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We study momentum-dependent or nonlocal couplings and off-shell effects in the internucleon
force arising from antisymmetrization for inclusive nucleon scattering over a wide range of momen-

tum transfer and energy loss to the target. Our results illustrate that spin observables are more sen-

sitive to these couplings than are unpolarized cross sections. The experimental results can be under-

stood in terms of the nuclear response function with an uncertainty of —10% for incident nucleons
above 300 MeV. At incident energies near —100 MeV and below, the nonlocal couplings are much
more important and cannot reliably be neglected. The sensitivity of inclusive nucleon scattering to
the choice of effective nucleon-nucleon interaction is also found to be generally non-negligible.

I. INTRODUCTION

The study of nucleon inelastic scattering to the contin-
uum is a rich and widely used approach for learning
about those modes of nuclear excitation involving large
momentum transfer and energy loss to the target nucleus.
Under these conditions we expect to learn primarily
about the nuclear response function and the underlying
interaction which mediates the reaction. However, when
nucleons are used as probes, we face the problem of ac-
counting for the indistinguishability of the interacting
particles as well as for the off-shell properties of the
effective internucleon force. This situation is quite
different from that encountered in processes induced by
electrons where, due to the well-understood and relative-
ly simple electromagnetic coupling, electron-scattering
data yield a direct measurement of the nuclear response
function.

The most common theoretical approach to the calcula-
tion of the inclusive cross section for inelastic nucleon
scattering has been based on the assumption that the
nucleon-nucleon cross section in the medium can be fac-
torized from the nuclear response. ' This idea, originally
proposed for high-energy nucleons (above 500 MeV), rel-
atively small momentum transfer (q & 0.5 fm '), and en-
ergy loss to the target (co 530 MeV), has been extended
nonrelativistically and relativistically to analyze a diver-
sity of experimental data obtained under conditions well
outside the ranges where the theory was developed. A
similar approach has been recently applied to understand
contributions from single-particle excitations in the pre-
equilibrium region at energies below 100 MeV. Al-
though attractive by its simplicity, the assumed factor-
ized structure of the inclusive nucleon cross section
deserves a more quantitative evaluation. The extent to
which the motion of the target nucleons may be neglected
or approximated depends on the projectile energy, the
momentum transfer, and the range of excitation energy.
In general, the nucleon-nucleon amplitude needs to be
evaluated off shell in the nuclear medium. Furthermore,
the relative importance of the different components of the

internucleon force changes as the momentum transfer in-
creases, making some observables more sensitive to the
factorization of the response function and the nucleon-
nucleon cross section. An indication of the importance
of these effects can be found in the calculation of the opti-
cal potential at intermediate energies ' (200—400 MeV)
where the factorized tp model fails to reproduce the
elastic-scattering data. By contrast, approaches ' which
account explicitly for the off-shell properties of the inter-
nucleon force provide significantly better descriptions of
the data.

In this paper we evaluate the inclusive nucleon cross
section and spin-transfer observables within the context
of an interacting Fermi-gas model to first order in the
projectile-nucleon effective interaction. Particular atten-
tion is paid to the role of the effective internucleon force
and the associated effects due to antisymmetrization.
Since we are mainly interested in the region of momen-
turn transfer to the target greater than 1.0 fm ' and rath-
er large excitation energies, we have considered the polar-
ization propagator to first order, including consistently
the widths for particle states. ' The effects of distortion
in entrance and exit channels are treated in an eikonal ap-
proximation. ' In order to account for finite-size effects
of the target nucleus, results for infinite nuclear matter
are applied within a local-density approximation. Thus
we obtain a parameter-free model for describing the in-
elastic process. By including the nonlocal couplings asso-
ciated with antisymmetrization between the projectile
and target nucleons explicitly, we obtain an estimate of
the range of validity of the "standard" model, which
assumes a direct relation between the inclusive cross sec-
tion and the nuclear response function. Alternatively,
our calculations will show how inelastic nucleon scatter-
ing samples information beyond the usual nuclear
response and, indeed, yields information on the polariza-
tion propagator in the medium. In addition to estimating
the range of validity of the standard model, we also illus-
trate the level of uncertainty associated with the choice of
effective nucleon-nucleon interaction used for calculating
the inclusive observables.
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II. INCLUSIVE NUCLEON SCATTERING

For simplicity, we develop the present approach to the
calculation of the inclusive nucleon cross section in a
nonrelativistic framework. Relativistic kinematics are in-
cluded in the results presented in Sec. III. %e consider
an incident nucleon with momentum k, kinetic energy E,
and spin-isospin quantum numbers represented by i; in
the final state we assume that a nucleon with momentum
k' and spin-isospin quantum numbers f is measured. As-
suming a one-step process as the relevant reaction mecha-
nism, the inclusive cross section per unit of solid angle 0
and energy loss to the target co is given by

d k'=E g 5[co (E„——Eo ) ] I T„o(k',f;k, i ) IdA dco

where Eo (E„)are the target ground- (excited-) state en-

with 8; (6&) the relativistic generalization of the reduced
mass in the initial (final) channel. In particular,

E],Ez,

E);+E~, '
&f &f

f E]f+Elf
(2b)

E& and E~ are the total energies of the projectile and tar-
get, respectively.

Considering a single-particle description of the target,
the inclusive cross section becomes"

ergies, and T„o is the inelastic transition amplitude from
the initial state with incident nucleon (k, i,E) and target
in its ground state (n =0) to a final state with outgoing
(k,f,E') and target in the excited state n .The sum over
n runs over all possible excited states of the system for an
energy loss co =E—E'. The constant K is

4

K= 2"
(2a)
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with ( T ) „ the antisymmetrized matrix elements of the internucleon effective force T in the medium obtained from the
nucleon-nucleon force evaluated at the total energy of the interacting pair, Icp'- 'I are the incident and exit distorted-
wave functions with the appropriate boundary conditions, I(() I are the single-particle wave functions with energy ei-
genvalues e, and et; is the target Fermi energy. S(co) is the structure function which is defined in terms of the polariza-
tion propagator' H by

S(co)= ——[II(co)] .1
(4)

Equation (3) is, in principle, the exact one-step contribution to the inclusive cross section. Attempts to calculate Eq. (3)
in finite nuclei have been reported in Ref. 13 by simplifying the transition amplitude in order to isolate the explicit
response function.

At this level we assume that distorted waves in both the entrance and exit channels, respectively, can be described in
an eikonal approximation at the corresponding local momentum of the incident and outgoing particles in the medium.
The imaginary distorting potentials used here were calculated from Table 4 of Ref. 14 for E (160 MeV. For E ) 160
MeV, the imaginary potential was taken to be 8'= —0.6pE as suggested in Ref. 6. Furthermore, the ground and excit-
ed states of the target will be described by an interacting Fermi-gas model at the corresponding Fermi momentum k~.
Although the low-lying excited states are poorly described by this model, we focus on the region of momentum transfer
and energy loss to the target where explicit shell effects should be unimportant. The present approximation should,
therefore, provide the correct overall trend of the experimental measurements.

In this work attention is focused on the role of the transition amplitude. In a momentum representation, the two-
body effective interaction may be expressed as

(k'p'IT(A)Ikp) =5(k'+p' —k —p)( —,'(k' —p')It(A' —(k+p) /2M)I —,'(k —p)), (5)

where 8 is the total energy of the interacting pair, t(z) is the one-body t matrix, and M is the total mass of the pair.
Considering that the energy of a bound particle in an interacting Fermi gas is given by'

2

e(p) = + V(p),
2I72

with m the nucleon mass and V(p) the real part of the self-energy in the medium, the effective force T( 6') in Eq. (3) can
be approximated by

( k'p'
I
T(E+e(p) ) Ikp & =fi(k'+ p' —k —p)( —,'(k' —p')

I t(E/2) I-,'(k —p) &,

where E is the energy of the incident nucleon and we have neglected p and the self-energy V(p) in evaluating the energy
in the center of mass for the force. Equation (7) shows explicitly that the calculation of the inclusive cross section re-
quires the off-shell properties of the nucleon-nucleon effective interaction. On-shell variants of Eq. (7) do exist. "' How-
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ever, calculations using the full off-shell interaction and on-shell approximations to it differ considerably in describing
nucleon elastic-scattering data, ' the discrepancies becoming very important for nucleon energies below 300 MeV.

In the context of an interacting Fermi-gas model, ' ' the inclusive cross section per unit of normalization volume V
becomes

1 d o =n, ff( kg )XNM (q, co; k~ ),
NM

where n dt(k~) is the efFective density of target particles, XNM is the nuclear matter inclusive cross section per parti-
cle,

XNM(q, co;k~)=K(k'/k) f dpi( —,'(k' p
—q)lt(E/2) —,'(k —p)) ~ l'S,M(p, p+q;co),

and q =k —k' is the momentum transfer to the target. The nuclear matter structure function SNM is given by

3
SNM(p, p+q;co)=,f dz A„(p;z) A (p+q;z+co)9(e~ —z)8(z+co —e~),

16~kF
(10)

where Ah is the hole (particle) spectral function. ' It is this structure function and n, a(k~) which depend on the de-
tails of the particular model of nuclear matter used. In the present Fermi-gas model, we assume a quasiparticle approxi-
mation'5'7 for the hole states (z (e~ },namely,

Az (p;z ) =p(p )5(z —e(p) ),
with e (p), the energy of the hole in the nuclear medium, determined from

2

e(p) — —Re[UNM(p;e(p))]=0 . (12)

UNM is the complex self-energy determined from a self-consistent calculation in nuclear matter with characteristic Fer-
mi momentum kz. The probability p(p ) is defined, in the quasiparticle approximation, by

]

p(p) 1 [Re[UNM(p;z)]}
a
az z=e(p)

(13)

In practice, we shall take p(p) = 1. The particle states are described "exactly" in the nuclear matter model:

1 Im[ UNM(p;z )]
A (p;z)= ——

~ [ENM(p;z)]'+ [Im[UNM(p;z)]}'

with

(14)

ENM(p'z)=z — —Re[UNM(p»)] .
2m

(15)

With the above approximations for the hole and particle spectral functions, the structure function becomes [using
Eqs. (10)—(15}]

(16)
3 Im[UNM(p+q e(p)+~)]

~(p*p+q ~)= 8[e~ —e( p)]8[e( p)+co e~] . —
16m k~ [E(p+q;e(p)+co)] + }Im[UNM(p+q;e(p)+co}]}

This approach accounts for 2p-2h propagation in the po-
larization propagator. ' In our model, the width of the
particle states is given by the imaginary part of the self-

energy calculated self-consistently in the interacting
medium. The imaginary part of UNM was taken from the
parametrization given in Table 4 of Ref. 14. Equation
(14) requires the self-energy off shell, a quantity rarely
calculated in the nuclear medium. Therefore, we have
approximated z in Eq. (14) by its on-shell value prescribed
by the quasiparticle approximation [Eq. (12)]; i.e.,
e(p)+co=e(p+q) in E and in Im(UNM) in Eq. (16).

Equation (9) shows the interplay between the
momentum-dependent and generally off-shell NN ampli-
tude and the structure function. The fact that the an-

I

tisymmetrized matrix elements of the force depend not
only on the transferred momentum q, but also on the mo-
menta of the struck and outgoing nucleons precludes an
exact factorization of the cross section in terms of the
nucleon-nucleon cross section and the usual nuclear
response function. This is easily seen by considering an
effective force which is local in coordinate space. In this
case we have the following formal dependence on the
momentum coordinates:

( —,'(k' —p
—q)lt(E/2) I —,'(k —p) ) &

= t(q; E /2) —t(p k', E /2), (17)—
indicating that the exchange (second) term of the in-
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2
p(r) = kF'(r ),

3
(18)

we can write the inclusive cross section for a finite target
as

CT = fdr n, s(r)XNM{q, co;kF(r)), (19)

with

teracting pair couples the momentum-dependent
nucleon-nucleon t matrix to the SNM function. If the
momentum of the struck particle p is neglected or ap-
proxirnated by a "fixed" value in Eq. (17), the inclusive
cross section takes the standard factorized form in terms
of the nucleon-nucleon cross section in the medium and
the nuclear response. We shall return to this point later
in this section.

The problem of accounting for the finite size of the tar-
get can be addressed in the context of a local-density ap-
proximation. Indeed, the inclusive cross section calculat-
ed in Eq. (8) is characterized by the Fermi momentum of
the system. Allowing kF to follow the nuclear density of
the target,

(r, 8, q&) with the z axis taken along k;„. The primed
quantities in the second exponential remind us that the
integration there is along the direction of the scattered
nucleon. The local-density approximation in which
kF=kF(r) allows us to average contributions to the in-

clusive cross section throughout the target and obtain a
parameter-free model.

Different approximations may be developed to simplify
the structure of the inclusive cross section; their validity
will depend on the energy range considered and on how
relevant are the contributions from nucleons inside the
nucleus. In the context of a local (apart from exchange
terms) force as is considered here, one alternative is to
neglect the p dependence of the exchange term in the in-
ternucleon force, valid when the momentum of the outgo-
ing particle has a magnitude ~k'~ ))~p~. This approxima-
tion should be most reliable at relatively high incident en-
ergies ( ~300 MeV) and when the energy loss is much
smaller than the incident energy (co «E ). Another alter-
native is to choose an "optimal" value for p, ' such that
the effective force stays, at least, half on shell in the sense
that the relative momenta before and after the collision
are equal. This is ensured by taking

n, ff(r ) =p(r) A (r) . (20) P Po (23)

where

I

X exp —2 g,„, z' z'
r

(21)

Im[UNM(kF, E, )] .
(Pic) k,

(22)

p(r) is the nuclear density obtained in the present work
from a single-particle model description of electron
scattering and single-particle energies. A (r) is the at-
tenuation of the incident and outgoing flux in the medi-
um calculated in an eikonal approximation. In particu-
lar,

r

A (r) =
—,
' f d(cos8) exp 2 f —71;„(z)dz

with

(24)

We have adopted this optimal scheme to simplify the
inclusive cross section while keeping the energy of the
effective force fixed at E/2. This scheme differs from
that used by Smith and Bozoian ' and is similar to the
procedure used in Ref. 18. In particular, the present
scheme retains may of the off-shell effects of the force
present in the more complete expression [Eq. (9)].

In the context of the optimal approximation, we ob-
tain, for the inclusive cross section per unit of volume in
nuclear matter,

m is the nucleon mass, k is the local initial (in) or final

(out) momentum, and E, is the initial or final asymptotic
kinetic energy of the projectile. The vector r locates the
position of the inelastic collision and is given in terms of

opt
1 do.
V dQ dc@ NM

where

=n, s ( r )Xg'M ( q; co', kF ), (25)

X/M(q, ~;kF ) =&(k'/k)
I & —,'(k' —p.p,

—q) ~r(E/2)
~

—,'(k —p, , ) ) q ~ RNM(q;~), (26)

and R NM the nuclear matter response function,

RNM(q;~)= fdpSNM(p, p+q;~) . (27)

include finite-size effects in exactly the same way as that
which led to Eq. (19).

III. RESULTS
Equation (25) is the factorized inclusive cross section in
terms of the nuclear response function. Although Eq.
(26) is attractive in the sense that experiment would pro-
vide a direct measurement of R (q, co), its validity depends
on the momentum dependence of the effective force, the
incident energy, and the excitation energy of the target.
The approximate inclusive cross section is generalized to

We have performed calculations of exact [Eq. (19)] and
factorized [Eq. (25)] inclusive cross sections in order to
test the validity of the latter. The nuclear rnatter results
required for the calculation of the structure and response
functions were taken from Refs. 14 and 16. We have
used the energy-dependent t-matrix interaction of Ref. 19
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(d crldQ des)'~'
R(cr)=

(d 2cr /d fI d~ }exact

(A )'~'
R(A )=

( g )exact

(28)

(29}

and

based on the SP84 phase shifts of Amdt et al. " for the
projectile-nucleon coupling with its central, spin-orbit,
and tensor components evaluated at the energies studied.
Although this effective force does not include explicit
medium corrections, we have verified that analogous cal-
culations using the Paris-Hamburg density-dependent
force ' lead to similar conclusions regarding the relative
differences between the exact and approximate ap-
proaches for calculating the scattering observables. The
distortion in the initial and final channels was estimated
following the work by Smith and Bozoian including an
explicit evaluation of A (r) in Eq. (21).

In order to compare the two approaches for evaluating
the exchange terms, we have chosen to calculate inclusive
proton scattering from Ca at 100 and 300 MeV. We ex-
amine the unpolarized inclusive cross section
d cT /d 0 d co, the spin-flip probability normal to the
scattering plane S„„,and the analyzing power A as typi-
cal observables of experimental interest in the inclusive
process. In particular, we consider the ratios between the
optimal and exact results:

1a2
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Oa9

0.8

I I

I

I

I
I
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I I
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«(r p')
E = 100 MeV
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fixing the magnitude and direction of the momentum of
the struck nucleon in the target as implied by Eqs. (23)
and (26), the efFective force fails to sample correctly the
structure function of Eq. (9).

As the energy of the incident proton increases, the ex-
act and approximate calculations of the cross section and
spin observables tend to agree better. In Fig. 2 we show
the ratios between the optimal and exact results in the
case of 300-MeV proton inelastic scattering from Ca.
Overall, the results agree to within 10% for the observ-
ables considered, except near the region of maximum en-
ergy loss allowed for a given momentum transfer q.
Whenever the condition (k —k' )&q in the optimal
choice for the struck nucleon, then cr & 0 in Eq. (24), and

p, „pointing in the direction of the momentum transfer
q, may reach a magnitude too large to be physically

(S„„}'"'
R(S„„)= )exact

nn

(30)
1.2

Each observable was calculated using standard formu-
las for the partially inclusive cross sections cr(m, ~mf )

in which the spin projections of the projectile (m, ) and
ejectile (mf ) normal to the scattering plane are regarded
as known.

Figure 1 shows a plot of the ratios between the optimal
and exact results as a function of (co/E) and for asymp-
totic momentum transfer q„„=0.5 (dotted curve), 1.0
(dot-dashed curve), 1.5 (short-dashed curve), 2.0 (long-
dashed curve), and 2.5 fm ' (solid curve) at an incident
laboratory energy for the proton of E=100 MeV. For
the ratio of the cross sections, we observe differences
ranging from 10% to 20% depending on the momentum
transfer, with the approximate results rapidly deteriorat-
ing as the maximum energy loss which can kinematically
support a given q transfer is approached. Similar effects
are found for the ratio of the spin-Hip probabilities where
the optimal approach underestimates S„„at low q
transfer. At higher q and as a function of the excitation
energy, the situation is reversed. The results indicate
that the optimal approximation may give the incorrect
magnitude and shape of the spin-flip probabilities as a
function of the excitation energy. The differences are
even larger for the ratio of the analyzing powers and sug-
gest that the factorized calculations are unreliable for A~
at this energy. The main reasons for the discrepancies
between the calculated spin observables are the relatively
poor treatments of the spin-orbit and tensor components
of the effective interaction in the optimal scheme. By
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FICs. 1. Ratios between the approximate and exact results for
the inclusive cross sections, spin-Rip probabilities, and analyzing
powers for proton inclusive scattering from Ca at 100 MeV at
different asymptotic momentum transfers. Dotted curves corre-
spond to q„„=0.5 fm ', dot-dashed curves to q„,, = 1 ~ 0
frn ', short-dashed curves to q„„=1.5 fm ', long-dashed
curves to qasym 2.0 fm ', and solid cur~es to qasy =2.5 frn
The effective NN interaction was taken from Ref. 19.
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representative of the target particle momenta. Further-
more, the exchange contribution in the internucleon force
will be evaluated at an unreasonable exchange momen-
tum, yielding an inappropriate weighting of the direct
and exchange parts. In particular, the exchange term as-
sociated with the central part of the force will be evalu-
ated at small exchange momentum transfers where it is
large. The resulting dominance of the central force in the
approximate results near the region of maximum energy
loss largely accounts for the overestimate of the cross-
section ratio and underestimate of the A ratio in this ki-
nematic region. At 300 MeV, the spin-fiip probability
shows greater disagreement than A or o., with the ap-
proximate calculations systematically underestimating
the exact ones.

The results shown in Figs. 1 and 2 at constant asymp-
totic momentum transfer indicate already the sensitivity
of the inclusive observables to coupling effects. However,
these conditions are un1ikely to be met experimentally
unless the measurements are made under special kinemat-
ic conditions. In order to analyze the implications of
Figs. 1 and 2 under more realistic conditions, we have

1.2

calculated the cross section and spin observables S„„and
at 100 and 300 MeV, choosing the laboratory scatter-

ing angle so as to have approximately the same range of
momentum transfer as a function of the energy loss for
the two energies. In Figs. 3 —6 we show the observables
for the exact (solid curves) and approximate (dot-dashed
curves) calculations in proton inclusive scattering from

Ca corresponding to momentum transfers of roughly
0.5 —1.5, 1.1 —1.6, 1.5 —2.0, and 2.2 —2.5 fm ', respective-
ly, as a function of the energy loss cu to the target. The
momentum transfer as a function of co is also illustrated.
For 100-MeV protons we observe in Fig. 3 that the total
cross section varies by about 5% over the small co region,
the difference between the exact and approximate calcu-
lations increasing to about 15% in the large co region
where q=0. 5 —1.5 fm '. The result is confirmed at
8=30' (Fig. 4) where the discrepancies are of the order of
15% for q between 1.1 and 1.6 fm '. For 8=45' (Fig. 5)
the differences are again of the order of 10% where the
cross section is large with the two approaches agreeing
for co) 75 MeV. For q =2.0—2. 5 fm ' (Fig. 6) the cross
sections differ by about 5%. We conclude that at 100
MeV the inclusive cross section does not show a large
sensitivity to the presence of nonlocal couplings arising

1.1

~ M 1 P 4.0

r')
00 bleV "
10'

«(I r')
E = 300 MeV

81,1,
= 7

0.9

0.8

1.2

«(p p')
E = 300 MeV

2.0
lc:

~ I 3
0.0

1.1
CQ

1.0

0.4

0.2

0.9

0.8
0.2

0.1

0

0.9

1.0

00
0 25

I

50
~ (Mev)

75 0 50
I

100
a& (Mev)

150

0.8

0 0.2 0.4 0.8 O.S

FIG. 2. Results for 300-MeV protons on Ca for constant
momentum transfers. See caption to Fig. 1.

FIG. 3. Inclusive cross sections, spin-Aip probabilities, and
analyzing powers for inelastic proton scattering from Ca at40

100 MeV, 10' laboratory scattering angle, and 300 MeV, 7 labo-
ratory scattering angle, respectively. Solid curves denote results
from the exact calculation, while the dot-dashed curves denote
results from the optimal approximation. The effective nucleon-
nucleon interaction was taken from Ref. 19.



NONLOCAL COUPLINGS, OFF-SHELL EFFECTS, AND THE. . . 2579
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FIG. 4. Observables for 100- and 300-MeV protons at 30'
and 15' laboratory scattering angle, respectively. See caption to
Fig. 3.

from the exact treatment of exchange effects. Results us-

ing the factorized model remain in the region of 10—15%%uo

discrepancy and exhibit the same general trends as the
exact calculations. At 300 MeV, the inclusive cross sec-
tions differ by only about 5% over the q and cu range
studied; the close agreement between the calculated cross
sections at this energy is remarkable as shown in Figs.
3 —6.

As concluded from Figs. 1 and 2, the spin observables
show a greater sensitivity to the nonlocal exchange term
in the effective interaction. For the 100-MeV results in
Figs. 3—6, we observe large discrepancies in both the
spin-Aip probability and analyzing power results, suggest-
ing that at energies near and below —100 MeV the inter-
pretation of the inclusive process in terms of a simple fac-
torization of the cross sections can be misleading. The
inclusive process samples aspects of nuclear structure
beyond the usual response function. Correspondingly,
nonlocal or velocity-dependent couplings between the
projectile and struck nucleon are important. We have
confirmed this point by performing similar calculations
for 50-MeV protons on Ca where the disagreement be-
comes important even for the cross sections. This point
may be relevant for estimating single-particle contribu-
tions to the inclusive cross section in the preequilibrium
region.

At 300 MeV, the results for the cross section and the
spin observables are in reasonably good agreement. As
can be observed from Figs. 3—6, the major discrepancies
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FIG. 5. Observables for 100- and 300-MeV protons at 45'
and 23' laboratory scattering angle, respectively. See caption to
Fig. 3.

FIG. 6. Observables for 100- and 300-MeV protons at 70
and 33' laboratory scattering angle, respectively. See caption to
Fig. 3.
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remain in the spin observables especially for S„„in the q
region between 0.5 and 2.0 fm ' and for A in the low-q

region for excitation energies greater than 50 MeV. We
have also investigated the convergence of the results at
500 MeV. The agreement between the exact and approxi-
mate calculations remains at the level of the results sug-
gested by Figs. 3—6 at 300 MeV, the main differences still
being primarily significant for the spin observables.

It may be argued that different approximations for the
exchange term in the calculation of the observables might
yield closer agreement to the exact results. We have
checked this point by taking alternative prescriptions for
the value of the momentum of the target nucleon, name-

ly, p=0, which neglects the role of the nucleon motion in
the process, and p = —q, which has been used in the cal-
culation of low-q and ~ excitations in inelastic nucleon
scattering to discrete states. The first approximation
(p=0) works relatively better than the optimal choice at
500 MeV, but deteriorates rapidly as the energy of the in-
cident particle decreases. The second approximation
(p= —q) only works reasonably well in a very narrow
range of q and co and deteriorates quickly in the region of
most interest in the inclusive processes.

Our primary emphasis in this work is on differences be-
tween exact and factorized inclusive results, and what
these differences imply about the nuclear structure being
sampled. We have, however, also examined differences in
the calculated inclusive observables arising from the use
of two different nucleon-nucleon interactions, namely, the
free t-matrix interaction' considered above and the
Paris-Hamburg density-dependent force. ' As noted
above, use of the density-dependent force leads to similar
conclusions regarding the differences between exact and
approximate approaches. In this comparison we will
only consider results calculated exactly, i.e., using Eq.
(19). This is relatively straightforward as each elementa-
ry cross section X(q, co;kF ) is, like the density-dependent
force, calculated at fixed values of kF. Although it would
be preferable to use a fully off-shell interaction as in Ref.
8, this is prohibitive at present.

Figures 7—10 show comparisons between the calculat-
ed inclusive observables using the free t-matrix interac-
tion' (dot-dashed curves) and the density-dependent
force ' (solid curves) at 100 and 300 MeV incident proton
energies (E) and over the same range of momentum
transfer (q) and energy loss (co) considered in Figs. 3 —6.
At 100 MeV, the largest difference between the two
forces occurs in the calculated spin-flip probabilities nor-
mal to the scattering plane S„„. For each force S„„ is
predicted to vary rather slowly with co. For the density-
dependent force, S„„alsovaries slowly with q, being near
0.4 over most of the (q, co) considered. In contrast, the
free t-matrix results for S„„(at 100 MeV) are seen to
change from -0.25 for q 1 fm ' to -0.6 for q ~2.0
fm '. This presumably reflects the dominance of both
isoscalar and isovector longitudinal spin couplings (a"q)
known' to be present in the free t-matrix interaction.
The spin-dependent part of this same force is dominated
by its transverse spin (cr X q) component at smaller
momentum transfers, in qualitative agreement with the
decrease in S„„atsmaller q (see Refs. 19 and 24).
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FIG. 7. Inclusive cross sections, spin-flip probabilities, and
analyzing powers for inelastic proton scattering from Ca at
100 and 300 MeV for laboratory scattering angles of 10 and 7,
respectively. The solid and dot-dashed curves correspond to the
Paris-Hamburg density-dependent interaction and the free t-

matrix interaction, respectively.

At 100 MeV, the cross sections calculated using the
two forces agree closely over the full (q, ~) range studied,
even though each of them varies considerably with q and
co. The calculated A using the two forces at 100 MeV
are seen to agree reasonably well.

In contrast to the results at 100 MeV, calculations at
300 MeV using the two forces differ considerably for each
of the observables considered, especially A and the
differential cross sections. In particular, the differential
cross section calculated with the density-dependent force
is larger than that calculated using the free t matrix for
all q and co. The ratio of the peak cross sections varies
from —1.3 near q=0. 5 fm ' to -2.0 near q=2. 2 fm
The A calculated using the density-dependent force is
larger (smaller) than that obtained with the free t matrix
near the peak at small (large) momentum transfer. The
trend of the calculated S„„at300 MeV is similar to that
at 100 MeV, but less pronounced; the S„„calculated us-

ing the free t matrix never becomes significantly larger
than that obtained with the density-dependent force. The
generally smaller values of S„„calculated with the free t
matrix at 300 relative to 100 MeV are consistent with the
properties of the force shown in Ref. 19 where the longi-
tudinal spin coupling at large q is much less dominant
than at 100 MeV.



42 NONLOCAL COUPLINGS, OFF-SHELL EFFECTS, AND THE. . . 2581

4

2.0

1.0

c~(p.v')
E = 100 ikeV-
e»= 30

I I

ca(p,p

4

1.5

0.75 .
-

I I

«(v.p'):: «(v.v')
E = 100 Mev"E —300
e» = 70'

~b
C:

0.0

„b I 9

0.4
~ ~ ~ & ~ & ~

~ ~ ~ ~ ~

0.6

ca 0.4

0.2
0.2

0.3 0.1

0.1

—0.1
I

1.5

1.0 0 25
I I

50 75
cy (MeV)

50 100 150 200
a& (MeV)

—0.1
I

8 aa5-

2.0 0
I I I

25 50 75
m (MeV)

0
I I I

50 100 150 200
u (MeV)

FIG. 8. Same as Fig. 7 at laboratory scattering angle of 30'
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FIG. 10. Same as Fig. 7 at laboratory scattering angle of 70
and 33 .
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IV. CONCLUSIONS

There exists a growing interest in understanding the
different modes of nucleon-induced excitations over an
increasingly wider range of momentum transferred to the
target. In particular, the kinematical regime involving
momentum transfers q =1.0—3.0 fm ' and energy losses
co=0—200 MeV is receiving considerable attention. This
has led us to investigate the validity of the ansatz under
which the experimental results can be interpreted in
terms of the standard nuclear response function. We
have considered an interacting Fermi-gas model to de-
scribe both the reaction and structure aspects of the in-
clusive process to first order in the respective nucleon-
nucleon effective couplings. An extension of the local-
density approximation has allowed us to apply the nu-
clear matter results to finite nuclei. Thus we have ob-
tained a parameter-free model which should account, on
the average, for the response of the entire nucleus. We
have paid particular attention to those aspects which
make nucleon inclusive scattering a different probing tool
of the target response than other particles, namely, the
indistinguishability of the projectile from the nucleons in
the target and, more precisely, the associated nonlocal
couplings. Furthermore, the model also provides a
correct treatment of the off-shell characteristics of the in-
ternucleon effective interaction used, an aspect often
neglected, but one which can be very important for
describing the scattering of particles within the nuclear
medium.



2582 F. A. BRIEVA AND W. G. LOVE 42

The present approach naturally leads to a result for the
inclusive observables which indicates that, in principle,
the nucleon-induced process samples the full nuclear
structure function. In order to compare this model with
the most widely used approaches, we have investigated
different approximations which lead to factorized expres-
sions for the observables in terms of the response func-
tion. Of the approximations considered, the one which
best represents the exact calculations is a variant of the
"optimal" factorization point of view. This choice im-
plies selecting momenta for the struck particles in the tar-
get which ensure that the effective interaction is half on
shell. The optimal prescription is also consistent with ap-
proximations developed for calculating intermediate-
energy optical potentials where similar problems arise
concerning the role of the effective internucleon force
when simplifications are introduced.

We have performed calculations of the exact and ap-
proximate models, taking as a typical example proton in-
elastic scattering from Ca at 100 and 300 MeV. Our re-
sults show that the spin observables are most sensitive to
the correct antisymmetrization of the theory and to the
associated off-shell properties of the nucleon-nucleon
force. There is a clear indication that nucleon scattering
probes information beyond the usual nuclear response
function, and therefore models based on the simpler fac-
torized assumption can lead to misinterpretations of
scattering observables as a function of the excitation en-
ergy. Overall, the total inclusive cross section is the ob-
servable least sensitive to approximations to the exact
calculation, especially in the region where the magnitudes
of the cross sections are large enought to be relevant.

In quantitative terms, our calculations indicate that at
proton energies of 300 MeV and above, the total inclusive
cross sections calculated exactly are described in the ap-
proximate model with an accuracy on the order of 5%,
systematically underestimating the exact results for
q ) 1.5 fm . The spin-flip probabilities are described to
within 10—15% accuracy, being underestimated below
and overestimated above ~=80 MeV for q=1.0 fm
and systematically underestimated for the 200-MeV exci-
tation energy range for q &1.0 fm '. The calculated
analyzing powers differ at the 5 —10%%uo level, except in the
regions of high excitation energy and small scattering an-
gles. We conclude that above 300 MeV incident energy
and within the q range 0.5 —2.5 fm ' studied, measured
observables should provide a reliable measure of the usu-
al response function at the 10%%uo level and that uncertain-
ties of this order are intrinsic to the factorized model for
describing or interpreting data.

As the energy of the incident nucleon decreases, the

agreement between the exact and approximate models
deteriorates gradually. At 100 MeV incident energy, the
two calculations disagree at the 15% level for the cross
sections and at the 15—30% level for the spin observ-
ables. This suggests that at lower incident energies the
nonlocal terms play a significant role, thus making the in-
terpretation of observables solely in terms of the standard
nuclear response function unreliable or at least suspect.

In addition to the primary objective of studying the im-
plications of an approximate treatment of nonlocal cou-
plings in the effective nucleon-nucleon force, we have also
considered differences in the calculated inclusive observ-
ables arising from an "exact" treatment of two different
internucleon interactions. In particular, we have com-
pared results using the free t-matrix interaction of Ref. 19
and the density-dependent interaction of Ref. 21.
Differences between results using these two nucleon-
nucleon interactions should not be ascribed to medium
modifications alone; these forces are known to differ
even at kF =0. Indeed, the largest differences in the cal-
culated cross sections occur at 300 MeV where medium
corrections of the type included are known to be relative-
ly weak. Overall, the differences between results using
the two interactions are comparable to, and often larger
than, those found when comparing the exact factorized
results for the same interaction.

Our conclusions regarding the reliability of factorized
approximations to the calculation of inclusive observables
are valid in the context of the model presented and its
consistent reduction to a factorized form. The use of al-
ternative prescriptions for the calculation of the
nucleon-nucleon coupling in the medium could, of
course, lead to either larger or smaller differences. The
present results, together with similar ones obtained using
the Paris-Hamburg force, are representative of those us-

ing presently available nucleon-nucleon effective forces.
The use of more sophisticated forces which are intrinsi-
cally nonlocal and include a fully off-shell treatment of
the nucleon-nucleon interaction is beyond the scope of
this work.
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