizavion P) and the spin rotation parameter (()) arve
both qualitatively anc quantitatively different, The underlying
physics 13 quite different. The Dirac approach Includes processes
such as viirtual pair production and annihilation in the field of the
nucleus nov present in nonrelativistic dynamics. The 500-MeV data
markedly favor the Dirac treatmant. It should be pointed out, how.
ever, that spin rotation data at other mnergies and on other targets
are not in as good agreement, but it is precisely these tvpe of data
that are likely to shed light on this lssue.

A great deal of effort has gone into plamning a spin transfer
experiment from a polarized nuciear target (1'C) where the
relativity of the target may he tested [n hope of finding fdentifi
able differences in the nonrelativisti- id relativistic approaches
to nuclear physics.
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Fig. 1. 4°Ca(p,p) scattering at 500 MeV with relativistic
(s0lid curve) and nonrelativistic calculations
for cross section, analyzing pover, and spin
rotation parameter from Ref. 4.

A direct connection can be made between spin observables and
the squared moduli of the coefficienis of the effective NN scatter-
ing amplitude given by

M(q) = A + Bolnczn + C(Uln + Uzn) + Edlqdzq + Fclpazp ’ (1)

vhere 1(2) 1enotes the tarﬁet (r oj,ctilc) nycleon and the unit vec-
tors (n,q,p) are in the Kxk7, é—K , and dxA directions, with K(K')
tne relative momentum in the NN system before(after) collision. For
unnatural parity transitions, 1i: hur been shown®:é that in the
stmtic limiz:

To, = (C? + B . P)xd \ E2X2 (2.1)
IoDpy = (C* + B - F)x& . E2x? (2.2)
IoDpp = (€1 - B + F)xE - pix (2.9)
[0qq = (C! B - F1)x% . E2x¢ (2.4)
1,0 = IoDpy = 2X3Re(BC™) (2.5)
IoDgp = ~LoDpq = 2XEIm(BC") . (2.6)
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vhere xz(x%) is the static 1lorgitudinal(transverse) form factor.
One caa see from Eq. 2 that if the nuclear structure is known
(i.e. and XT), the q dependence of the effective NN 1interaction
may be mapped out by measuring a complete set of spin observables to
discrete final states at several momentum transfers. Although
Eqs. 2 are sirictly valid in the plane wave impulse approximation
(PWIA), full distorted wave (DWIA) calculations have shown that dis-
tortion or details of the transition density have little effect on
the spin observables for a transition dominated by a single
multipolarity near the peak of the associated form factor. Thus,
Eqs. 2 are expected to still be valid under these conditions.

The first complete set of spin observables at intermediate
energy for uelastic scattering used the two lowest 17 states in !2C
at 500 MeV to map the q dependence of the individual coefficients of
the NN spin-dependent inreraction for both isospin channels.’ The
results were consistent with the free NN amplitudes. Further meas-
urements are needed tn improve the accuracy of these results as well
as extending them to larger q by choosing states of higher
multipolarity. In principle one can be divorced from uncertainties
in nuclear structure by doing similar measurements 1in quasi-free
scattering.® It is no longer possibtle to make the isospin decomposi-
tion in (p,p’) directly, but similar measurements will soon be pos-
sible in the (p,n) reaction, which is purely isovector in nature.®
The combination of (p,p’) and (p,n) would be complimentary and both
wvould require only modest energy resolution.

Spin observables have also heen shown to be more sensitive to
convection (3) and composite (T X 3) currents than unpolarized cross
sections alone.!?® Observableas such as o(P-A) and o(Dy_+D_;) have
been found to be most useful in detecting and confronting composite
currents, Nonrelativistic and relativistic theories all contain
these currents at some level of approximation, although the
relativistic treatment gives rise to these currents in a more
natural way through the lower component.

As an example nf the selectivity and sensitivity of spin ob-
servables to particular nuclear transitions, consider Fig. 2, which
is the spectrum of inelastic states in '2C ar 397 MeV from 7 to
23 MeV in excitation. This 1is seen in the top portior of the
figure, The spectrum is dominated by the natural parity A4S=0
transitions at 7.6 and 9.6 MaV. General symmeiry properties of the
scattering amplitude imR that for transitions Iinvolving spin-
parity transfer of J"«0", Dyy=-1, and for transitions involving
J%=0*, Dypy=+1. In general a positive value ot Dyy is a signature ot
AS=(0 strength, wvhile AS«1 transitions yield a negative or zero value
of Dyy. 7This is seen directly in the bottom portion of Fig. 2 for
the spin-flip cross section, do/d9 Syy, where San=(1 Dyy) /2 is the
transverse spin-flip probability. %ho na: ural parlty AS ()
trangitions in the top spectrum are completely suppressed in the
spin-flip croes section. Only the unnatural parity aS-1; 1' and ?
and natural parity AS-1; 2% states persist.
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Fig. 2. 12C(p,p) scattering at 397 MeV showing yield
spectrum (top) and spin-flip cross seccion
(bottom) from Ref. 28.

This selective technique of picking out only the spin-flip
strength has been applied to continuum studies using the (p,p’) and
(p.n) reactions, in particular in the investigation of the
Gsmow-Teller (GT) and closely related M1 missing strengfh problem.
Tte proportionality between intermediate energy (p,n) 0 cross sec-
tion and beta decay transition strengths has provided a direct means
of messuring GT strength in a wvide range of nuclei.}!l»12 The
surprising feature, of course, has been the apparent lack of GT
strength. Less than two thirds of the predicted strength based on
an esgsentially model-indepencent sum rule has systematically been
observed.!? Explanations of this effect range from conventional
nuclear mixing to delta-isobar admixtures to the nuclear wave func-

tions. Resolution of this problem seems to rest with experiments
that are sensitive to thinly distributed GT strength {n the continu-
um. Cross-section angular distributions are primarily sensitive to

the orbital angular momentum transfer AL rather than the total angu-
lar momentum trinsfer AJ. D is sensitive to the spin transfer A4S,
henca it provides information on AJ=OL+AS. Its simple prediction
and interpretation make it a poverful tool for these types of
investigation. Figure 3 shows a *°Zr(p,n) criss section and polari-
zation transfer crors section at 160 MeV. The 0' (AL«0,A85=0)
1sobaric analog state (I.AS) 1> seen with 1{ts corresponding Dyy=1l.
Virtuallr all of the remaining cross section corresponds to AS=l
transitions as evidenced by itas <0. The observed value for Dy
in the region of the giant GT resonances further demonstrates rha§
it is essentially all GT in nature, without other contributions.
RPA calculations have been done for °°2r(p,n) cross section at
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Fig. 3. 9%%Zr(p,n) reaction at 160 MeV showing cross
section (top) and polarization transfer cross
section thottom) from Ref. 29.

200 MeV'4+13 and have found no evidence for a need to include
quriching due to delta-isobars with the proviso that the Sg+
strength obtained from the (n,p) reaction (as yet uameasured) ?s
small. Hovever, this same calculation predigts only a small amount
o1 17 and 2* natural parity strength in he 0 cross section in con-
tradiction of the (p,n) results at 160 MeV. Further analysis of
these types of spin transfer measurements as well as their angular
distributions 1is certainly needed, as well as (n,p) and higher
energy data vhere the delta region can be investigated directly.?

A similar program exists in (p,p’) addressing the cauestion of
M1 giant resonances.!® These resonances have been reportedly seen in
(pyp’) spectra on a variety of medium-to-heavy nuclei.!” With only
cross-section data available, the assignment of M1 {is based
primarily on the characteristic AL«0 angular distribution and on the
centroid and width of the distributions. These giant resonances are
not systematically observed 1in back-ungle electron scattering,
presumably sensitive to M1 strength. If thess g.ant resonances are
indeed M1 in nature, they should exhibit large A0Sl strength over
their reglon of excitation. Spin-fiip cross sections appear to be
an ideal tool for resolving this controversy.

Equation 2 may also be viewed as a way of getting nuclear
structure information if the effective interaction is known. An
investigation of the nuclear continuum using polarized protcons 18,19
uses this approach to relace Ligh energy (200 GeV) deep inelastic
lepton scattering ¢DILS) to nucleon scattering at intermediate
energies (500 MeV). The connection betveen the two ls through
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explanations of the European Muon Collaboration (EMC) effect and
their implications for inclusive proton scattering. The EMC effect
is the apparent modification of the nucleon structure function, or
quark distribution, when the nucleon is embedded in the nuclear
medium. This is reflected as an enhancement of the ratio of F
structure functions for a heavy nucleus compared to deuterium as
measured in DILS at small values of the scaling variable x--scatter-
ing from the sea quarks--and a corresponding depletion at large
x--scattering from the valence quarks. Most explanations of this
effect either invoke a dvnamic rescaling or increased confinement
size of a nucleon within the nucleus or a more conventional approach
involving enhancement of the pion field within the nucleus. The
second has a certain intuitive appeal since each nucleon 1is
surrounded by a cloud of pions contributing to DILS (as & qd pair of
sea quarks). When emhedded in the nuclear medium, the ne. number of
pions per nucleon may increase, either due simply to ex _hange of
pions with neighboring nucleons providing binding to the system, or
by a nuclear many-body enhancement of the nNN vertex through an
attractive NN interaction. It has been further suggested that dy-
namic rescaling simply mimics the pionic effects.

In both scattering processes the enhancement of the nNN vertex
arises in the same way, and any explanation of the EMC effect
invoking enhanced pion fields within the nucleus must confront the
lower-energy hadron scattering data.

One model of the pionic enhancement uses the spin-isospin
responses of Alberico, Ericson, and Molinari (AEM)29+Z! yhich is
calculable for quasi-free scattering in infinite nuclear matter.
The  separation between Spin-longigudinal and pin-transverse
provides additional selectivity to the ¢ - a and o x % parts oif the
residual interaction given by

f2 2
Vies(q,w) - [E' - —~———ﬂ~*—~——] (3.1)
my q? + mf - W
£2 ’ £2 /m? 2
vEeS(q,w) ~ 1 |g - [ P "] d J (3.2)
mé f2/md) q* + ml - W

(to within vertex form factors). Since m uS.Smn, these two pieces
of the interaction have very different q—gependenoeg a8 seen in
Fig. 4a along with the corresponding response functions (4b) for

g'=.7 at 1.75 fm™", the momentum transfer correspouding to the
largest enhancement in this model. Figure 4(c¢) is the ratio of
spin-longitudinal to spin-transverse response functions in this
model. It is this proposed attractive behavior of VF®® yhich

enhance the pion field {in the nucleus giving rise to “the EMC
effect.?? It should be noted that other models of V'®% do not
exhibit this attractive behavior?? and hence would not predict any
excess plons.,
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The proton experiment consists of precise determination of the
complete set of polarization-transfer coefficlents for 500 MeV in-
clusive sctttering from Pb, Ca, and ?H at a momentu.” transfer of
4 = 1.75¢m™"., The spin-longitudinal and spin-transverse spin-flip
probabilities are constructed using

ISL = I/“ [1 - DNN + (DSS i DLL)Secelabl ) (A-l)
IST = 1/4 [1 - DNN + (DSS - DLL)Schlabl . (4.2)

For free NN scattering these combinations wiil isolate pure
spin-longitudinal and spin-transverse couplings of the two nucleon
system. For intermediate energy nucleon-nuvcleus interactions the
following prescription is used:
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NN_.NN

NN
ISy = ISy Rp(q,w) N, (5.2)
I = INVR(q,w) N, , (5.3)

vhere NN refers to the nucleon-nucleon values. N_ is the effective
number of participating nucleons. The “spin-longitudinal,
transverse, and total response functions per nucleon in the
A-nucleon system are defined as

Ry(q,w) = |<q,w|f(?)3'3eia'?|0>l’ , (6.1)

Rp(q,w) ~ |<q,0] £ 3deid Tlo>jz (6.2)

C2 + B2 +F2 E2 A2 + CT R (6.3)
R(Qyw) = + — R (o) !
R o1 L R

It should be noted that R, is new nuclear structure information not
available in (e,e’) or (n,Nn’) scattering. Taking the same BﬁoaCh
aﬁN the EMC experiment, the isospin-averaged values for S and

vere experimentally determined by quasi-free scattering from 2H
in order to eliminatea any uncertainties in the phase shift values of
these quantities. From these data the ratio of RL(q,w)/RT(q,w) vas
extracted by

sPP/<sP> = R (q,w)/R(q,0) (7.1)
sEP/<sP> - Rp(q, ) /R(q @) (7.2)

where A refers to the heavy target, D to the deuterium data, and
< > implies an average over w.

Even at the level of the individual spin-flip probabilities, S
and S, for the heavy target show no difference from *H, and hence no
effect is seen in in the ratio of responses derived from them.
(Recall that the response functions are normalized to unity for free
NN scattering).

Several corrections must be made to the proton data, howvever,
before the level of sensitivity to the predicted enhancement of R
can be determined. It is expected that a density correction must be
made to account for the surface peaking of protons scattering from
the nucleus at these energies. Two methods were employed, a local
Fermi gas approximation where the interaction profile is calculated
using a detailed Intranuclear Cascade code?? and the Semi-Infini:e
Slab model,?3 which accounts well for medium-energy p-nucleus con-
tinuum data.?® Both yield essentially identical results for the
ratio of R /Ry Tt also demonstrates that the Ca data provide as
good a den31¥y Dlotlle as Ph at these energies.
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Secondly, the calculated ratic is purely isovector. Correc-
tions must be made for the mixed isospin contributions for (p,p’)
scattering. This is accomplished using the isospin decomposition of
the NN interaction from t?e 500-MeV phase-shift solution of Arndt.
The results for q = 1.75fm™" are (in terms of the coefficients .n

Eq. 1)
E2_1/E3 o = 3.62 (8.1)
EZ_,/E2 o = 1.15 (8.2)
The longitudinal interaction is dominantly isovector but the
transverse consists of nearly equal mixtures of both isospins. Ve
define
= 1 Tx=1 T=0
Ry = —=(3.62R + R ™) (9.1)
and L~ 7782 L L ,
=5 1 = -
Rp = 5pe(1.15R3"0 + R3™O) (9.2)

and all isoscalar responses are assumed to be the free,
non-interacting functions. The calculated ratios of R, /Ry are shown
in Fig. 5 along with the data for the quasi-free experiment. The
different curves represent different values of g’. Recent analysis
of the EMC data requires g’'= 0.55 in order to fit the low-x
region,?7 in disagreement with the proton data. In {act the data
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Fig. 5. Comparison of_theory and proton scattering data
for the ratio R /R¥. Calculations are for values
of g’'= 0.55 &ot ed), g'= 0.7 (dot-dashed), and
g'~ 0.9 (solid).
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favor a large value of g’ = 0.9 at this momentum transfer. It
should be noted that most of our knowledge of g’ comes from q = 0
and the q-dependence is essentially undetermined.

Many other possible sources of "theoretical error" have been
investigated. These include verifying the validity of the
approximations at small w, coupling of longitudinal and transverse
modes in a finite nucleus, distortion effects, and differential
range effects for one-n and one-p exchange potentials. These are
detailed in Ref. 19. None of these effects seem to account for the
lack of enhancement in the proton data predicted by those pion
models used to explain the EMC effect. Such comparisons could not
be made, however, without spin-transfer measurements.

It seems clear that spin observables at intermediate energies
will provide the required detailed information needed to address im-
portant fundamental questions in nuclear physics today. These
programs ave relatively new, but have already made significant
impact. Many laboratories are now pursuing them with great vigor
and enthusiasm.

The work and ideas presented here include those of many of my
colleagues and collaboraters. I would especially 1like to
acknovledge helpful discussions with Joel Moss, Tom Carey, Terry
Taddeucci, and Charles Glashausser.
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