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Cross sections, analyzing powers and spin-flip probabilities have been measured for inclusive in-
elastic scattering of 290 MeV protons from >*Fe at laboratory angles between 3.1° and 20°. The
momentum transfers vary from small values (¢ ~0.2 fm ') where individual giant resonances of
low multipolarity are observed, to larger values (g ~1.4 fm™') where quasielastic scattering dom-
inates. Complete measurements of spin observables at 20° are discussed, which show that present
impulse approximation models based on either the Dirac or the Schrédinger equation for the nu-
cleon are not capable of reproducing all the data. At all momentum and energy transfers the mea-
sured analyzing powers A, are smaller than predictions from nonrelativistic calculations. Relativis-
tic calculations explain this reduction of 4, for data near the quasielastic point (0=g%/2m) as an
effect of the attractive scalar field in the nuclear medium; however, they fail to reproduce the ob-
served slopes [d(A4,)/dw at fixed angle], assuming for the nuclear response a simple Fermi gas
model. For the observed range of momentum and energy transfers (o <96 MeV at 20°; <45 MeV at
smaller angles) the spin-flip probabilities S,,, and spin-flip strengths ¢S,, appear to be rather insens-
itive to assumptions about the reaction mechanism and are qualitatively described by a nonrelativis-
tic model of quasielastic scattering, which approximates the nuclear response by that of a semi-
infinite slab with random phase approximation (RPA) correlations. Strongly enhanced S,, values
are observed for @ >25 MeV and g ~100 MeV/c in agreement with similar observations for several
other nuclei. The slab model gives a reasonable account of cross sections and angular distributions
for the >*Fe(n,p)**Mn reaction at 298 MeV. The inclusion of damping of the response by two-
particle—two-hole excitations and of contributions from two-step processes improves the agreement
with the (n,p) data. Using the experimental cross sections for (p,p’) and (n,p) reactions and the
measured spin-flip strengths in (p,p’), we have separated the nuclear response into spin (AS =0,
AS =1), isopin (T,=1,2) and angular momentum (L =0,1,2, ...) components. The distribution
and strengths of the Gamow-Teller, the isovector giant dipole, and the (isoscalar) giant quadrupole
resonances have been determined from this analysis and are compared to results from complementa-
ry reactions. Relative to quasiparticle RPA calculations the Gamow-Teller quenching factors de-
duced from the ¢S, data are slightly smaller than those from (p,n) and (n,p) reactions.

I. INTRODUCTION

Inclusive inelastic nucleon scattering from nuclei at in-
termediate energies of 200-800 MeV, momentum
transfers g=0-3 fm™ ', and energy transfers »=0-100
MeV is of considerable current interest from several per-
spectives. The data, their theoretical description, and
problems in the interpretation bear strong resemblance to
recent studies of inclusive electron scattering.!™* The re-
sults are characterized by the interplay of two distinct
features.

At small momentum transfers g <1 fm, the energy-loss
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spectra are dominated by giant resonances of low mul-
tipolarity (L <4) which are superimposed on a continu-
ous background. The observation of these resonances,
e.g., the analog of the Gamow-Teller resonance for (p,p")
[related to the M1 resonance in (e,e’')], and the extrac-
tion of their strength provided part of the motivation for
the present work. To reduce the model dependence in
the separation of giant resonance contributions from the
“background,” a large data sample of both cross sections
and spin observables was obtained.

At larger momentum transfers the individual giant res-
onances have died out, and it is no longer obvious wheth-
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er or not the nuclear response plays a major role in the
interpretation of the data. The inclusive spectra exhibit a
broad peak at energy transfers o ~gq?/2m, where m is the
nucleon mass. This energy transfer corresponds to the
kinematics for NN scattering from a nucleon at rest, and
the width of the peak may be attributed to Fermi motion
of the struck nucleon. The quasifree process can be
viewed as the incoherent scattering of the strongly in-
teracting incoming nucleon from nucleons near the nu-
clear surface. The absence of localized collective giant
resonances of low multipolarity whose position and
strength depend sensitively on the local nuclear shell
structure and the relative unimportance of Pauli blocking
effects make the large-g data suitable to probe the reac-
tion mechanism of NN scattering at nuclear densities.
Nonrelativistic calculations for inelastic proton scattering
at large g suggest that the (spin) observables for p-nucleus
quasifree scattering are appropriate averages of those for
free pp and np scattering.* Differences between observ-
ables and calculations using free NN values may then be
ascribed to modifications of the NN interaction in the nu-
cleus. Such medium effects are implicit in relativistic
models of elastic>® and inelastic’® nucleon scattering
which postulate an enhancement of the Dirac lower com-
ponents of the nucleon in the presence of strong and op-
posing scalar and vector potentials. In the model of
Horowitz and Iqbal,7 an effective nucleon mass m * is cal-
culated in an eikonal approximation which turns out to
be smaller than the free nucleon mass m because of the
attractive scalar potential in the nuclear medium. Exper-
imental support in favor of relativistic effects in quasifree
scattering has mainly been confined to data on analyzing
powers”!® or induced polarizations!'""'?> which show a
reduction compared to the free NN values.

It is an oversimplification to view inclusive quasielastic
nucleon scattering data as merely dependent on the NN
input and on possible medium modifications. Nuclear
many-body correlations may be of comparable impor-
tance. The struck nucleon can interact with other target
nucleons via the residual particle-hole interaction V.
which can introduce shifts in the quasielastic peak and
deviations in the spin observables. At small momentum
transfer and low o, the nuclear structure aspects can be
incorporated into distorted-wave impulse approximation
(DWIA) calculations either using a large-basis shell mod-
el or the random-phase approximation. At large momen-
tum transfers and high o, these calculations become in-
creasingly cumbersome and less reliable. Approximate
methods must be used.

The basic surface character of quasielastic nucleon
scattering is contained in the semi-infinite slab model
(SISM) of Bertsch, Scholten, and Esbensen.!>»'* In this
model the N-nucleus cross section is written by a factor-
ized approximation
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The nuclear ground state is assumed to have zero spin
and isospin (for >*Fe this is incorrect since T=1), and the
sum is over spin S and isospin T transferred to the nu-
cleus. Sgz is the nuclear response function which is nor-

malized to unity in the absence of Pauli blocking, and fg;
are the corresponding free NN amplitudes. The trace is
over both target and projectile spins. The effective num-
ber of struck target nucleons, 4., is the probability,
averaged over impact parameters, that the incoming nu-
cleon will interact with a target nucleon and subsequently
escape without absorption. A is related to the volume
integral of the imaginary optical potential'® and can thus
be determined by elastic-scattering experiments. Several
important effects on quasielastic (spin) observables have
been evaluated recently in the SISM by Smith and colla-
borators.'>!® They are (1) the influence of 2-particle—2-
hole (2p2h) correlations on the response function Sy, (2)
the contributions from two-step processes, (3) the choice
of frame in which to evaluate the NN amplitudes, and (4)
the effect of optical and spin-orbit distortions.

The large number of effects which are of significance in
quasielastic nucleon scattering makes it highly desirable
to establish a large database to confront the theoretical
models with as many different observables as possible.
We report here comprehensive measurements for
**Fe(p,p') at E,=290 MeV. Some of these results have
been reported previously.”!? After a description of the
experimental method used to obtain spin observables us-
ing the focal plane polarimeter at TRIUMF (Sec. II), we
discuss elastic-scattering results which determine distor-
tion effects for the incoming and outgoing protons and
which allow us to deduce A4 (Sec. III). A complete set
of eight different observables at 8=20° is discussed in Sec.
IV. We show that the spin-flip probability is rather in-
sensitive to the reaction model, and that the nuclear
response function produces the dominant features in the
observed spin-flip probability S,,. In Sec. V small-angle
(p,p’) cross sections, analyzing powers, and spin-flip
probabilities are discussed together with *Fe(n,p) cross
sections!” in terms of nonrelativistic surface random-
phase approximation (RPA) calculations. These calcula-
tions evaluate the NN amplitudes in the Breit frame; they
include 2p2h damping and two-step processes, but
neglect the effect of spin-orbit distortions. Finally (see
Sec. VI), we exploit the well-known property of N-
nucleus scattering that different angular momentum
transfers L peak at well-separated angles. Independent
multipole decompositions have been carried out for both
the S=1 and O strength functions. Estimates of the loca-
tion and integrated strength of Gamow-Teller, isovector
giant dipole, and (isoscalar) giant quadrupole resonances
are presented.

II. EXPERIMENT

The (p,p’) experiments were performed in the proton
hall at TRIUMF using 290-MeV polarized protons from
the TRIUMF cyclotron. A recently implemented
configuration of beamline 4B (BL4B) and the installa-
tion'® of two new superconducting solenoids S1 and S2 in
the vault section of BL4 made it possible to use a longitu-
dinally (7) polarized beam for the first time. A third
solenoid S3 after the last bending magnet was used,
without S1 and S2, to precess the proton spin from the
normal # to the sideways § direction. The three com-
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ponents of the incident proton beam were determined us-
ing two in-beam polarimeters'® in separate beamlines
(BL4A and BL4B), which differ by a 25° bend. The in-
beam polarizations determine left-right and up-down
asymmetries in pp scattering from a CH, target at
0., =17° using pairs of plastic scintillator telescopes.
After subtracting contributions to the individual coin-
cidence yields from the C(p,2p) reaction, the beam polar-
izations were measured to an accuracy of typically 1%
using a value?® 4,=0.405 for pp scattering at 17° and 290
MeV.

For the § measurements the same sideways polarization
was obtained by reversing simultaneously the beam polar-
ization at the ion source and the polarity of S3 in BL4B.
By averaging pairs of runs with the same sideways polar-
ization P, the effects of small Tand A polarizations can-
cel, eliminatmg the need to know their precise values. In
all cases the large component was between 0.70 and 0.77
and the small components were less than 3%.

For small-scattering-angle measurements, the proton
beam was dispersed vertically (dispersion=—7
cm/% Ap /p) and stopped in a copper block 1.3 m down-
stream of the target. The target consisted of a 94-
mg/cm -thick metallic foil isotopically enriched to 98%

n Fe. Scattered particles were identified and momen-
tum analyzed in the medium-resolution spectrometer
(MRS), a 1.4-GeV/c quadrupole-dipole (QD) system with
a vertical bend angle of 60° for the central ray. In the
dispersion matching mode, an energy resolution of about
160 keV was obtained, with a large contribution from en-
ergy straggling in the target. At GIab 20°, where no
sharp features were expected in the missing mass spec-
trum, an achromatic beam with an energy resolution of
about 500 keV full width at half maximum (FWHM) was
used. For these measurements the beam was stopped in a
shielded beam dump.

A horizontal drift chamber consisting of two (X,Y)
pairs of offset planes and located between the target and
the MRS QD system, and two pairs of vertical drift
chambers near the focal plane were used to trace particle
trajectories back to the target. Redundancy in the ray
tracing proved essential to eliminate scattered and de-
graded beam particles. Measurements with (sd)-shell tar-
gets which provide (p,p’) spectra w1th large gaps between
levels at low excitation showed?!?? that instrumental
background is negligible at angles as small as 3°. The
effective scattering angle was determined to a precision of
better than +0.1° using the kinematic crossing of elastic
protons from targets of small mass (e.g., H in a CH, tar-
get) and inelastic protons from targets of larger mass
(e.g., the 15.11-MeV state in '>C). Cross sections and
analyzing powers 4, were measured in overlapping angu-
lar steps. These runs were short and separate from those
involving the focal plane polarimeter (FPP). In addition
to elastic and inelastic data for **Fe(p,p), the elementary
pp reaction was also measured using a CH, target. The
absolute pp cross sections were typically 6% lower than
those predicted by the SP88 phase-shift solution of Arndt
and Roper at 290 MeV.?® The cross sections for
Fe(p,p’) were scaled upward by the ratio
o(Arndt)/o(pp), and a systematic error of +8% was

adopted for the absolute *Fe cross sections.

The transverse polarizations P,» and Pg. of the
momentum-analyzed protons were measured with the
FPP by secondary inclusive scattering in a 7.5-cm-thick
carbon slab mounted downstream of the focal plane. The
components and the properties of the FPP are described
in detail elsewhere.?>?* The position information from
six pairs of wire chambers is used to reconstruct? the
direction of the incoming and outgoing protons, the
scattering vertex in the carbon slab, and the polar and az-
imuthal scattering angles 6, and ¢, respectively. Events
with 6, between 5° and 20° have large analyzing powers
A (8, ) for inclusive proton scattering from carbon. For a
momentum bite corresponding to 50 MeV of excitation at
E, =290 MeV, the FPP acceptance does not depend on
the azimuthal angle and the transverse proton polariza-
tion components are then obtained from?>2

> A0, )cosd,

P=2
" 3., 4%6,)

A (6, )si
PS,,=_2M , (3)
3. 4%6,)

with ¢, =0° along the dispersion axis.
The statistical errors of the polarizations are given by

2

8UP,.)= _
S A%6,)

8 P,.)=

During the event-by-event replay, the quantities
S A(0.)cosd., S, A(0,)sind,, and 3, 4%0,) are ac-
cumulated and stored in momentum bins of suitable
width to allow extraction of the transverse polarizations
and of the spin observables (see below). Protons of
known transverse polarization at the FPP were produced
n 2%Pb(p,p) elastic scattering using the identity P =A,.
From these measurements the carbon analyzing powers
A (6.) were determined at energies of 200 and 290 MeV
and polar angles 6, =5°-20°, and found**?° to be in good
agreement with the energy and angle dependence
parametrized by Aprile-Giboni et al.?’

In the following we trace briefly the necessary steps to
calculate the seven parity-allowed spin observables for in-
elastic proton scattering from a spin-zero target for the
MRS geometry using the measured FPP polarizations.
For detailed derivations of the expressions, we refer the
reader to previous work.?® We distinguish the proton po-
larization in three different coordinate systems. The
transformation from the hehclty frame of the incident
beam (@—ﬁx? h‘"l/c\ Xl?f, k ) to the hehclty frame
of the protons after the primary scattering (¥ T,
where 7'=#,7' is along the wave vector k s and
$'=n"'%XT" , is given by
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P, D, O D, | |P, with y the Lorentz factor and £ =2.792 846 nm the pro-

ton magnetic moment. The bend angle of the MRS,

Py | = 0 D, Y P, a=60"t1.5° is determined for each position along the

P D, 0 D, P, focal plane by accumulating bend-angle distributions
event by event.

0 The derivation of the spin observables from Egs. (2)—(7)

+ |po) 1 5) is straightforward. We give thc; results here for complete-

0 1+P, 4, ’ ness for the three types of incident beam. Since we find

where P(0) is the polarization induced by the target, 4,
is the vector analyzing power for the reaction, and the
spin transfer coefficients D,,,, Dy, D, D, and Dy cor-
respond to the Wolfenstein parameters D, 4’, R, A, and
R’, respectively.

The magnetic field of the MRS dipole causes the pro-
ton spins to precess about the § ' axis such that the polar-

o

ization at the focal plane (8", 7 ",T“) is given by

that the beam polarization components at the target are
reversed within experimental errors when the polariza-
tion at the ion source is reversed, we need to consider ex-
plicitly only a single beam polarization (P,,P,,P;), where
the main component is alvAvays large and positive. For
normal 7 and longitudinal / beam, the FPP polarizations
P,. and P, are labeled by the proton polarization at the
ion source j ={1,l}. For a sideways § beam an addition-
al label is needed to distinguish the solenoid polarity
i={p,m]}. Note that {ij}={p1] refers to a beam with
positive P, ~0.75. Values for the induced polarization P

Py 1 0 o | |Ps 5

_ . are obtained independently for each of the three beam
P, | =10 cosy siny | |P, |, 6 orientations, which can be averaged with appropriate sta-
) 0 —siny cosy| |p, tistical weights to obtain improved accuracy for P. We

where ) is the Thomas precession angle of the proton
spin
x=vu—la, (7)

(1+P, 4,)(P2! +P2Y)—(1—P, A,)(P/" +PP})

also quote two check relationships C,; and C,;, which
should vanish within statistical errors and which provide
useful tests of the reliability of the FPP results.

(a) Sideways beam, P, >>|P,|,|P,|:

) (8)

s’ 4P,
_ (1+P,4,)(P2T+PY)—~(1—P, A, (P +P2})—4D,, P, cosy o
sl' ™ . )
4P siny
P (1+P, A,)(PL} + Pt )+(1—P, A, )(P2" +PE}) 10)
4 cosy ’
_ (1+P, A)(PET + P21 )+(1—P, 4, )(P2T +P2Y)
C,= 2 ~0 . (11)
(b) Normal beam, P, >>|P,|,|P,|:
_ (4P, 4,)P). —(1—P, 4,)P}. —2D.P,siny — 2Dy P;siny 12
'"' 2P, cosy ’
_(1+P,A4,)PL.+(1—P,4,)P}.
2 cosy ’ (13)
(1+P, A4,)Pl.+(1—P, 4,)P}
s — n y s n y s zo (14)
2
(c) Longitudinal beam, P, >>|P,|,|P,|:
__ (1+P,4,)P).—(1—P, 4,)P}. —2D,, P,cosy —2D,.P,siny 1)
= : s
2P;siny
_ (1+P,4,)Pl.—(1—P, A,)P}. —2D P,
Is’ 2P1 ) (16)
1 —
P (1+P,A,)P).+(1—P, 4,)P}. _ an

2 cosy
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Equations (9), (12), (15), and (16) contain on the right-
hand side products of D;;’s and small beam polarization
components. They can be solved iteratively by initially
ignoring these small terms. The spin-flip probability S,,
is related to the polarization transfer coefficient D, by

S,,=(1—D,,)/2 . (18)

III. ELASTIC SCATTERING AND 4 ¢

The cross section for inelastic scattering depends criti-
cally on the distortion of the incident and the scattered
nucleon. In the surface-peaked reaction, the effective
number of nucleons participating in a single hard scatter-
ing, A, can be estimated from the optical distorting po-
tential which can be determined by elastic scattering. In
the eikonal limit,*

A= [d% T(be ™"

; (19)
T(b)= [ dzp(r), r=(b,2). (20)

The thickness function 7°(b) is the integral of the nuclear
density p along the projectile trajectory at impact param-
eter b. For a short-range NN interaction, oy is related
to the volume integral of the imaginary part of the opti-
cal potential i W (r) by"*

oNNz—Z”;fd% W(r) . 1)

Cross sections and analyzing powers for proton elastic
scattering from *Fe at 290 MeV were measured between
61, =3° and 50°. The results are shown in Fig. 1 together
with fits using two different phenomenological optical
models. The solid lines correspond to a relativistic poten-
tial with large attractive scalar and repulsive vector po-
tentials>® (see Table I). The dashed lines represent a non-
relativistic potential with standard Woods-Saxon parame-
trization whose values are shown in Table II. The
volume integral of the imaginary part of this potential,
fd3r W(r)/ A=168 MeV fm>, corresponds to an NN
cross section o yy =20.2 mb. Since the potential of Table
IT is not unique, we have used other potentials which give
acceptable, although slightly worse, fits to the data of
Fig. 1. With such a potential we obtained o \=23.5 mb,
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FIG. 1. Cross sections (top) and analyzing power (bottom)
for elastic scattering of 290-MeV protons from >*Fe. The results
of Dirac and Schrodinger fits to the data are shown as solid and
dashed lines, respectively.

the difference being larger than the systematic uncertain-
ty of 8% in the elastic cross sections. The results of
SISM calculations presented below assumed a value
o yy =23 mb, which is within the allowed range of the
elastic-scattering data. From Eq. (19) and using o yy =23
mb, we calculate 4.4/ A4=0.3 and 4 4=16.

IV. COMPLETE (p,p’) SPIN OBSERVABLES AT 6=20°

In this section we discuss the complete set of parity-
allowed, independent spin observables for inelastic proton
scattering from a spin-zero target; they are 4,, P, D,
D,,, Dy, Dy, and D;,.. The results for 290 MeV, 6=20°
have been presented briefly before.!?> The results were

TABLE 1. Relativistic optical model parameters for **Fe(p,p) elastic scattering at 290 MeV. The
relativistic form of the potential assumes a Dirac equation of the form

{—ia-V+B[m +Uy(r)]+[E—U,(r)]}¥()=0.

The scalar potential Uy(r) is
r—r3A'’ o
aR

Uy(r)=V, |1+exp

+iW, ll—l—exp

’
aO

-1
r—r})Al/3
I

and a similar expression defines the vector potential U, (7). The fitted parameters are

V rr ag w rr as
Type (MeV) (fm) (fm) (MeV) (fm) (fm)
Scalar —456.7 1.013 0.691 77.89 1.106 0.843
Vector 334.4 1.014 0.665 —96.87 1.054 0.825
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TABLE II. Nonrelativistic Woods-Saxon optical model parameters for *Fe(p,p) elastic scattering at
290 MeV. The nonrelativistic optical potential is of the form

V(r)=Vecout+ Vafr(r)+iW, f1(r)—[Vgso&rso(r) +iWisoqiso(r)]L-s ,

where

filr)=|1+exp

r—rA'? ] ]_l

i

_1d
gi(r)= . drf,-(r) .

This potential was used in the Schrédinger equation using relativistic kinematics and with the reduced
mass replaced by the reduced total energy in the c.m. frame.

Vr TR W rr ar
Type (MeV) (fm) (fm) (MeV) (fm) (fm)
Central —17.81 1.028 0.445 —22.03 1.147 0.629
Spin-orbit —2.41 1.009 0.558 +0.45 0.942 0.587

obtained from the FPP polarization data using Egs.
(2)-(17) with explicit inclusion in the analysis of the small
polarization components of the incident beam. The data
encompass energy transfers w=0-90 MeV with the
momentum transfers varying between 272 and 296
MeV/c. By examining in detail this wealth of informa-
tion, one may hope to identify and separate the effects of
medium modifications of the NN interaction and of nu-
clear many-body correlations. Our analysis is made
difficult by the fact that no complete, self-consistent
theory has yet been developed which includes all the
effects that are known to be important. Therefore, it is
not possible to examine one particular effect with all the
other parameters unchanged. Our conclusions are ar-
rived at by comparing the spin observables separately to
relativistic”’® and nonrelativistic'* ¢ models. We will
show that the most commonly measured observable 4, is
strongly dependent on both the reaction mechanism and
on the residual interaction ¥ . This is in contrast to the
spin-flip probability S,,, which is least sensitive to as-
sumptions about the reaction mechanism, but strongly
dependent on the nuclear response function Sgr(q,®). It
is this property which can be exploited to examine the re-
sidual interaction in different spin-isospin channels.

A. Relativistic impulse approximation calculations
and medium modifications

Medium modifications of the NN interaction are impli-
cit in relativistic impulse approximation (RIA) models® %
which use Dirac spinors with enhanced lower com-
ponents. The four-component spinor for the incident
proton of momentum k, is

Et+mt |'? 1
U, (k)= 71-’1‘—] ok, X1 (22)
Ef+mf¥

where Y, is a two-component Pauli spinor and

Ef =(ki+mt?)/2. (23)

The effective mass for the projectile, m¥ =m — Vg, is re-
duced from the free nucleon mass by the attractive scalar
field at nuclear densities. Mean-field theory predicts®
m*=~0.56m at central density p,. Since the quasielastic
reaction is surface peaked, the effective density probed by
the projectile is smaller than p, and can be estimated by
an eikonal approximation”® which yields m ¥ =0.86m for
290-MeV protons and >*Fe. The struck nucleon is at
slightly larger density than the incoming projectile and
experiences thus a larger mean-field shift m 3 =0.85m.
The relativistic model includes the effects of spin-orbit
distortions which turn out to be small. All observables
are averaged over a Fermi gas momentum distribution
for the struck nucleons. These momenta p, range up to
the Fermi momentum k=270 MeV/c.

In Fig. 2 the experimental spin observables are com-
pared to the relativistic calculations published previous-
ly.'> The solid lines include the mean-field shift of the
mass and enhanced lower components, whereas the
dashed line assumes m *=m. The most striking feature
of the data is the variation (mainly a decrease) of the spin
observables with increasing w. This variation is reason-
ably well reproduced by the calculations for D, D, and
Dy, but not for (—Dy ). We understand the slopes in
these quantities as a purely kinematic effect. If we denote
the momenta of incident and scattered nucleon by
{k,,k}} and those of the struck nucleon by {p,,p>}, the
four-momentum transfer is

w=E}—E{*=Ey —E} ,
a=k;—k;=p>—p;, (24)
q*=k3+k'? —2k k' cosh,,, .

For each momentum p, and azimuthal angle ¢ between q
and p,, the NN amplitudes have to be evaluated at an
effective laboratory kinetic energy

Teffi—S —4m?* _ EVE3 —k;'p,—m?
o= =

25
2m m ’ (25)

and an effective center-of-momentum scattering angle
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eff
L

2m

Gc.m.

172
tan = [1+ l tan(6,,) . (26)

As o varies, different target nucleon momenta p, and
effective laboratory energies T§T are sampled. If a partic-
ular NN spin observable varies with energy for pp and/or
pn scattering, the same observable in (p,p’) will exhibit a
slope vs .

From such kinematic considerations one expects little
variation with o for D,,, P, and 4,, in obvious conflict
with the data. We shall see in the following that the
slopes for these observables arise from the residual in-
teraction which is neglected in the simple Fermi gas mod-
el assumed in the RIA. Before the relativistic RPA is
developed and incorporated into the RIA, the present
RIA calculations should be compared to the data only
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near the quasielastic point wy=¢2/2m =40 MeV. We
observe that the effect of the enhancement of the lower
Dirac component goes in the right direction for every ob-
servable with the exception of D,,, where there is essen-
tially no relativistic effect. The reduction of P or 4, at
the quasielastic point is quantitatively reproduced by the
RIA, in agreement with previous observations.’ 2 This
reduction of 4, or P at present cannot be explained by
any other mechanism and appears to be a purely relativis-
tic signature. The relative insensitivity of D,, or S,, to
Dirac effects validates the nonrelativistic analysis of
spin-flip strength presented below.

B. Nonrelativistic semi-infinite slab model calculations

The surface character of the (p,p’) reaction is an essen-
tial feature which is not included in the RIA. It is incor-
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FIG. 2. Complete spin observables for inclusive proton scattering from >*Fe at 20°. The dashed lines correspond to the Fermi gas
response using free NN observables. The solid lines include the enhancement of the lower Dirac components for both target and in-

cident proton.
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porated in the SISM of Bertsch, Scholten, and Esben-
sen, 1>1* who model the nuclear surface as a semi-infinite
slab of nuclear matter with a surface potential chosen
similar to typical finite-nucleus optical potentials. The
response function Sgr(g,w) which is constructed from the
SISM eigenstates and the probing field near the surface
includes the effects of the residual interaction V; in a
RPA framework. The residual interaction is strongly at-
tractive in the T=0, S=0 channel and shifts the response
function dramatically toward lower w.!>'%1¢ ¥V is weak
in the 7=0, S=1 channel and repulsive in both the T=1,
S=0and T=1, S=1 channels. The corresponding shifts
in the response function have a direct impact on the pre-
dicted cross sections d20 /(dw d Q) [see Eq. (1)]. Wheth-
er a particular spin observable is modified by the residual
interaction depends on how the related NN observable
varies vs TST when separated into S=1 and O channels.
The effect of including 2p2h damping in the RPA
response has been estimated by Smith and Wambach'> 16
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using the formalism of Drozdz et al.** In all but the
T=0, S=0 channel where there is no 2p2h effect, the
response function is reduced at moderate w and shifted
towards high . For Gamow-Teller excitations (T=1,
S=1), 2p2h damping has been invoked by Bertsch and
Hamamoto’! to explain the quenching of L=0 strength
in (p,n) reactions on heavy nuclei. The effect of 2p2h
damping in the quasielastic regime should be more readi-
ly observable in the (p,n) or (n,p) cross sections or the
spin-flip cross sections in (p,p’) rather than in the (p,p’)
cross sections which have a large T=0, S=0 component.

In Fig. 3 the spin observables are compared to the
SISM results of Smith.'® The dashed lines represent the
free response without residual interaction; the solid
curves include contributions from 2p2h damping and
from two-step processes. The calculated observables D,
D, D,., and D are predicted to be very close to the
quasifree values, showing little sensitivity to the residual
interaction and to inclusion of 2p2h damping or two-step
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FIG. 3. Same data as shown in Fig. 2 are compared to predictions of the SISM. The dashed lines correspond to the free response;
the solid lines include the nuclear RPA response and two-step contributions as described in the main text.
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processes. We observe that the data are shifted from the
predictions over the entire o range. Since such shifts are
suggested by the RIA calculations at the quasielastic
point, one may ascribe them, at least partially, to a
modification of the NN interaction at nuclear densities.
It remains to be shown for quasielastic scattering whether
there is a nonrelativistic equivalent of the enhancement of
the lower Dirac components. For elastic scattering it was
shown by Thies*? that velocity-dependent nonrelativistic
potentials can be constructed which produce observables
that are indistinguishable from the relativistic predic-
tions.

The SISM predicts D,,, P, and A, values which are
substantially different from the free values. For these ob-
servables the slopes vs w are mainly caused by the residu-
al interaction and are found to be in reasonable agree-
ment with the data, although the absolute values for P
and A, are considerably larger than the data. As was al-
ready discussed, the latter discrepancy may be attributed
to a fundamental density dependence of the NN interac-
tion. The effects of 2p2h damping and of two-step pro-
cesses on D,, and P or A, are shown in Fig. 4. In addi-
tion to the free response (short-dashed lines), we show the
cumulative effects of 1plh RPA, 2p2h damping, and
two-step contributions. The 1plh RPA response is caus-
ing most of the deviation from the free response at small
.

The calculations in Figs. 3 and 4 assume the simple
factorized form for cross section and spin observables
[Eq. (1)]. Rather than performing at each w and g the in-
tegral over the momenta p, of the struck nucleon, the NN

1.0 T T T T T T T T T
- SFe(p,p') 290 MeV

0‘0 1 1 Il 1 Il L L 1 1
0 20 40 60 80 100
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FIG. 4. Spin observables P and 4, (top) and D,, (bottom) at
20° are compared to predictions of the SISM. Theoretical
curves are for the free response (short-dashed lines), and for the
cumulative effects of the 1plh RPA (long-dashed), 2p2h damp-
ing (short-long-dashed), and two-step contributions (solid lines).

observables are obtained at a representative specific

momentum p,= —aq, which is assumed to be parallel to
the only preferred direction q. In the ‘“brickwall” or
Breit frame, p,= —q/2= —p;. This frame is most suit-

able for elastic scattering from the nucleus, i.e., for ©=0.
For inelastic scattering it is more appropriate to evaluate
the NN observables in the “optimal” frame of Gurvitz. 3
The relativistic form of the optimal frame implies

1 ® 4m2 172

L 1+ 3 27

9’ —o

In Fig. 5 we show T{T corresponding to both the Breit

frame and the optimal frame for the range of w values of
the present experiment and for several scattering angles.
At small scattering angles the “optimal’”” momentum may
exceed the Fermi momentum of the nucleus. We have
omitted these unphysical values in Fig. 5. It is expected!'®
that this problem no longer arises if distortion effects are
also taken into account. The optimal frame has the desir-
able property that it reduces to the Breit frame at 0 =0
and that T§T=T,, at the quasielastic point. The Breit
frame is clearly unphysical for large momentum and en-
ergy transfers. In practice, the Breit frame may still give
acceptable numerical results provided the specific NN ob-
servable depends only weakly on T¢F.

In Fig. 6 we show how the treatment of Fermi momen-
tum averaging influences the quasifree observables. To
avoid numerical inconsistencies in the evaluation of the
NN observables in different codes, we have used the RIA
computer code throughout to obtain the results in Fig. 6.
It is seen that the optimal frame (dotted lines) provides a
close approximation to explicit Fermi motion averaging
(solid lines). Furthermore, the derivation of the optimal
frame starting from the general projectile-nucleus scatter-

S*Fe(p,p') 290 MeV
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FIG. 5. Effective laboratory energies for quasielastic scatter-
ing at various scattering angle and w values evaluated in the op-
timal (solid lines) or Breit frame (dashed lines).



ing operator*® provides justification for the use of on-shell
NN amplitudes.

Use of the Breit frame (dashed lines) introduces slopes
for Dy, Dy, Dy, and Dy which are opposite in sign com-
pared to the Fermi-averaged values and the experimental
data. For P, 4, and to a lesser extent D,,, the Breit
frame gives acceptable results. The deviations from the
Fermi-averaged values are much smaller than the
changes resulting from the SISM (see Fig. 5).

V. SMALL-ANGLE (p,p’)
AND (n,p) RESULTS AND THE SISM

In the following section we discuss in terms of the
SISM cross sections, analyzing powers, and spin-flip
probabilities measured between 3.1° and 15° for (p,p’) at
290 MeV and cross sections between 0° and 12° for
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*Fe(n,p) obtained by Vetterli et al.!” at 298 MeV. Com-
parisons with the RIA will not be shown since it does not
include effects of the residual interaction which strongly
modify 4, and S,,. The SISM results were obtained by
evaluating the NN amplitudes in the Breit frame. This is
justifiable only for 4, and S, since the T£% values associ-
ated with small energy and momentum transfers in the
Breit frame adequately simulate Fermi momentum
averaging (see Fig. 6). The main reason for using the
Breit frame over the optimal frame is the greater reliabili-
ty in predicting strength and spin-flip strength distribu-
tions.

The spin observables 4, and S, are shown in Figs. 7
and 8, respectively. In these and the following figures,
the free response is represented by short-dashed lines.
The SISM RPA response including 2p2h damping and
two-step contributions is represented by the solid lines.

0 20 40 60 80 100 °
w (MeV)

FIG. 6. The effect of Fermi momentum averaging on the spin observables of Figs. 2 and 3 assuming the free NN response. The re-
sults were obtained by explicitly summing over the momenta of a Fermi gas (solid lines), or by assuming optimal frame kinematics

(short-dashed lines) or Breit frame kinematics (long-dashed lines).
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Although the slope of 4, vs o is well reproduced by the
SISM, the calculations are above the data at nearly the
complete range of momentum and energy transfers. As
was already discussed in the previous section, this is a
strong indication that the NN interaction at nuclear den-
sities differs from the free NN interaction, an effect which
is implied by the RIA.

The qualitative features of the spin-flip probability S,,,,
i.e., the decrease from the free NN values towards small o
and the rise towards large w, is well reproduced by the
SISM. This can be understood if one distinguishes the
cross sections o5 and spin-flip probabilities S,7° accord-
ing to isospin and spin transfer {7,S}. Since S/°~0, we
may write

T1oT1
g''S,.,
Snnz_z_T—Tg_ . (28)
2150

Because of the strongly attractive residual interaction in
the T=0, §=0 channel, 0% dominates at small o and
forces S, to vanish. This, and the repulsive residual in-
teraction ¥V in the S=1 channels, causes the rise of S,
at large w. At the highest w, for intermediate angles, S,
is significantly enhanced relative to the free values, and
this strong enhancement is not predicted by the SISM.
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FIG. 7. Analyzing powers compared to SISM predictions.
The dashed lines correspond to the free response; the solid lines
include the nuclear RPA response and two-step contributions as
described in the main text.

The enhancement of S,, was first discussed by
Glashausser et al.;* it was shown that it corresponds to
a nuclear response which is more than 80% S=1 in this
region. It has been observed at similar values of ¢ and
in a variety of (p,p’) experiments on '°C at 319 MeV,3*
2*Mg at 250 MeV, % “°Ca at 318 (Ref. 35) and 800 MeV,3*
#Ca at 290 MeV,3* and *Zr at 319 MeV.3® The persis-
tance of the enhancement at similar g for different target
nuclei and to values of @ as large as 75 MeV (Ref. 34)
seems to rule out it being associated with a particular
multipolarity.

One may speculate that the enhancement of S, is ei-
ther the result of depletion of the S=0 strength
(0®401°) or of an enhancement of the S=1 strength
(6°'+a!). In principle, this can be decided from a com-
parison of predicted and measured spin-flip strengths:

asnn =~ 2 UT]SnTy;l ’ (29)
T

which do not involve the S=0 channels. In Figs. 9 and
10 we show the cross sections and spin-flip cross sections
together with the free response (dashed lines) and the pre-
dictions of the surface RPA (solid lines).

In Fig. 11 we show explicitly for one angle (10°) the
effects of 2p2h damping and two-step contributions on
cross sections (top) and spin-flip cross sections (bottom).
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FIG. 8. Spin-flip probabilities compared to SISM predic-
tions. The curves are explained in the caption of Fig. 7.
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In Fig. 11 predictions for the free response (short-dashed)
and two-step contributions (long-dashed lines) are shown
separately. The cumulative effects of the 1plh RPA and
two-step contributions (long-dashed curves), and of 2p2h
damping (solid curves) are also shown. Inclusion of the
1plh RPA correlations causes substantial shifts for both
o and 0S,,. The 2p2h damping and two-step contribu-
tions are more significant for S,,. At large w values the
predicted values of ¢S, (Fig. 10) are too small for all an-
gles except for 15°. The predicted cross section o (Fig. 9)
is underestimated at small angles and somewhat overes-
timated at large angles and high . At small momentum
transfers for w <20 MeV, the nuclear response exhibits
giant resonances of low multipolarity which depend sen-
sitively on nuclear size and shell structure. In these re-
gions the SISM response is no longer a good approxima-
tion. The cross sections are also more sensitive than S,
to details of the calculation such as two-step processes,
distortions, and Fermi momentum averaging. The agree-
ment between theoretical and experimental S=0 and 1
strengths at high o is probably as good as can be expect-
ed, but it is difficult to determine whether the S,,
enhancement is due to an enhancement of the S=1 spin
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FIG. 9. Cross sections compared to SISM predictions. The
curves are labeled as in Fig. 7. The two-step contributions are
shown as long-dashed lines.

response or a depletion of the S=0 response. Microscop-
ic RPA calculations for “°Ca (Ref. 37) suggest it is a com-
bination of the two.

The cross sections for the **Fe(n,p)’**Mn reaction at
298 MeV (Ref. 17) are compared to the surface RPA cal-
culations in Fig. 12. The (n,p) reaction involves only the
T=1 channel and is predominantly S=1. The domi-
nance of a single {7,S} channel is the likely reason for
the good agreement of theory with experiment at labora-
tory angles of 5°-~12°. The role of 2p2h damping which
moves the T=1, §=1 strength from regions of lower to
higher w is shown for the 8° data in Fig. 13. This mecha-
nism, which has been invoked by Bertsch and Hamamoto
to explain the quenching of the low-lying Gamow-Teller
(GT) strength,®' was originally thought to require a very
strong tensor force, but is now compatible with the weak-
er tensor force of the Bonn potential.*® Compared to the
(n,p) results, the SISM is less successful in explaining
cross sections and spin-flip cross sections in (p,p’) (see
Figs. 9—11). The SISM is also less successful in describing
the *Fe(p,n)**Co data at 300 MeV (see Fig. 12 in Ref.

17).
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FIG. 10. Spin-flip cross sections compared to SISM predic-
tions. The curves are labeled as in Fig. 9.
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FIG. 11. Cross sections (top) and spin-flip cross sections (bot-
tom) at 10° are compared to predictions of the SISM. The free
response (short-dashed lines) and two-step contributions (long-
dashed lines) are shown separately. The cumulative effects of
the 1plh RPA and two-step contributions (short-long-dashed
lines), and of the further effect of 2p2h damping (solid lines) are
also shown.

VL. ISOSPIN, SPIN
AND ANGULAR MOMENTUM COMPONENTS
OF THE (p,p’) RESPONSE

We now discuss the extraction of giant resonance in-
formation from the small-angle (p,p’) data. We assume
that angular distribution shapes for cross sections o and
spin-flip probabilities S,, can be calculated with reason-
able accuracy using the DWIA code DWs1 (Ref. 38) and
the Franey-Love effective interaction,?® which does not
include density dependence. Transition densities for po-
pulating giant resonances are typically described by the
shell model or the finite-nucleus RPA and are outside the
scope of the SISM. In the conventional analysis of (p,p’)
cross sections, **~#? the resonances are superimposed on a
smooth “background” which is assumed to be either a
Gaussian plus exponential tail or have the same shape as
calculated by the surface RPA. We follow here a more
justifiable approach in which we use cross sections for
(n,p) and (p,p’) to distinguish the nuclear response ac-
cording to the isospin of the final states and the addition-
al information on spin-flip strength in (p,p’) to separate
the spin transfer channels S=0 and 1. Multipole
strengths can then be extracted separately for S=0 and 1
resonances. Similar analyses have recently been present-
ed by Baker et al.®® It is expected that this separation
produces giant resonance strengths with smaller sys-
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FIG. 12. Cross sections for the **Fe(n,p) reaction compared
to predictions of the SISM. The curves are labeled as in Fig. 9.
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FIG. 13. **Fe(n,p) cross section at 8°. Theoretical curves are
labeled as in Fig. 11.
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tematic errors since our procedure is based on a larger
data set and is self-consistent.

A. T;=1,2 components of the (p,p’) response

The (n,p) reaction on the T=1, T,=1 nucleus **Fe is
the most selective of the (N,N) reactions since it only
populates the T=2, T, =2 levels in the residual nucleus
**Mn. The target nucleus is fully polarized in isospin
space, the isospin coupling coefficient being unity. The
isovector strength in (p,p’) is split between the T,=1
and 2 states. Assuming nuclear interactions to be isospin
symmetric, the T,=2 (p,p’) strength can be calculated
simply from the (n,p) cross section at the same angle.
The isospin Clebsch-Gordan coefficients for the (p,p’) re-
action differ from those for (n,p) by factors of 1/V2 for
both target and projectile, implying a reduction in
strength by a factor of . The (n,p) cross sections have
to be shifted to negative-Q values by the Coulomb shift of
8.60 MeV. The more negative reaction Q value implies a
further reduction of the (p,p’) cross section by a factor
(=0.9 for L=0) , which was estimated by DWIA calcu-
lations. In Fig. 14 we show the (p,p’) cross sections to-
gether with histogram columns representing the T,=2
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FIG. 14. Cross sections for inelastic proton scattering from
*Fe at 290 MeV. The histogram columns show the population
of T,=2 final states deduced from the (n,p) reaction. No (n,p)
data were available for angles larger than 12°,

components. Since the (n,p) data!” are not available out-
side of 6,,,=12°, the T, =2 components could not be ob-
tained for the 15° data. Because the (p,p’) cross sections
have a very strong S=0 isoscalar component, the 7,=2
component is quite small at all momentum and energy
transfers.

For the isospin decomposition of the spin-flip strength
0S,,, we require the spin-flip probability for the (n,p) re-
action, S,7=!. Although this quantity has not been mea-
sured, it can be calculated quite reliably. The (n,p) reac-
tion is purely isovector and at these energies 90% dom-
inated by S=1 as can be seen from the NN amplitudes.?°
Furthermore, the residual interaction is repulsive in both
the 7=1, S=0 and T=1, S=1 channels, and therefore
should cause no o dependence of S.~=! This is
confirmed by S,, measurements for (p,n) reactions at
0°,** which show values close to the free NN values
over most of the w range [the exceptions are discrete
states, such as the isobaric analog state, which cannot be
populated in (n,p) reactions]. The T,=2 part of the
spin-flip strength was calculated separately for L=0 and
higher multipoles. The multipole decomposition of the
(n,p) cross sections!” was used and S,.J,~! was obtained ei-
ther from the SISM (for L > 1; see Table III) or from
DWIA calculations (for L=0). The resulting spin-flip
strength in (p,p’) is shown in Fig. 15 together with histo-
gram columns representing the T;=2 components. Be-
cause of the absence of the strong isoscalar S=0 channel,
the T, =2 component is now a substantial fraction of the
total spin-flip strength.

B. Multipole decomposition of S=1 strength

The decomposition of the spin-flip strength distribu-
tions of Fig. 15 into angular momentum transfers L
makes use of the well-known fact that cross section maxi-
ma for larger L values occur at larger momentum
transfers. Theoretical angular distributions were generat-
ed for each multipole using the DWIA. To estimate the
systematic uncertainties in the extraction of the multipole
components, we have used transition densities for two
different shell-model configurations. For decomposition
(A) we have calculated the L=0 part as the sum of all
1" states connected to a pure 7[f 172 1% f5 1% ground
state. This model corresponds to the Tamm-Dancoff ap-
proximation (TDA) without RPA correlations. With the
shell-model code OXBASH (Ref. 46) and the residual in-
teraction of van Hees and Glaudemans,*’ we obtain six
T,=2 states between E,=8.3 and 12.9 MeV, and 18
T,=1 states between E, =3.96 and 11.57 MeV. For the

TABLE III. ST ~! calculated in the surface RPA model for
**Fe(p,p’) at 290 MeV.

O m. E,=10 MeV E,=30 MeV E.=50 MeV
3° 0.590 0.538 0.470
5° 0.526 0.489 0.440
7 0.456 0.436 0.412

10° 0.407 0.402 0.398

15° 0.424 0.423 0.427
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latter states we have ignored the interference from the
isoscalar part of the NN interaction which is poorly
known?? at nuclear densities and which may introduce an
uncertainty of perhaps +20% in the calculated cross sec-
tions. For the higher multipolarities we have assumed
simple final states: L=1: [f7,89,,)-; L=2:
[f7/5f5,2];+- The nonrelativistic optical potential of
Table II was used to compute angular distributions of
0S,, for E,=0-50 MeV in 10-MeV intervals. Interpo-
lated shapes for 1-MeV-wide energy bins were used to
fit!7*8 the experimental angular distributions. Typical re-
sults are shown in Fig. 16. In Fig. 17 we show the spin-
flip strength at 3.1° together with the L=0 component
(hatched area, lower panel) and at 5.0° with the L=1
component (upper panel). The spin dipole response is
similar in shape to that observed in *“°Ca.*> The L=0
components above w=14.5 MeV are not shown since
they are only a small fraction of the total ¢S,, and vary
widely from bin to bin. At 6, =3.18° the sum of the
L=0 spin-flip strength between 4.5 and 14.5 MeV is
(do/dQ). , =2.610.3 mb/sr, where the error includes
uncertainties from counting statistics and decomposition.
The centroid of the L=0 strength distribution is at
~10.3 MeV, which is comparable to the 201-MeV (p,p’)
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FIG. 15. Spin-flip cross sections for inelastic proton scatter-
ing from **Fe at 290 MeV. The histogram columns are ex-
plained in the caption of Fig. 14.

O. HAUSSER et al.

14—
1.2 F *Fe(p,p’) 290 MeV 1
1.0+ 33.5-34.5 MeV |
0.8 7
0.6} -
04F . .
02k <
0.0 R
1.4 T
1.2+
1.0}
0.8t
0.6 ¢
¢ 04rf
cff 0.2
= 0.0
PIT 1.4
Ul o1z 9.5-10.5 MeV A
1o -
o8 I 1
06 -
0.4} S :
02 — = 1

(mb / sr MeV)

0.0 N ——

0 2 4 6 8 1012 14 16
0 cm. (deg.)

FIG. 16. Multipole decomposition of the (p,p’) spin-flip
cross sections at three different values of w. The curves
represent the L=0 (short-dashed), L=1 (long-dashed), L=3
(short-long-dashed), and total (solid lines) angular distributions.

data of Djalali et al.** (S=1, L=1 centroid at 10.04
MeV) and the (e,e’) data of Eulenberg er al.® [B(M1)
centroid at 10.5 MeV], but substantially higher than 8.6
MeV, the TDA prediction. The difference arises from the
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FIG. 17. Spin-flip cross sections at 5.0° and 3.1°. The
crosshatched areas show the L=1 (top) and L=0 (bottom) con-
tributions. The L=0 fraction at w> 15 MeV is not shown be-
cause of large systematic errors in the multipole decomposition.



absence of significant T,=1,1 * strength below 8 MeV in
the experimental spectra.

In a second decomposition (B) coherent states of a par-
ticular L,J were constructed®! by applying an operator
rL[Y, X o], to the simple f1%, ground state. From these
states a single L=1 angular distribution was obtained
from the sum of 07, 17, and 2~ coherent states, and
similarly for L=2 and 3. The L=0 angular distribution
arises in this model from a single f,5fs,, transition am-
plitude. The 6., =3.18° L=0 component between 4.5
and 14.5 MeV amounts to a spin-flip strength of
(do/dQ), , =2.4%10.3 mb/sr, independent of whether
L=3 components are included in the decomposition or
not. The L=1 strength is spread out over tens of MeV
and varies substantially depending on whether L > 2 mul-
tipoles are included or not.

The average of the L =0 strength from decompositions
(A) and (B), at 6, ,, =3.18° and between 4.5 and 14.5
MeV excitation is (do /dQ), ,, =2.5+0.3 mb/sr. From
the (n,p) results of Vetterli ez al.,!” we estimate that the
T,=2, L=0 differential cross section in this energy inter-
val is 1.910.1 mb/sr. This estimate takes the Coulomb
shift of 8.6 MeV, the isospin factors of 0.25, and DWIA
extrapolations to 6., =3.18° into account. The spin-flip
probability is calculated to be S,,=0.53 for the T,=2
states. Thus we find that the T,=2 states receive
1.0+£0.1 mb/sr of the experimental spin-flip strength.
The remaining 1.5+0.3 mb/sr are attributed to the T, =1
states.

For comparisons with theory of L=0 strengths in the
(n,p), (p,p’), and (p,n) reactions, it is desirable to sum
the strength over similarly large energy intervals. Be-
cause of poorer statistical accuracy and a larger contribu-
tion of spin dipole states at 6., =3.18°, the useful range
of the (p,p’) decomposition is smaller (upper limit 14.5
MeV) than that of the (n,p) reaction (upper limit 10 MeV
in 3*Mn, corresponding to 18.6 MeV in >*Fe). We have
estimated the likely additional strength located between
14.5 and 18.6 MeV from the (n,p) reaction where about
12% of the total L=0 strength from 0-10 MeV is in the
4-MeV interval between 6 and 10 MeV excitation.!” A
similar fraction is located in a 4-MeV interval above the
bulk of the **Fe(p,n) strength in *Co.!” For theoretical
comparisons we have added 109%*+10% to the spin flip
strength between 4.5 and 14.5 MeV. The estimated total
spin-flip strength below 18.6 MeV (2.75+0.4 mb/sr) can
be compared to nuclear structure calculations if &, the
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cross section per unit of B(GT), is known. We adopt here
the value &(q =0,0=0)=5.1%£0.8 mb/sr, which was
determined at 300 MeV by Vetterli et al.!” from the
54Fe(p,n) transition to the 0.94-MeV state in **Co. The
B(GT) value for this transition (0.73+0.10) had been
determined previously by (p,n) reactions at 135 and 160
MeV (Refs. 52 and 53) using typical & values for this
mass region. We note that this experimentally deter-
mined value of & is consistent with empirical systematics
for nuclei with 4=6-54 and energies between 135 and
492 MeV.>* The & value is, however, much larger than
the value of 3.6 mb/sr which is obtained with the DWIA
using the Franey-Love interaction®® and the optical po-
tential of Sec. II. The reason for this failure of the
DWIA, which should affect the L=0 cross sections for
the (p,n), (p,p'), and (n,p) reactions by similar renormal-
ization factors, is not known.

With the simple TDA model and &=5.1 mb/sr, we
calculate large values of 9.7, 3.3, and 6.4 mb/sr for total,
T,=2, and T,=1 spin-flip strengths, respectively. The
quenching factor 0.y, /0 meory~0.3 can be attributed to
the restricted model space for the valence nucleons in the
TDA. The effects of an expanded shell-model space have
been studied by Bloom and Fuller® and by Muto.>® Even
larger reductions of the theoretical strengths are obtained
by Auerbach, Zamick, and Klein®’ when RPA correla-
tions are included. In Table IV we compare L=0
strength obtained at TRIUMF near 300 MeV for
S4Fe(n,p), (p,p'), and (p,n) reactions with theoretical pre-
dictions. It should be noted that all theoretical cross sec-
tions have a large, but common, systematic uncertainty
which arises from the conversion of the matrix elements
of the one-body operators o7_, o7y, and o7 to cross
sections. We have assumed that the reduction factors for
the L=0 strength implied in going from the TDA to the
RPA are the same in ®Ni (Ref. 57) and **Fe. The results
of the quasiparticle RPA (QRPA) of Engel, Vogel, and
Zirnbauer>® were only available for the charge-exchange
reactions and have been scaled for the (p,p’) channel.

The quenching factors 0 .y, /0 peory determined at in-
cident energies of 290-300 MeV for the three reactions
are shown in Fig. 18. Since the relative comparison of
the reactions is of primary interest, the errors include
contributions from counting statistics and multipole
decomposition, but not the systematic uncertainties in &
which are common to the three reactions. The theoreti-
cal calculations (TDA, RPA, and QRPA) do not include

TABLE IV. L=0 strength for (n,p), (p,p’), and (p,n) reactions with **Fe near 300 MeV.

E 6. m. I5) EMax L=0 strength (mb/sr)?

Reaction (MeV) (deg) (MeV) Observed (MeV) expt.® TDA® RPA‘ QRPA®
5*Fe(n,p)**Mn 298 0 0 o 10.0 15.740.7 52.5 29.8 25.6
“Fe(p,p’) 290 3.18 10.3 aS,, 18.6 2.75+1.4 9.7 ~6.5 ~5.6
3*Fe(p,n)>*Co 300 0 11.0 o 15.0 37.5+1.2 81.9 62.1 55.3

#Assumes 6(g =0,0=0)=5.1 mb/sr.
*The (n,p) and (p,n) data are from Ref. 17.

Simple shell model assuming f14, configuration for the *Fe ground state.

9dScaled from RPA calculations for °°Ni; see Ref. 57.
‘From Ref. 58.
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and (n,p) reactions on >*Fe and various theoretical models de-

scribed in the main text.

extra-nucleonic degrees of freedom such as A-hole excita-
tions and thus satisfy the sum rule for 8~ and 87 GT
strength, 3 B(GT )— 3 B(GT')=3(N—2Z). The
reduction of L=0 strength from the simple TDA esti-
mates is predicted to be most severe in the (n,p) direc-
tion, intermediate for (p,p’) and least severe for (p,n).
The experimental data in Table IV confirm this. The
QRPA calculations® predict the smallest GT strength
and quenching factors which agree within errors for both
(p,n) and (n,p) reactions. The quenching factors for
(p,p') are lower than those for the (p,n) and (n,p) reac-
tions. Several reasons might be responsible for this.
First, we rely on S,, values calculated in the DWIA
which might be larger than the actual ones. Since isospin
symmetry can be invoked for the T,=2 states, the small
spin-flip strength might be attributed to the T,=1 states
for which we have neglected the interference of the iso-
scalar with the dominant isovector amplitudes.

The QRPA quenching factors of =0.65 are compara-
ble to those for the low-energy excitation region in (sd)-
shell nuclei?"?>>° where untruncated (sd)-shell-model
calculations are available. The structure calculations
agree with experiment if an effective axial-vector cou-
pling constant (g, /gy ).g=1 is used. The cause of the
quenching of GT strength may be attributed to 2p2h
damping®®3! (for which we have provided some evidence
in Sec. IV) and/or to coherent A-hole excitations. *°

C. Multipole decomposition of S=0 strength

The determination of the S=0 strength requires sub-
traction of the S=1 component from the (p,p’) cross sec-
tion o. This subtraction is model dependent since S,
differs from unity for pure S=1 transitions. We define a
quantity S5, ! (a in Ref. 43):

o082 +o'! st
PETEpT
which can be calculated in the surface RPA model. The
values for S;, ! shown in Table V are very similar to
those for S,7~! (see Table III) since both are dominated

by the spin-flip isovector NN amplitudes. The S=0 cross
sections

S=1_
Snn -

’

TABLE V. S3~! calculated in the surface RPA model for
*Fe(p,p’) at 290 MeV.

6. m. E.=10 MeV* E,=30 MeV E.=50 MeV
3 0.662 0.592 0.516
5 0.593 0.537 0.478
7 0.503 0.470 0.433

10° 0.400 0.397 0.384

15° 0.306 0.324 0.332

*For 24 TDA 17 states between 4 and 13 MeV, microscopic
DWIA calculations yield an average value (S,,)=0.58 at
ec.m. = 3°'

(0S,,)

expt

Og=0—0O SS=1
nn

expt

are shown in Fig. 19 for the five angles of the experiment.

We have carried out a multipole decomposition of
0 s=¢ similar to the one described previously for oS,,.
The angular distributions for the multipoles L= 1-4 were
generated using the coupled-channel program ECIS79,!
which includes Coulomb excitation and relativistic kine-
matics. We did not include a giant monopole resonance
because it is found to be anomalously weak in “°Ca and
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FIG. 19. S=0 cross sections at five angles obtained after sub-
traction of the S=1 cross sections.



%8Ni.*! A first-order vibrational model was used in the
collective DWBA calculations as described elsewhere.*?
The transition potential arises from the distortion of the
five separate terms of the optical potential (real, imagi-
nary, real spin-orbit, imaginary spin-orbit, and Coulomb).
The magnitude of the cross sections is proportional to the
square of deformation lengths (B;R), where the
R =r, A'/3 are appropriately chosen radii for each of the
five potentials. For giant resonances it is customary*’ to
express the deformation lengths in terms of the energy
weighted sum rule (EWSR) strengths as

__ 87 NZ _
(BIR)_ AEX’ L 17
2m# L(L +1)
R)=——————— L=2.
(BLR) Im AE,

The angular distributions for each multipole are calculat-
ed assuming that 100% of the EWSR is concentrated at
each energy bin. A least-squares fit of the 03—, data give
directly the fraction of the EWSR for each multipole and
energy. By carrying out multipole decompositions with
various different multipole combinations (L=1,2,3,4), we
have estimated the systematic error associated with the
decomposition. Higher multipoles (L = 3) are unreliable
because of the limited angular range of the data.

The results from one of these decompositions (L=1-4
included) are shown in Fig. 20. The isovector giant di-
pole resonance (IVGDR) is found to peak near 19.5 MeV,
but persists to higher excitation in agreement with previ-
ous photoabsorption data for **Fe.%? The summed dipole
strength between 13 and 25 MeV is (88+7)% EWSR, and
between 13 and 30 MeV is (1231+12)% EWSR. The di-
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FIG. 20. S=0, L=1 (bottom) and S=0, L=2 (top) strengths

in *Fe(p,p’) expressed as fractions of the respective energy
weighted sum rules.
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pole strength is qualitatively similar to that found in this
mass region by photon absorption experiments. %3

The quadrupole strength has a maximum near 16 MeV
in agreement with previous (p,p’) data for *®Ni.*! The
isoscalar character of this resonance can be inferred from
a comparison with other probes, e.g., (a,a').%* The
quadrupole strength strongly depends on whether L=3,
or L=4, or both, are included in the decomposition. For
the 11-22-MeV region the summed quadrupole strength
is estimated to be (55%t13)% EWSR. A similar amount
of quadrupole strength [(50£10)%] has been found in
¥Ni(p,p’).*! The quadrupole strength above 23 MeV de-
pends on the decomposition and is compatible with zero.

We emphasize that in contrast to some previous (p,p’)
giant resonance analyses,*""*? no ad hoc separation of the
cross section into resonance and background contribu-
tions had to be made. The agreement between both types
of analyses demonstrates that the smooth background
fitted in previous (p,p’) analyses is mainly of S=1 char-
acter.

VII. CONCLUSIONS

The comprehensive data set for the >*Fe(p,p’) reaction
from this work has been confronted with current models
of inclusive nucleon scattering from nuclei. A complete
set of spin observables at 20° disagrees in detail with all
the models. The surface RPA model of Bertsch, Schol-
ten, and Esbensen describes well the slope vs w observed
for 4, and S,,. We have shown that Fermi momentum
averaging should either be included explicitly, or the “op-
timal frame” rather than the Breit frame should be em-
ployed for the NN kinematics to simulate Fermi motion.

The nonrelativistic models are unable to predict the
systematic lowering of A4, observed at all momentum and
energy transfers. This feature is reproduced in the rela-
tivistic model of Horowitz, Murdock, and Igbal by using
an effective-mass parametrization which is associated
with an attractive scalar potential acting on nucleons at
high densities. The inclusion of the RPA correlations
into the relativistic model is still to be accomplished.
Therefore, this model is reliable numerically, for 4, and
S,n,» under quasielastic kinematic conditions only.

The SISM is qualitatively most successful in predicting
the spin-flip probability. However, the enhancement of
S,, above the SISM predictions, at momentum transfers
of ¢ ~100 MeV/c and w > 20 MeV, is not reproduced, al-
though the enhancement is a general feature observed in
many nuclei.** Continuum RPA calculations suggest**
that the enhancement is the result of the combined effects
of a strong concentration of $=0 strength at lower ener-
gy and a shift of S=1 strength to higher energy.

The availability of comprehensive data for (p,p’) and
(n,p) has allowed us to separate both cross section and
spin-flip strength with respect to isospin of the final states
T;=1,2. Since the spin-flip strength is purely S=1, the
non-spin-flip strength og_, could be obtained by sub-
tracting from the cross sections the S=1 part. These sep-
arations are model dependent since spin-flip probabilities
ST=1and S$5=! are required which have not been mea-
sured. We believe, however, that the model dependence
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is slight because both quantities are dominated by the
T=1, S=1 channel which can be reliably calculated by
the surface RPA. We have performed a multipole
analysis both of 0S,, and of og_, The quenching of
S=1, L=0 strength is slightly more severe than that
found for (n,p) and (p,n) reactions on **Fe. For the
latter reactions the Gamow-Teller quenching factors are
compatible with QRPA calculations using an effective
coupling constant g ,/g,~1. The strengths extracted
from og_, for the giant dipole and quadrupole reso-
nances are compatible with conventional giant resonance
analyses based on o. This indicates that the smooth

background underlying these resonances is mainly of
S'=1 character.
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