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We calculate all spin-transfer observables for the quasielastic (J7, n) reaction in a relativistic plane-
wave impulse approximation. The nuclear structure information is contained in a large set of nuclear
response functions that are computed in nuclear matter using a relativistic random-phase approxi-
mation to the Walecka model. A reduced value of the nucleon mass in the medium induces important
dynamical changes in the residual isovector interaction relative to its nonrelativistic counterpart.
As a result, good agreement is found for aD spin observables —including the spin-longitudinal to
spin-transverse ratio —when compared to the original (q = 1.72 fm ) NTOF (neutron time-of-Bight
facility) experiment. In contrast, the spin-longitudinal to spin-transverse ratio is underpredicted at

q = 1.2 fm and overpredicted at q = 2.5 fm . We comment on the role of distortions as a possible
solution to this discrepancy.

PACS number(s): 25.40.Kv, 24.10.Jv, 21.60.Jz

I. INTRODUCTION

The prominence of the pion as a mediator of the
nucleon-nucleon (NN) force is indisputable. Yet, its
propagation through the nuclear mediuxn is far from un-
derstood and remains the source of considerable debate.
The propagation of a pion through the nuclear medium
is modi6ed by its coupling to nuclear (e.g. , particle-hole)
excitations. This inforxnation is contained in the meson
self-energy whose imaginary part is a physical observable
characterizing the linear response of the system to an
external probe. Hence, information about pion propa-
gation through the nuclear mediuxn may be obtained, in
principle, &om a measurement of the nuclear isovector re-
sponse. Several difFerent experiments have been designed
with the aim of extracting the nuclear isovector response
[1,2], yet the development of sophisticated experimental
facilities and techniques have made the (j7, n) reaction
the paradigm [3,4]. Indeed, the recent availability of a
complete set of (p, n) spin-transfer observables has made
possible the extraction of the spin-longitudinal response
(RL, ). This response is important because it is sensi-
tive to the propagation of the pion through the nuclear
medium. Moreover, it is not accessible with electromag-
netic probes, yet it is as fundamental as the longitudinal
and transverse responses measured in electron scattering.

Inextricably linked to the pion in the study of the
isovector response is the p meson. Although the heavier

p meson contributes to the more uncertain short-distance
dynamics, its role as a mediator of the NN interaction
is fairly well established. Indeed, meson-exchange mod-
els of the NN interaction, as well as the large isovector
anomalous moment of the nucleon, suggest a strong ten-
sor coupling of the nucleon to the p. This tensor-coupling
is, in particular, responsible for the regularization of the
large pionic contribution to the NN tensor force. More-
over, rho exchange dominates the spin-transverse com-

ponent of the isovector interaction and is, thus, ulti-
mately responsible for. the collective behavior of the spin-
transverse response (R7 ). This is in contrast to RL, which
is dominated by pion exchange.

The x —p mass difference makes the study of the
momentum-transfer dependence of RL, and R~ partic-
ularly interesting. In the conventional (sr+ p+ g') model
of the residual interaction the longitudinal coxnponent of
the interaction becomes attractive at a momentum trans-
fer of q 1 fm due to the small pion mass. In con-
trast, the larger mass of the p meson causes the transverse
component to remain repulsive well beyond q 2.5 fm
This behavior led Alberico, Ericson, and Molinari to pre-
dict a softening and enhancement of the spin-longitudinal
response and a quenching and hardening of the spin-
transverse response [5]. Thus, they suggested that a mea-
surexnent of RL, and Rz should reveal a large enhance-
ment in the ratio (RL, /R&) at low-energy loss relative to
its free Fermi-gas value. The lack of an experimental en-
hancement in RL, /R7 constitutes one of the most serious
challenges facing nuclear physics today [1—4].

The measurement of (p, n) spin observables in the
quasielastic region might constitute the cleanest and
most unambiguous way of' probing the nuclear spin-
isospin response. First, the reactive content of the re-
action is dominated by quasi&ee nucleon knockout. In-
deed, for momentum transfers in excess of 1 fm a
clear quasielastic peak is seen at an excitation energy
close to the corresponding one for &ee NN scattering.
Moreover, free NN spin observables provide a base line,
against which possible medium effects may be inferred.
Deviations of spin observables from their free NN val-
ues are likely to arise from a modification of the NN
interaction inside the nuclear medium or &om a change
in the collective response of the target. Indeed, rela-
tivistic calculations predict medium modifications to the
free NN interaction stemming from an enhanced lower
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component of Dirac spinors in the medium. This mod-
ified NN interaction is responsible for one of the clear-
est relativistic signatures found to date —the quench-
ing of the analyzing power in (p, y ) quasielastic scat-
tering [6]. Second, nonrelativistic calculations of (p, n)
observables at q = 1.72 fm have shown that while dis-
tortions provide an overall reduction of the cross section,
they do so without substantially modifying the distribu-
tion of strength [7]. Finally, the (p, n) reaction acts as an
isospin filter by isolating the isovector component of the
response T. hus, a combined measurement of (g7, H) and
(g7, p ) spin observables should enable one to determine
the spin-isospin content of the nuclear response.

Recently we have reported the first relativistic calcula-
tions of RL,/RT using a relativistic random-phase approx-
imation (RPA) to the Walecka model [8]. In the Walecka
model nucleons interact via the exchange of isoscalar o
(scalar) and ur (vector) xnesons [9,10]. In a mean-field
approximation the scalar and vector meson fields are re-
placed by their classical expectation value. The mean-
field approximation is characterized by the appearance of
strong scalar and vector mean fields which induce large
shifts in the mass and energy of a particle in the medium.
Isoscalar e8'ects &om a reduced nucleon mass lead to im-
portant changes in the isovector response. In particular,
a reduced nucleon mass is responsible for a shift in the
position and an increase in the width of the quasielas-
tic peak that are sufhcient to explain the "quenching"
and "hardening" of the transverse response. In addi-
tion, a smaller nucleon mass leads to a significant re-
duction in the effective NNvr coupling in the nuclear
xnedium [11]. This effect reduces the enhancement of
the spin-longitudinal response relative to nonrelativistic
predictions and leads to no enhancexnent in Rx, /RT, in
agreement with experiment [3,4]. In this work we present
a detailed account of our assumptions and calculational
scheme. Moreover, we extend previous results, limited to
RL, /RT, to include all spin-transfer observables.

We have organized our paper as follows: In Sec. II
we present the relevant formalism for the calculation of
the isovector response. This section includes a discussion
of the diHerent assumptions and approximations lead-
ing to the spin-dependent cross section. The relativistic
parametrization of the underlying NN t matrix, the nu-
clear isovector response, and the residual particle-hole
interaction are also presented in this section. In Sec. III
results are presented for a variety of approximations rang-
ing ft.'om a free Fermi gas to a relativistic RPA treatment
of the nuclear response. Finally, Sec. IV contains a sum-
mary of our findings and conclusions.

II. FORMALISM

A. Relativistic plane-wave impulse approximation

In the impulse approximation the interaction between
two nucleons in the medium is assumed to be identical
to their interaction in &ee space. Thus, in the impulse
approximation the in-medium NN interaction is fully
determined &om two-nucleon data. A convenient rep-

resentation of the NN amplitude is given in terms of five
Lorentz-invariant amplitudes. A standard parametriza-
tion of the NN amplitude includes scalar, vector, tensor,
pseudoscalar, and axial-vector amplitudes [12]

S + Vp(y) p (2) + T (y) (2)
5 5 5 5

++PP(1)Q(2) + +A+(y) P(1)~p(2) ~(2)

where the subscripts (1) and (2) refer to the incident
and struck nucleons, respectively, and we will adopt the
conventions of Bjorken and Drell for the gamma ma-
trices [13]. Note that the amplitudes depend on two
Lorentz-invariant quantities: the square of the total four
momentum (a) and the square of the four-momentum
transfer (t). Matrix elements of X taken between &ee
Dirac spinors can be regarded as known since they are
directly related to the free NN phase shifts [12].

In the following presentation of the (p, n) cross section
we shall use only the scalar invariant, for simplicity. Our
final results, presented at the end of this section, will
include all additional Lorentz structures. In a relativistic
plane-wave impulse approximation (RPWIA) the cross
section for the charge-exchange process is given by

d I

Its] L(pa; p's')S(q, ur), (2)

where IvI is the incident flux in the rest frame of the
nucleus, p (p') and a (a') are the momentum and spin
projection of the initial (final) nucleon, and q and u are
the momentum and energy transfer to the nucleus, re-
spectively. All dynamical information about the process
is contained in the three quantities ts, L, and S. ts is
the scalar component of the NN t matrix driving the re-
action. The plane-wave tensor L(ps; p'a') contains infor-
mation about the polarization of the incoming and out-
going nucleon. Finally, S(q, w) characterizes the nuclear
response. We address each contribution individually be-
low.

The scalar component of the NN t matrix in the center
of momentum kame is simply related to the correspond-
ing I orentz invariant amplitude [6]

c.m. c.m. y.

g2
&s Mvs- S

q2 —m S
(4)

where q~ is the (spacelike) four-xnomentum transfer to
the nucleus, and ms and gs are the scalar mass and
coupling constant, respectively.

The polarization information is contained in the pro-
jectile "tensor"

L(p, s;p', s') =
I M(p a ) 1 M(p, s)I

In a relativistic plane-wave approximation the tensor can

In particular, in a one-boson exchange description of the
scattering process, and to lowest order in the coupling, it
reduces to
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be written exclusively in terms of &ee Dirac spinors. In
nuclear matter, however, the efFective mass of a nucleon
is reduced relative to its &ee space value by the presence
of a scalar mean Geld. Thus, for a nucleon propagat-
ing through nuclear matter the in-medium Dirac spinor
becomes [10]

M(p, s) =
E"+M,* (

X& )2E;
k

E.+M. )
where M" is the efFective mass of the projectile and the
on-shell energy is given by

E*= p +M*P p

The plane-wave approximation enables one to write, and
ultimately to evaluate, the projectile tensor using Feyn-
man's trace techniques

P+ M',"l (1+~s~) &P'+M„"')(

) &

(1+p']'&
X (9

Here p~(p'") and s"(s'") are the four-momentum and
four-spin of the incoming(outgoing) nucleon, respectively.
Note that they satisfy the following relations:

Note that the normalization implied by Eq. (6) difFers
from the one in Ref. [13] in that

Mt (p, s) M(p, s') = b„

scalar response function

s(q, ~) = ) I&@ I)os(q)l@o)l'h(~ —~.) .

The scalar density

ie(q) —= f dxe" d(x*)d (x)

is responsible for inducing transitions between the exact
nuclear ground state (40) and an excited state (4'„)with
excitation energy (d„=(E„—Eo). Specific details about
the calculation of the response are postponed until the
next section.

The evaluation of the phase-space and incoming Qux
factors is the only task that remains to be performed.
The phase-space factor is related to the experimentally

detected energy E' = p' + M of the outgoing pro-

ton

"p
(2m) s (2z )s

The incident Qux factor, on the other hand, is evaluated
in nuclear matter for an incoming nucleon having an ef-

fective mass M„"

(14)
P

Collecting all appropriate terms leads to the following

expression for the RPWIA spin-dependent cross section:

p'IE
dndE =(Ip/E*) (,

'.).'lt I (p'p ) (q-)

s"s = s "s„=—1;I I

p"s„=p'"s„' = 0 .

The nuclear-structure information is contained in the

The evaluation of the cross section gets substantially
more complicated when all Lorentz structures of the 1VN

amplitude are incorporated. The structure of the cross
section, however, remains unchanged:

dcTt / ) t tpL (p, s;p', s')S p(q, ur) (a, P = S, V, T, P, A) . (16)

The main complication arises due to the mixing of the
many difFerent Lorentz structures of the NN interaction.
This mixing, however, is already familiar from electron-
scattering calculations. Indeed, in electron scattering one
must compute various nuclear response functions (e.g. ,

mixed vector-tenser response) due to the anomalous mo-

ment of the nucleon. In the present case the nuclear
structure information is contained in a large set of nu-

clear response functions

s-) (q ~) = ) &~-l~-(q) I@")(~-IJ) (q) l~o)'
n

xb(u) —(d ), (17)

which are expressed in terms of nuclear currents contain-

ing all possible Lorentz structures

J (q) = f dxe'e )(( )A de(xe')".x
Note that we have introduced the following de6nitions:

A = 1, ",o."",ip, pp . A
—= p A tp =A

(»)
Likewise, the projectile tensor has been suitably general-
ized from Eq. (9) to

2E ) 2

(P'+M;) t'1+~s~ )x
„

i i

. (20)
t, 2E." )E
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B. Nuclear response functions

An essential component of the calculation of the cross
section is the nuclear response (as before, we present the
relevant ideas by considering only the scalar response,
for simplicity). The nuclear response can be related, in
a model-independent way, to the imaginary part of the
scalar polarization [14]

~(q ~) = ) . (~-lps(q)1~0) ~(~ —~ )

1~ x - &~olps(-q)l~-)(~-Ips(q)l~o)
m g

4P —4)~ + tg

1—:——2 IIs(q, ~) .
7r

(21)

This identification is useful because it will enable us
to extend the calculation beyond the single-particle (or
uncorrelated) response. Indeed, we will compute all
spin-transfer observables by, first, calculating the single-
particle response of a relativistic mean-field ground state
and, then, will incorporate long-range correlations by
solving for the polarization in a relativistic random-phase
approximation (RPA). All nuclear response functions will
be calculated in infinite nuclear matter. This is an addi-
tional and important approximation of the model.

In a mean-field approximation to the nuclear-matter
ground state, the scalar polarization can be evaluated
readily using Wick's theorem

will employ is a relativistic &ee Fermi gas. In this model
the nuclear response consists of the excitation of particle-
hole pairs subject to the constrains imposed by energy-
momentum conservation and the Pauli exclusion prin-
ciple. One can improve this description by taking into
account, at least at the mean-field level, the interactions
between the nucleons in the medium. This dressing leads
to a shift in the nucleon xnass but preserves the spectral
content of the response. Note that since the nuclear re-
sponse is being probed in the spacelike region (q„(0)
NN pairs cannot be excited in these models. They can,
however, be virtually produced. Indeed, the virtual ex-
citation of NN pairs is an important component of the
RPA response. RPA correlations play a fundamental role
in the behavior of isovector observables —particularly in
RL, /RT —and their inclusion is one of the central results
from the present paper.

We now generalize the above expression for the scalar
polarization to an arbitrary Lorentz structure

a4I
iII s (q) = Tr A ~ G(k+ q)A ~sG(k) . (25)

Note that the appropriate isospin matrices have been
included to reflect the isovector character of the (g7, n)
reaction. Many-body correlations are incorporated by
considering the residual interaction between the particle
and the hole. Formally, this is accomplished by solving
Dyson's equation for the correlated RPA propagator [14].
The RPA equation is characterized by an infinite sum-
mation of the lowest-order (uncorrelated) polarization

d4a
iIIs(q) = Tr[G(k + q)G(k)] . (22) 11-P =11-~+11:.'V.", 11,'s+11:~v'„I11"s+" . (26)@vied

Here G(k) is the self-consistent nucleon propagator [10]

G(k) = )+M," k' —M,"'+ ie

Note that we have written the residual particle-hole in-
teraction in terms of z + p contributions (the issue of
short-range correlations is postponed until the next sec-
tion)

+ .~(k' —&i', )g(k~ —Ikl) (23)

2
V~s l(q) = 8 sv~ &(q) = b sfzb. (q) = b s

written in terms of the Fermi momentum (k~). Note that
we have also introduced effective masses and energies for
the target nucleons

V~~I s(q) = b sV~fl(q) = b sg2D„„(q)
2

gygv &p
~Gs —gpv +

fA g —
fop

(27)

M, =M+K, ; E~+ = f2+ M*2 ~

k" = (k —Z„,k) . (24)

Because the ground state of nuclear xnatter is assumed
to be isospin symmetric, and because both (z and p)
propagators are diagonal in isospin, the isospin structure
of the polarizations is simple and given by

These are shifted from their free-space values by the
scalar (Z, ) and vector (Z„)mean fields, respectively.
Also notice that since we are integrating over the four-
momentum of the target nucleon the contribution from
the (constant) vector potential can be eliminated by a
sixnple change of variables. Formally, then, the response
of the mean-field ground state is identical to the one of
a relativistic Fermi gas. All vestige of the relativistic
ground-state dynamics is subsumed into an effective nu-
cleon mass.

The simplest model of the nuclear response that we

Il.-s(q) = S.,il-~(q); Il.-t'(q) = S., 1~1( )q,

where the RPA polarizations satisfy

II ~(q) = II ~(q) + II '(q)Vz(q)IP~(q) . (29)

The RPA polarizations (II) have been written in terms of
the lowest order polarizations and the medium-modified
isovector interaction (V). The latin indices i and j,
with values in the range —1,0, 1, 2, 3, are used to de-
note the "elementary" coupling of the nucleon to, either,
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K,P

Note that the plus (minus) sign should be used when the
four-momentum of the p meson 8ows into (away from)
the vertex (in the case of the pion the minus sign has
been incorporated into the definition of V( )). The n.
and p components of the NN potential in the nonrel-
ativistic limit are well known. The one-pion-exchange
contribution is given by

K,P
mm)arne = ——+ - +

FJ.G. 1. Feynman diagrams representing the RPA polariza-
tions [Eq. (29)] and Dyson's equation for the isovector inter-
action [Eq. (30)].

v ( )
f (+i'&)(+2'&)(

)A+2 q2 + f/2

where the "spin-longitudinal" coupling

(33)

(34)

the 7r(i = —1) or the p(i = 0, 1, 2, 3) mesons (this cou-
pling is represented by a dot in Fig. 1). In contrast, the
greek indices cr and P represent, as before, any of the
five Lorentz structures (8, V, T, P, A) present in the NN
amplitude (we have represented this coupling by a cross
in Fig. 1). The RPA dynamics is, thus, fully contained in
the medium-modified isovector interaction satisfying the
following Dyson's equation:

v;, (~) = v;, (~) + v,,(~)ll"'(g)v„(~) .

Note that the &ee-space interaction V;~ is diagonal

has been defined in terms of the couplings and masses
listed in Table I [15]. Although the p meson contains a
vector as well as a tensor coupling to the nucleon, the
NNp coupling is dominated by the large tensor contri-
bution which, in particular, is responsible for generating
the transverse character of the interaction

() f'( q) ( q)( )~2 q2 + ~2
P P

Note that we have introduced the "spin-transverse" cou-
pling

( V(.) 0
0 V„'„''' (31) (36)

and that the elementary NN-meson vertex (denoted by
A' in the next section) will be dictated by our choice of
residual particle-hole interaction.

C. Residual particle-hole interaction: m + p+ g'

in terms of the (large) tensor-to-vector ratio C~. As
it stands, the interaction is extremely attractive in the
spin-spin channel. In order to regularize the large spin-
spin component of the interaction one simulates the effect
&om repulsive short-range correlations by introducing a
phenomenological I andau-Migdal parameter g'

The residual interaction consists of ~+p+ g' contribu-
tions. For the NNm coupling we assume a pseudovector
representation. It is convenient to adopt this, as opposed
to a pseudoscalar, representation because it incorporates
the correct low-energy pion dynamics without sensitive
cancellations [10]. The p meson contains a vector as well
as a tensor coupling to the nucleon. With these choices
we have specified completely the elementary N¹r and
NNp vertices to be used in Eqs. (29) and (30):

Vs (q) = g'(cr, o.2)(7.i . ~2) .
m.' (37)

(~i .~.) = (~i . ~)(~2 ~) + (~i «) (~2 x q) (»)

The effect of g' will be incorporated by modifying, sep-
arately, the z and (the transverse component of) the p
propagators. This can be accomplished with the use of
the following identity:

if i = vr;ym~

p~+tC&o y g = p.

In this way, the spin-longitudinal and spin-transverse
components of Vz get absorbed into redefinitions of "ef-
fective" vr and p propagators

TABLE I. Meson masses, coupling constants, tensor-to-vector ratio, and Landau-Migdal param-
eter g' for the isovector interaction. The value of g' enclosed (not enclosed) in parentheses should
be used when M" g M (M* = M). Coupling constants have been adopted from Ref. [15].

Meson Mass (MeV)
139
770

g /4m

14.08
0.41

&= f/g

6.1
0.70 (0.70)
0.65 (0.30)
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where

g.'-
q q2 —m2 q2 —m2 q2. '

p 'K p % p
I

gp1 1

P P P

(39)

(40)

Thus efFective, rather than &ee, x and p propagators are
used in Eq. (27) to compute the residual isovector in-
teraction. In all that follows we will assuTue the "stan-
dard" value of g' = 0.7 for the phenomenological Landau-
Migdal parameter. Note that in this case g' = 0.7 and

gp 0 65 for the parameters given in Table I. We have
displayed the resulting isovector interaction, in the static
(~ = 0) limit, in Fig. 2.

We now examine isoscalar efFects, from a reduced nu-

cleon mass in the medium, on the isovector response. At
the simplest level a reduction in the value of the nucleon
mass leads to a shift in the position and to an increase
in the width of the quasielastic peak, i.e.,

Q Q qk~ qky
447 ~ (41)

This simple realization, however, has nontrivial conse-
quences for the case of the transverse response. Rel-
ative to a free Fermi-gas calculation the transverse re-
sponse measured in quasielastic electron scattering ap-
pears to be quenched and hardened. This observation
provides strong evidence in favor of strong repulsive cor-
relations in the transverse spin-isospin channel. Note,
however, that the uncorrelated response of a relativistic
mean-field ground state is already "hardened" relative to
the Fermi-gas response. This is a simple consequence of
the in-medium reduction of the nucleon mass. Moreover,

the transverse (e, e') response is dominated by the large
isovector anomalous moment of the nucleon. Thus, the
integrated response is insensitive to a change in the value
of the nucleon mass. Since the width increases as M* is
reduced, the distribution appears to be quenched relative
to the Ferxni-gas response. Hence, the uncorrelated re-
sponse of a relativistic mean-field ground state accounts
for most of the features —quenching and hardening—
observed experimentally. Indeed, in Fig. 3 a comparison
is made between relativistic mean-field calculations of the
transverse response and experimental data for 4oCa(e, e')
at momentum transfers of q = 410 and q = 550 MeV [16j.
The dotted line shows the results &om a finite-nucleus
calculation of the Hartree (uncorrelated) response. Good
agreement with experiment is found for the low-energy
side of the quasielastic peak. The underestimation of
transverse strength on the high-energy side of the peak,
believed to be dominated by isobar formation and meson-
exchange currents, is a common shortcoming of most
"one-nucleon" models. The fact that experiment shows
no hardening of the transverse response relative to the
Hartree predictions is one of the important results of this
comparison.

In Fig. 3 we have also included relativistic calculation
of the nuclear-matter response with (solid line) and with-
out (dashed line) RPA correlations. Based on our finite-
nucleus results we have adjusted the spin-transverse com-
ponent of the Landau-Migdal parameter to minimize the
effect from RPA correlations. This could be achieved by
selecting g' in the range g' (0.3 —0.4). This represents
a substantial reduction from its conventional M' = M
value of g' 0.65. We will use g' = 0.3 for M* g M and

gp 0 65 for M* = M, in all that follows. In Fig. 4 we
have displayed the residual isovector interaction for the
relativistic M* g M case. It is important to realize that
the value of g' is regarded as a purely phenomenological
parameter constrained by electron-scattering data.

The longitudinal component of the residual interaction
is also sensitive to a reduced efFective nucleon mass in the

350 w ~ ~

I
I ~

I
~ ~ ~
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I
~ ~ I

I

g'(m) =0.70
g'(p)=0.65 0.10 ' '

I
' ' ' '

I
' ' ' '

I
' ' ' '

I
' ' ' '

I
' ' ' '

I
' ' ' ' 008
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8
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—Hartree [Aoltel——Hartrae IMsM73M]—RPA Ig'(p~l
0.08—
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R
8~ om

C6

0.02

q&10 MeV
~1.16 fm

—Hartree [Ploitel——Hortree IMs&.73MI—RPA [g'(p~)
q=$50 MeV
k -1.16 fin

— 0.06

0.04

0.02

-50
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0.0 0.5 1.0 1.5 1 2.0

q[fm ]
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FIG. 2. EfFective m and p contributions to the residual
M* = M interaction after the inclusion of the Landau-Migdal
parameter. The static (u = 0) limit is assumed and the ar-
rovrs are located at q = 1.2, 1.72, and 2.5 fm

0.00
0

0.00
50 100 150 200 250 0 50 100 150 200 250 300 350

m[MeV] m[MeV]

FIG. 3. Transverse response for Ca(e, e') at q = 410 and
550 MeV. The dotted line is the Hartree response calculated
in the finite nucleus. Nuclear-matter results with (solid line)
and without (dashed line) RPA correlations are also displayed.
The experimental data are from Ref. [16j.
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I
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I

I
I I

g'(x)=0.70
g'(p)=0.30

at low density;

at high density.

Note that the effective coupling is strongly density de-
pendent. Indeed, the suppression of the effective NNm
coupling with increasing density more than compensates
for the increase in the value of the integral leading, in
particular, to no pion condensation —even in the ab-
sence of a phenomenological Landau-Migdal parameter
(g'—:0) [11]. This dynamical suppression of the NN7r
coupling in the medium is instrumental in reducing the
enhancement of the longitudinal spin response relative to
nonrelativistic (M* = M) predictions [8].

-100
0.0 0.5 1.0 1.5

~
2.0

q[fm ]
2.5 3.0 D. Spin-transfer observables

FIG. 4. E8'ective vr and p contributions to the residual
M* g M interaction after the inclusion of the Landau-Migdal
parameter. The static {u = 0) limit is assumed and the ar-
rows are located at q = 1.2, 1.72, and 2.5 fm

medium. However, in contrast to the transverse com-
ponent this modi6cation does not emerge &om a "phe-
nomenological" tuning of parameters. Rather, it is a
genuine dynamical effect that reduces the effective NNm
coupling in the medium. The origin of this reduction is
as follows. In the medium, the pion-mediated NN inter-
action is given, according to Eq. (30), by

V( )(q) = e '(q;ky)V( )(q),
& (q;k )—:1 —V( )(q)II (q),

(42)

where we have introduced the pion dimesic function e

and have defined the pseudovector polarization by [11]

d4k
x Tr tp"p G(k+ q)p"p G(k)(2') 4

(43)

c-(lql k~) =1— 2

f.'M*'
q2+ m2 x2[ql

k lql+ 2k

which suggests the following limits for the effective NN~
coupling in the medium

In the absence of a mass term &om %alecka's mean-6eld
Lagrangian, the axial-vector current would be conserved
and the pseudovector polarization would vanish. Thus,
any finite contribution to II must arise and be pro-
portional to —the nucleon mass. Indeed, in a previous
study we determined the following behavior for the pion
dimesic function in the static limit:

Spin-transfer observables for the (g7, n) [and also for the
(p, p~)] reaction can be obtained as linear combinations
of the spin-dependent cross sections defined in Eq. (16).
In particular, the out-of-plane observables (s = s' = n)
are given by

0..4y—

(0+++0+—+0—++0——

O++ + 4+— O —+

(T++ —0'+ + 0 + —K )

&++ —&+— ir —+ + ~——
I)

(46)

(48)

(49)

Since the conservation of parity forces sideways and
longitudinal polarizations and analyzing powers to van-
ish, the remaining four independent observables, namely,
Dz p, DL, p, D&~L„and DL, L„canall be obtained Erom
the in-plane cross sections in analogy to D~~.

The simplicity of the reaction mechanism (i.e. ,

quasifree knockout) in quasielastic (p, n) scat tering
makes the study of the nuclear spin-isospin response par-
ticularly clean. That the dominant mechanism in the
reaction is, indeed, quasi&ee knockout can be justi6ed
by studying certain combinations of spin observables.
Specifically, we consider (P —As) and [(Ds L, + DL, s)—
(D& L, +Ds s) tan(gi b)]. Due to time-reversal invariance
these combinations are identically zero in elastic scat-
tering and have been plotted in Fig. 5 for 4oCa(p, n) at
q = 1.72 fm . The fact that both of these observables
are consistent with zero all across the quasielastic region
is strong evidence in support of a quasifree mechanism
for the reaction.

One of the most appealing features of having a com-
plete set of spin-transfer observables is the possibility
of extracting nuclear response functions, such as the
spin-longitudinal response, which are not accessible with
electromagnetic probes. Under certain approximations,

where we have introduced the following simpli6ed nota-
tion:

2

dOdE'
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FIG. 5. Spin-transfer combinations (P — A.„)and
[(Ds~r + &r~s) —(&r~r, + Ds~s) tan(8~~b)] for Ca(y, n) at
q = 1.72 fm . Both combinations vanish in elastic scatter-
ing. The experimental data are from Ref. [4].

FIG. 6. Spin-longitudinal and spin-transverse response
functions calculated from nuclear matter with and without
the inclusion of RPA correlations. The response functions
were either reconstructed from the spin-transfer observables
or directly computed kom appropriate polarization insertions.
The quantities in square brackets give the value of the inte-
grated response.

these responses can be directly related to linear combina-
tions of the standard spin-transfer coefficients [1,17,18]

1
Dp = —[(1+ Drv~) + (Ds's + Dr~L, ) cos(8)

4
(Ds'g DL's) sin(8)] (50)

1
D~ = —[(1+ D~~) —(Ds s + Dr, r, ) cos(8)

4
+(Ds r, —Dr, s) sin(8)],
1

DL = [(1 DNN) + (Ds's DL'L) sec(81 b)] (52)
4
1

DT = —[(1 —D~rv) —(Ds s —Dr, r, ) sec(8~~b)], (53)
4

where we have defined 0:—8, —8~ b. Note, in particu-
lar, that this new set of polarization-transfer observables
satisfy the constraint

Dp + D~ + DL, + DT ——1 . (54)

Nuclear responses per target nucleon, R;(q, &u), can now
be defined according to

R;(q, ur)A, g = (;)„„
o'rvrv

L
dQdE ) (D~)

where A ~ represeats the efFective number of nucleons
participating in the reaction.

Before proceeding further we show evidence in sup-
port of the above definition of the response. In Fig. 6
we have calculated spin-longitudinal and spin-transverse
responses &om nuclear matter using two diferent proce-
dures. In one of them, the responses are reconstructed
&om the spin-transfer observables as outlined above. In
the second method the responses are computed by as-
suming that only a pion (for Rr, ) or a p meson (for RT )

couple to the target nucleoas. Thus, for RL, we compute
the response directly &om the pseudovector polarization
given in Eq. (43). For the transverse response we simply
report the electron-scattering result since it is known to
be dominated by the anomalous (isovector-tensor) mo-
ment of the nucleon. The agreement between the two
procedures, for both Fermi-gas and RPA responses, lends
credibility to the approach. In particular we note, as
previously advertised, that the longitudinal response be-
comes softened and enhanced, while the transverse hard-
ened and. quenched, relative to Fermi-gas predictions. We
now examine how relativistic effects, mainly Epsom a re-
duced nucleon mass, modify these [indings.

III. RESULTS

We now proceed to show RPWIA results for all spin-
transfer observables. Results will be presented using four
different approximations. The simplest approximation
consists of treating the nucleus as a relativistic &ee Fermi
gas. In this case the various nuclear responses arise &om
imposing simple constraints such as energy-moment»m
conservation and the Pauli principle. Thus, no impor-
tant deviations in the values of spia observables are ex-
pected, since neither the underlying NN interaction nor
the collective response of the target are modified. Next
we consider the uacorrelated response of a relativistic
Hartree ground state. In this case the propagation of
a nucleon through the medium is modified by its inter-
action with the mean field. This results ia a reduction
of the nucleon mass which aow modifies the underlying
NN interaction since matrix elements of the amplitude
are being computed with in-medium (as opposed to free)
spinors. The last two approximations are obtained fmm
the previous two by incorporating RPA correlations into
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TABLE II. Average Fermi momenta and effective nucleon masses for an incident energy of
Tj b = 495 MeV. Parameters have been adopted from Ref. [6].

Target
12'

40C

kF (fm ')
0.91
0.94

M /M
0.91
0.90

M;/M
0.87
0.85

the nuclear response. In both cases the longitudinal com-
ponent of the residual interaction is the same while the
transverse component is constrained by the transverse
response measured in quasielastic electron scattering, as
previously discussed. Relevant parameters characterizing
the residual interaction and the effective nucleon masses
are given in Tables I and II, respectively. Finally, we
have used the FA90 phase-shift solution of Amdt [19]
to generate the relativistic parametrization of the NN
amplitude.

In Figs. 7 and 8 the complete set of spin observables at
q = 1.72 fm is compared to the experimental data. The
differential cross section has been divided by the single-
nucleon value and reported as a spin-averaged response

1 ( d'o.
R(~, ~) =

I dndE (56)

The experimental value for the single-nucleon cross sec-
tion was obtained by integrating the strength under the
quasifree peak for the 2H(g7, n) reaction and was reported
to be 11.5 mb/sr [4]. This agrees well with the free value
of 11.6 mb/sr [19] and also with our own value of 11.4
rnb/sr obtained from a "nuclear-matter" calculation in
the limit of I]:~ —+ 0. Note that we have divided our the-
oretical cross sections by 10.9 mb/sr which is the appro-
priate value at fixed q = 1.72 fm i (as opposed to fixed
angle). Finally, we have adopted the value of A, tr = 6
for the effective number of nucleons participating in the
reaction and have shifted all observables by the reaction
Q value assumed to be Q = 18.1 MeV [6].

The Fermi-gas response (dotted line) peaks at an en-

ergy loss corresponding to &ee NN scattering, namely,

uq@ (V q2 + M2 —M) + Q 77 MeV. Moreover, the
integrated Fermi-gas strength equals 5.9. We attribute
the small difference between this value and A,g to Pauli
blocking. Since the momentum transfer (q = 1.72 fm )
is slightly smaller than twice the Fermi momentum
(2k' = 1.88 fm ) a few transitions are Pauli blocked
as is evident in the behavior of the response on the low-~
side of the peak. Thus, aside &om a small correction due
to Pauli blocking, the Fermi-gas response consists of a
simple redistribution of single-particle strength.

The Hartree (M* g M) response is depicted by the
dot-dashed line (almost indistinguishable &om the solid
line). The shift in the position, and the increase in the
width, of the quasielastic peak relative to the Fermi-
gas response are clearly evident and supported by ex-
periment. Note, however, that the strength under the
Hartree peak amounts to only 4.9. This reduction, which
now underestimates the data, is caused by a modifica-
tion of the effective NN interaction in the medium since
Ll(M*)fwpsLl(M*) is less than M(M)[Ipse(M).

The RPA response of the Fermi-gas ground state
(dashed line) is hardened and quenched relative to the
Fermi-gas response. Note that the integrated RPA
strength is 5.5. This suggests that, at least for the spin-
averaged response, the repulsive character of the trans-
verse interaction dominates over the attractive longitudi-
nal component (see Fig. 2). In contrast, RPA correlations
have no observable effect on the M* P M spin-averaged
response (solid line). At this momentum transfer, the
weaker repulsion from the transverse channel is almost
completely canceled by the longitudinal attraction (see
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(RPA) result using medium-modi6ed nucleon
masses. The experimental data are from
Ref. [4].
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Fig. 4) resulting in an integrated response of 4.9, as in
the Hartree case.

As for the remaining spin observables, some systematic
trends emerge. First, RPA correlations with free masses
(dashed lines) generate dramatic changes with respect to
the Fermi-gas values (dotted lines) and give a poor de-
scription of the data. In contrast, relativistic (M* g M)
RPA correlations (solid lines) lead to a good description
of the data and, in all cases, to an improvement over the
Fermi-gas predictions. Perhaps the only case in which the
agreement is not as good is for D~N. Notice, however,
that this discrepancy is present even at the level of the
free NN observables (see Table III). This suggests that
a more faithful representation of the many-body dynam-
ics could be obtained by removing the "single-nucleon"
component of the observable, as was done for the cross
section.

In Fig. 9 we have plotted the new set of polarization-
transfer observables relative to their free NN values. The
fact that the spin-independent component Do is ill de-
terrnined is a re8ection of the spin-dependent charac-
ter of the (gV, n) reaction. This, however, does not pose
any serious limitation on the analysis since only three of
the four observables are known to be independent [see
Eq. (54)]. The data show, if at all, very small devia-
tions from unity. The Fermi gas (dotted line), and to
a lesser extent the Hartree (dot-dashed line), results are
also close to unity but, arguably, the best overall descrip-
tion of the data is obtained with the relativistic RPA cal-
culation (solid line). Instead, a poor description of the
experimental observables is obtained whenever RPA cor-
relations with free nucleon masses are included (dashed
line). Yet, these results conform to the notion of a hard-

ened transverse (DN and DT ) and a softened longitudinal
(Dl, ) response. Note that the actual responses are ob-
tained from the above observables by multiplying them
by the spin-averaged response R(q, ~) (see Fig. 7). Per-
haps the xnost prominent feature of our results is the
mild enhancement predicted for Di by the relativistic
RPA calculation (solid line). This behavior is a direct
consequence of the dynamical suppression of the NNm
coupling in the medium, as discussed in Sec. II C.

The spin-longitudinal to spin-transverse ratio, RL, /RT,
is shown in Fig. 10. This plot summarizes —and drama-
tizes —some of the 6ndings of the previous plot. Fermi-
gas predictions (dotted line) are seen to be consistent
with unity while Hartree results (dot-dashed line) show
a mild suppression arising from a modified NN inter-
action in the medium. RPA correlations with free nu-
cleon masses (dashed line) suggest a large enhancement
in the ratio which is not observed experimentally and
is reminiscent of the original nonrelativistic predictions.
Finally, dynamical effects &om a reduced nucleon mass
in the medi»m generate a large suppression in the ratio
(solid line) relative to the M* = M predictions, in good
agreexnent with experiment.

One important test for all models of the (p, n) reac-
tion is the momentum-transfer dependence of the ratio.
This is so because competing models predict a difFerent
behavior with moment»m transfer of the residual inter-
action. Speci6cally, a residual interaction having a trans-
verse component modi6ed by an in-medi»m reduction
of the p meson mass [20] gives a description of RL, /RT
at q 1.72 fm of similar quality to the relativistic
case [21]. Yet, these two models predict a vastly difFerent
moment»m-transfer dependence for the ratio. In partic-

TABLE III. Spin-transfer observables from the H(p, n) reaction at q = 1.72 fm compared to
the &ee NN values (obtained from the nuclear-matter calculation in the k~ -+ 0 limit).

A„ P DNN Dss DS'L DL'S
0.13 + 0.00 0.12 + 0.01 0.01 + 0.03 —0.21 + 0.03 —0.11+ 0.03 —0.03 + 0.03 —0.47 + 0.03

0.14 0.14 —0.15 —0.20 —0.14 0.03 —0.52
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The experimental data are from Ref. [4].
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ular, a reduced p-meson mass generates an enhancement—rather than a quenching —in Rz, /RT at q 2.5 fm
This arises &om a transverse component that has be-
come attractive at q & 2.2 fm ~ due to a faster fallofF in-
duced by the in-medium reduction of the p-meson mass.
In contrast, in the relativistic model the qualitative fea-
tures of the isovector interaction, namely, attractive lon-
gitudinal and repulsive transverse components, remain
unchanged over the entire range of momentum transfers
sampled in the experiment [22]. Note, these two models
also make definite, and most likely difFerent, predictions
for the momentum-transfer dependence of the transverse
response measured in inclusive electron scattering.

In Fig. ll we display the relativistic predictions for
the momentum-transfer dependence of RL, /R7 in C. 2.0 ~ ~
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Since the A dependence of the spin observables is knovrn
to be weak, the good agreement between theory and ex-
periment at q = 1.72 fm is not surprising. One also
observes that the trends inferred from the q = 1.72 fm
calculations are preserved at low-momentum transfer,
namely, a Fermi-gas value close to unity (dotted line), a
slight suppression in the Hartree result (dot-dashed line),
and a mild enhancement at low oi in the RPA value (solid
line) which, however, now underestimates the experimen-
tal ratio (note, for a preliminary experimental report see
Ref. [22]). In the absence of high-q data one could resolve
this small discrepancy with a fine tuning of parameters.
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FIG. 10. Spin-longitudinal to spin-transverse ratio for
Ca(p, n) at q = 1.72 fm . The dotted (dashed) line

displays the uncorreiated (RPA) Fermi-gas result. The
dot-dashed (solid) line gives the uncorrelated (RPA) result
using medium-modi6ed nucleon masses. The experimental
data are &om Ref. [4].

FIG. 11. Spin-longitudinal to spin-transverse ratio for

C(p, R) at q = 1.2, 1.72, 2.5 fm . The dotted line displays
the Fermi-gas result. The dot-dashed (solid) line gives the
uncorrelated (RPA) result using medium-modified nucleon
masses. The experimenta1 data are from Ref. [4].
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Indeed, a slight increase ln gp or, alternatively, a slight
decrease in g', could enhance the ratio at low u and,
thus, bring the calculations into agreement with experi-
ment. Explaining the reported quenching of RL, /Rz at
q = 2.5 fm i [22], however, is likely to require physics
that is absent from our model. Note that at q = 2.5 fm
even the Fermi-gas (dotted line) and Hartree (dot-dashed
line) ratios are already enhanced at low ~ relative to the
free NN ratio. Moreover, since the transverse coxnponent
of the interaction is never as attractive as the longitudi-
nal one (at least within the range plotted in Fig. 4) the
RPA ratio will exceed the Hartree value —and, thus,
unity —at aQ values of q.

Some insight into the missing physics can be obtained
&om the distorted-wave calculations of Ichimura and col-
laborators. For the original q = 1.72 fxn calculation,
it was shown that while distortions provide an overall
reduction of the cross section, they do so without sub-
stantially modifying the distribution of strength [7]. Re-
cently, however, they have suggested that distortions play
a significant role in Rg/Rz at both q = 1.2 fm i and
q = 2.5 fm [22]. In particular, they found that, relative
to the &ee NN values, distortions enhance the ratio at
q = 1.2 fm, but quench it at q = 2.5 fm . Therefore,
it is conceivable that after the inclusion of distortions,
relativistic RPA calculations could yield a reasonable de-
scription of the experimental ratio for all three values of
q. This expectation is currently under investigation.

IV. CONCLUSIONS

We have calculated all spin-transfer observables for the
quasielastic (p, n) reaction using a relativistic random-
phase approximation to the Walecka model. Isoscalar
effects arising &om a dynamical reduction in the nucleon
mass are responsible for a shift in the position and for an
increase in the width of the quasielastic peak. These two
features, by themselves and without RPA correlations,
are sufficient to explain the quenching and hardening of
the transverse response. Moreover, the reduced value of
the nucleon mass generates a dynamical suppression of
the NNx coupling in the medium. This effect reduces
the enhancement of the longitudinal response relative to
an equivalent "nonrelativistic" (M* = M) calculation.
As a consequence, a good description of all spin-transfer
observables is obtained at q = 1.72 fm x. In particular,
we observed no enhancement in the spin-longitudinal to
spin-transverse ratio, in agreexnent with experiment.

Brown and Wambach have offered an alternative ex-
planation for the lack of an enhancement in RL, /R~ at
q = 1.72 fm by invoking a rescaling of the p-meson
mass in the nuclear medium [21]. However, a recent re-
port on the measurement of RL, /Rz at q = 1.2 fm
and q = 2.5 fm suggests that the real picture might
be more complicated than the one presented by either of
these two models [22]. Particularly noteworthy are the
results at q = 2.5 fm . The experimental results seem
to confirm the suppression at low-energy loss of RL, /Rz
predicted by the (m") rescaling model. Yet, the data
do not support the rapid variation with energy loss sug-

gested by the xnodel. Speci6cally, the rescahng model
predicts RL, /R~ 1 at the position of the quasielastic
peak while the data remain constant at Rl, /Rz 0.6.
For reference, the relativistic model overpredicts the ra-
tio over the whole low-cu region of the quasielastic peak.

The distorted-wave calculations of Ichimura and col-
laborators might shed soxne light into the problem. We
should note that these calculations do not incorporate
any "novel" effect so they do overpredict the spin-
longitudinal to spin-transverse ratio in RPA. Yet, their
realistic treatxnent of distortions is very valuable. For
example, these calculations revealed a modest effect of
distortions on RL, /Rz at q = 1.72 fm [7]. A recent re-
port suggests, however, that distortions are important in
enhancing and quenching the ratio at q = 1.2 fm and
q = 2.5 fm i, respectively [22]. Indeed, the distorted-
wave calculations of Ichimura and collaborators —with-
out RPA correlations —seexn to be in good agreement
with the experimental ratio at all three values of q. In
particular, these trends suggest that relativistic RPA cal-
culations with distortions could yield a good description
of the moment»m-transfer dependence of the ratio. It is
clear, however, that before proceeding further with any
theoretical comparison one must understand the inter-
play between "mundane" effects, such as distortions, and
"novel" effects, such as meson-mass rescaling and/or rel-
ativity, in the determination of the isovector response.

There are, however, alternative ways of testing the dif-
ferent theoretical models. For example, one could con-
centrate on the individual spin-longitudinal and spin-
transverse responses, rather than on their ratio. This
has the advantage that the transverse response, even
in plane wave, can be compared directly to electron-
scattering data. Since in the rescaling model the trans-
verse component of the interaction becomes attractive at
q 2.2 fm, while it remains repulsive in the relativistic
model, one could compare readily the (different) predic-
tions of the two models with existing electron-scattering
data [16].

Finally a word on future work. One of the early in-
dications of a dixninished role of isovector correlations in
the medium came from the measurement of RL, /R~ in
quasielastic (p, p ) scattering [1,2]. Unfortunately, uncer-
tainties associated with the removal of the isoscalar con-
tribution clouded the interpretation. The (p, n) reaction,
on the other hand, is free from any isoscalar contamina-
tion and was advertised as the xnost promising method of
observing the predicted enhancement of RL, /Rz. Thus,
the advent of new experixnental facilities and techniques
opened the door to precision studies of the isovector re-
sponse. Indirectly, these new facilities also opened the
door to precision studies of the isoscalar response. In-
deed, combined (p, p ) and (p, n) data —which now ex-
ist —should enable one, in principle, to extract the
isoscalar spin-independent response Ro. This response
is interesting because of its connection to the charge re-
sponse measured in electron scattering and, thus, to the
long-standing problem of the quenching of the Coulomb
sum [16]. The charge response in electron scattering is
doxninated by the proton response which is half isoscalar
and half isovector. Thus, electromagnetic probes are un-
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able to isolate the pure isoscalar contribution to the re-
sponse. Therein lies the appeal of the hadronic reactions.

Relativistic models of the electromagnetic response
predict a substantial quenching of the charge response
arising from isoscalar correlations [23]. Indeed, rela-
tivistic effects reduce the isoscalar charge response by as
much as 50% relative to its Fermi-gas value. This large
isoscalar quenching, however, is partially diluted by the
isovector contribution to the electromagnetic response.
Still, relativistic RPA results are about 25% below the
Fermi-gas response and in good agreement with experi-
ment. In the case of hadronic probes the surface-peaked
nature of the reaction forces the probe to sample a lower-
density region than in electron scattering and should sup-

press some of the large ( 50%) isoscalar quenching. Still,
a large reduction in Bo appears to be an unavoidable
consequence of the relativistic dynamics. A quantitative
study of this effect is currently under investigation.
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