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ABSTRACT
A review of the the surface response model and its applications to

quasielastic nucleon-nucleus scattering at intermediate energies. CONF-8 7 08102— 9

INTRODUCTION D E 8 8 002976
The description of nucleon-nucleus inelastic scattering in terms of

single-scattering has been very successful at intermediate energies.
Nuclear structure is the most dominant feature at low excitations and
forward scattering, and the Distorted Wave Impulse Approximation
(DWIA) has been the most useful technique to extract structure
information. A detailed discussion of the theoretical treatment of
nucleon-nucleus scattering, specifically for charge exchange reactions, can
be found in Refs. 1 and 2. At larger scattering angles, the inelastic
cross section develops into a broad quasielastic peak at higher
excitations, and the signature of shell structure disappears. Moreover,
the position and the width of this continuum peak is essentially
insensitive to the choice of nuclear target.

The conventional DWIA has also been applied to quasielastic
scattering (see for example Ref. 3). However, this method is very
time-consuming at large scattering angles, since many different
excitations of different multipolarities contribute to the inelastic cross
section. It has therefore been useful to develop an approximate
treatment that contains the main physics of quasielastic scattering.

In the following I will try to establish the connection between the
DWIA and the much simpler Surface Response Model (Refs. 4, 5). I
will give a short description of the Random Phase Approximation
(RPA) that is used to calculate the nuclear response, and illustrate the
spin-isospin dependence of the nucleon-nucleon t-matrix interaction,
which is used to generate the excitations of the target nucleus.
Finally, some of the applications of the surface re&ponse model to
(PiP')> (Pin) and ( He,t) reactions are reviewed.

SINGLE SCATTERING CROSS SECTION
The basic expression for the inelastic cross section in the DWIA is
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There are three important ingredients in numerical DWIA calculations:
1. The diagonal interaction between projectile and target. The
incoming and the scattered projectile waves • and • , are calculated
using an optical potential that fits elastic scattering.
2. The off-diagonal interaction V that generates the inelastic
excitation. At intermediate energies the t-matrix interaction between
free nucleons is often used. Medium corrections to the t-matrix are
expected to be small at 300 MeV and above. Effective, local
interactions that fit the free t-matrix, when evaluated between plane
waves, have also been constructed [Ref. 6].
3. The target wave functions } for excited target states. They are
calculated in the Random Phase Approximation from one-particle one-
hole excitations of the target.

At large beam energies one can use the Eikonal approximation to
estimate the effect of the optical potential. The imaginary part of this
potential W(r) leads to an attenuation of the elastic beam. The real
part is less important at high energies. The projectile transition
density is then

%= *p'*P = e x p ( i < ! r ) « P W d * *(r)/Hv0) . (2)

where q is the momentum transfer and the attenuation depends on the
path through the target. Furthermore, using the local, momentum-
dependent t-matrix interaction, V . = t(q) 5(r -r.), Eq. (l) takes the
form

It is convenient to extract an overall normalization factor that
depends on the target density PK[T) &"d the absorption,

Neff = < ° l | ^ p i 2 | 0 > = -fdr />A(r) e x p ( " 2 ' d z f

It represents the effective number of target nucleons that contribute to
single scattering. We can also define a response function by

S(q,AB) =

The total response can be obtained by closure if we neglect the effects
of RPA correlations and Pauli blocking. Under these assumptions the
normalization has been chosen such that the total response is one.
With these definitions the inelastic cross section is

,2 k dff̂ J
5S k̂  • "dp • Neff



The 9quare of the t-matrix has here been replaced by the elastic
nucleon-nucleon cross section. This expression is in fact the basic
formula in the surface response model.

An important feature of nucleon-nucleus scattering is the strong
absorption in the nuclear medium. In the surface response model we
use Glauber theory for single-scattering, which is equivalent to making
the following substitution for the optical potential

2 W(r)/flv0 + pk(T) <>m , (7)

where O-M-M is the total nucleon-nucleon cross section. Typically j^N
~30 mb, and the mean free path is of the order of 2 fm at nuclear
matter density. The quasielastic (single-scattering) cross section
therefore originates from a narrow ring around the nucleus (when the
scattering angle is not too large).

A major simplification is made by replacing the response of finite
nuclei by the surface response of semi-infinite nuclear matter. The
numerical calculation of the latter response is much faster and it
contains the RPA dynamics of a nuclear surface. It does not contain
the shell structure of finite nuclei, but this aspect does not seem to be
very crucial for the observed quasielastic peaks.

LINEAR RESPONSE THEORY (RPA)
The calculation of the response is based on mean-field theory for

the single-particle excitations and the effects of residual interactions in
the medium are included by solving the RPA equation. The
fundamental operator in this framework is the so-called retarded
polarization operator. For independent particles it is defined by

II0(r,r\AE) =
(2*0

^.(r1) , (8)

where the sum is over all occupied single-particle states below the
Fermi surface and HQ is the single-particle Hamiltonian. The
asscciated response to an external field F(r) exp(-iAEt/|f) that acts on
the system is

SQ(AE) = - £ Im /drdr1 F*(r) i y r . r ' . A E ) F(r ' ) . (9)
If we insert a complete set of final states into Eq. (8) the independent
particle response is



S0(AB) = H l<* fIF(r)l^.>l2 fi(AE-efi) , (10)
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which is the expression one would expect in first order perturbation
theory. The polarization operator furthermore determines the density
induced by the external field,

5/>(r,AE) = /dr1 no(r,r',AB) F(r ' ) . (11)

A residual interaction V (r,r") between the particles in the medium
will modify the response, since the induced density will generate an
induced potential, which is

6V(r,&E) = /dr1 V ^ r . r 1 ) 6p{r,tS) . (12)

With these definitions we can now formulate the RPA equation as a
self-consistent linear equation for the induced density

5/>(r,AE) = /dr1 II0(r,r\AE) {p(r')

The solution to this integral equation,

6p{T,M) = /dr1 ^ ( r . r ' . A B ) F(r ' ) , (14)

determines the RPA polarization operator which we can write (using a
compact operator notation)

DRPA = C1 " D0 • r e . ) ' 1 no ' (15)

The RPA response is obtained by inserting Dpp. into Eq. (9). There
is no simple, closed expression for the total K.PA response, integrated
over all excitation energies at a fixed momentum transfer. It is
affected by the residual interaction and Pauli blocking. The total
energy weighted response, however, obeys a simple sum rule and it is
identical to the energy weighted sum of the free response if the
residual interaction commutes with the external field.

The above formulation of the RPA is quite general. However,
solving the integral equation for the RPA polarization operator can in
general be very time-consuming. It is therefore useful to study the
response of systems with simple symmetries. The simplest 3ystem is
infinite nuclear matter, where the the RPA equation can be reduced to



an algebraic equation in momentum space. A discussion for spherical
nuclei, based on Hartree-Fock theory and Skyrme interactions, can be
found in Ref. 7.

For semi-infinite nuclear matter one can exploit the translational
invariance along the surface. Thus the momentum transfer K parallel to
the surface becomes a simple parameter in the RPA equation, and the
numerical problem is reduced to calculating the non-local polarization
operator n(s,s',K,AE) for the s-direction perpendicular to the surface.
This is discussed in detail in Ref. 4. The field that generates the
surface response of semi-infinite nuclei, used to simulate the surface
response of finite nuclei, is determined by the absorption inside the
nucleus. It is similar to the projectile transition density (2) and it has
the form F(s) exp(i(qr-AEt/$). The prescription for constructing this
field is described in Sect. IIB of Ref. 8.

The residual interactions used in the calculation of the RPA
responses are given in Ref. 4. The isoscalar interaction is determined
by the self-consistency of the mean field. The empirical spin and the
isovector interactions have been extracted from the spectroscopy of
discrete transitions in finite nuclei. An important question is how well
these interactions apply to the response of nuclei at the large
momentum transfers associated with quasielastic scattering.

THE NUCLEON-NUCLEON t-MATRIX INTERACTION
The t-matrix interaction can be separated into the different

components, which generate the different isospin-spin (T,S) excitations
of the target nucleus. The calculation of these components from the
empirically known proton-proton and proton-neutron phase-shifts is
described in detail in sect. 2.1 of Ref. 2. The inelastic cross section for
each (T,S) excitation channel is given by an expression that is similar
to Eq. (6),

[d5d i
1<HT.S = kO
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where the RPA response depends on the spin and isospin of the
excitation via the residual interaction. The inclusive (p,p') cross
section is given by the sum over all (T,S) channels.

One can emphasize different parts of the nuclear response by
choosing specific reactions. In charge exchange reactions, for example,
the isovector response is selected. In experiments with polarized
protons one can isolate the spin response of nuclei.

The energy dependence of the t-matrix interaction at zero degrees
scattering is shown in Fig. 1. It clearly shows that the isoscalar
response is the dominant contribution in inclusive (p,p') reactions at



forward scattering. In (p,n) reactions, on the other hand, the coupling
to the isovector spin excitation channel is large. This has made it
possible to study the giant Gamow-Teller resonance.
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Figure 1
Energy dependence of different spin-isospin components of the t-matrix
interaction for nuc leon-nucleon scattering at zero degrees.

The dependence of the t-matrix interaction on the momentum
transfer is illustrated in Fig. 2 at a beam energy of 300 MeV. At
large momentum transfers, the coupling to spin excitations becomes
more important. This figure also shows a detailed decomposition of
the interaction that leads to spin-excitations of the target, viz.
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where J- and <r? are Pauli matrices for the projectile and target,
respectively. Here the q direction is along the momentum transfer, P
is along the average initial and final momentum, and N = q * P is
perpendicular to the scattering plane.
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Figure 2
Nucleon-nucleon t-matrix interactions at 300 MeV as functions of the
momentum transfer. The spin-isospin representation is associated with
target excitations. The different components of the spin excitation
amplitudes shown in the lower two figures are defined in Eq. (17).



The spin-orbit term (t ) is seen to dominate the isoscalar spin-
excitation at large momentum transfers. In the isovector channel
(T=l), the longitudinal interaction, t , is associated with pion-exchange,
whereas v has the same spin-dependence as rho-meson exchange. The
spin-orbit term is much weaker. The term t is also weak, and it has
a more subtle origin, from non-local interactions and exchange. A
discussion of the nucleon-nucleon t-matrix in terms of effective
interactions can be found in Sect. Ill of Ref. 1.

The spin response of nuclei has been studied in experiments with
polarized protons, and the spin-flip probability has been measured as a
function of excitation energy at different scattering angles. The more
delicate separation of the spin response into a longitudinal and a
transverse component has also been studied experimentally.

APPLICATIONS TO (p,p') REACTIONS
The Surface Response Model has been applied to a variety of

nucleon-nucleus scattering reactions. A systematic comparison to
inclusive (p,p') spectra can be found in Ref. 5. The position and the
width of the quasielastic peak is quite well described by the model.
The target dependence of the quasielastic peak is mainly contained in
the normalization factor N «•, which is calculated using Glauber theory
for single-scattering. The agreement with measured peak heights, both
for C, Ni and Pb, is a success of the Glauber calculation. It
confirms the picture that quasielastic scattering is a surface reaction.
Alternatively, assuming that the Glauber calculation is valid, then the
agreement with the measured spectra shows that the quasielastic
response of nuclei is insensitive to the size of the target nucleus, and
that it is quite well represented by the surface response of semi-infinite
nuclear matter. The largest discrepancy with the data is observed in
the high energy tail of the energy loss spectrum. It has been
associated with multi-step processes, and an est imate of double
scattering can be found in Ref. 11.

There is a medium correction to the Glauber calculation that one
can easily account for. It concerns the total nucleon-nucleon cross
section, which is reduced compared to the value for free scattering,
mainly due to Pauli blocking. A consistent way of calculating it
within the model is described in Ref. 4, and accounting for it improves
the comparison to the data.

The inclusive (p,p') spectra are insensitive to the effect of the
residual interactions on the RPA responses at large momentum
transfers. This is a consequence of a cancellation between different
contributions. The isoscalar response is enhanced at lower excitations
but the responses in the other spin-isospin channels are reduced, due to
their repulsive residual interactions. The situation is reversed at
excitations above the quasielastic peak. Some effect of the attractive
isoscalar interaction can be seen at forward scattering, where the



isoscalar channel starts to dominate and enhances the inclusive
spectrum (see f.ex. Fig. 8 in Ref. 4).

The sensitivity to residual interactions can be increased by gating
on more exclusive reactions. An example is the spin-flip probabilities
reported in Ref. 9. Th^y show a dramatic deviation from the value
for free scattering. Th.° surface response model can explain the
qualitative trend of the data; namely, a reduction at low excitation
energies due to the enhanced isoscalar response in the inclusive cross
section and a reduced response in the spin-flip channels. The model
also predicts some enhancement of the spin-flip probability at excitation
energies above the quasielastic peak but it is not as large as the
measured values. There is presently no explanat ion for this
discrepancy.

APPLICATIONS TO (p,n) REACTIONS
The existing data on quasielasiic (p,n) reactions are not as

extensive as the (p,p ') data at intermediate energies. Systematic
measurements have been performed at 200 MeV (Ref. 12). The surface
response model underestimates the quasiela&tic peaks, although a small
value of ff>j*j ~ 25 mb (consistent with the effective value corrected for
Pauli blocking) was used in the Glauber calculation. The model
predicts a significant contribution from double-scattering at the larger
scattering angles. An example is given in Fig. 2 of Ref. 11. The
data have been reproduced by DWIA calculations, which employed an
optical model with a weak absorption (see Ref. 3). The t rue
absorption is probably somewhere between these two extremes, with
some amount of double-scattering at the quasielastic peak for larger
scattering angles.

There are also some data at 800 MeV. Spectra at zero degrees
scattering have been measured on a variety of nuclei, and the delta
peak is clearly identified. ' Spectra at finite Bcatterins angles have
been measured for reactions on lithium and carbon targets.

It would be very valuable to have more (p,n) data at higher beam
energies. The relative contribution from multistep processes at the
quasielastic peak decreases with increasing beam energy (see Ref. 11),
roughly like 1/E for a fixed momentum transfer. Moreover, the choice
of absorption is less controversial at higher energies. Such data could
provide more direct informations about the isovector spin response of
nuclei at large momentum transfers, and they would supplement the
existing (p.p1) results of Refs. 9 and 10, which unavoidably contain a
background from the isoscalar spin response.



APPLICATIONS TO (3He,t) REACTIONS
The surface response model can be generalized to describe ( He,t)

reactions, which have been studied extensively at a beam energy of 2
GeV. The excitations in quasielastic scattering are assumed to be
generated by the free nucleon-nucleon t-matrix interaction for charge
exchange. The finite size of the projectile is accounted for by
including the point-chargo form factor F (q ) for He. The quasielastic
cross section has a form similar to Eq. (16J,

= 0 X Z l l t , s(q)|2-Neff-S(q,AB)|Pc(q2-(«/c)2)|2 , (18)
S=0,1

where the factor C depends on the kinematics of the reaction.
The model can also be generalized to calculate the cross section for

delta-excitations in the target. The ( He,t) reaction is in a way much
simpler than the corresponding (p,n) reaction, since there is a broad
background in the latter from the neutron decay of the delta. The
delta-excitation is generated by the pion-exchange interaction V»j. MM-
The position and the width of the delta resonance can be included in
the response function for the target nucleus. This is described in
detail in Ref. 18. The model is adjusted to describe the measured
delta-excitation on free protons. This determines an overall distortion
factor that represents the scattering dynamics prior to the delta decay,
and once fixed, it is assumed to be independent of excitation energy
and scattering angle.

The model has been applied to delta-excitations induced by ( He,t)
reactions at zero degrees scattering. In order to fit the peak position
measured in reactions with heavy nuclei, which is shifted by about
50 MeV compared to reactions on free protons, it was necessary to
adjust the self-energy of the delta in a nuclear medium. Similar
adjustments are made to fit pion-nucleus scattering.

The results of calculations, both for the quasielastic and the delta
peak, axe compared in Fig. 3 to the measured spectrum at 5 degrees
scattering on C. Both calculations employed a total He-nucleon
cross section of 111 mb in the Glauber calculation of N «•• The
quality of the comparison to the two measured peaks is about the
same. There is a serious discrepancy in the dip-region between the
two peaks, and also in the tail at very large excitations.
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Figure 3
Energy spectrum for 2 GeV ( He,t) reactions on C at 5 degrees
scattering. The data are from Ref. 17.

The magnitude of the cross sections are very sensitive to the
choice of the form factor. An apparent discrepancy between the
calculated and the measured peak heights at larger scattering angles
can essentially be removed by replacing the square of the He form
factor by the correct product of the He and the triton form factor.
The position of the measured quasielastic peak, however, is still shifted
by about 10 and 25 MeV to lower excitations at 6 and 7 degrees,
respectively. There is presently no explanation for this discrepancy.

It will be important in future studies to make a simultaneous and
consistent description of particle-hole and delta-hole excitations. In
particular, it will be important to understand the delta dynamics in
the nuclear medium, and to make a description that is consistent with
pion scattering.



We are presently working on a generalization of the surface
response mode! to describe quasielastic pion scattering. The strong
absorption of the pi- in the resonance region (see Fig. 4) implies that
the pion scattering ', 2s place near the surface of the target nucleus.
As a final illustration we show in Fig. 5 the differential pion-nucleon
cross section associated with isoscalar excitations of a nucleus. The
pion has a strong coupling to spin excitations at 60 to 100 degrees
scattering. The corresponding cross sections for couplings to isovector
excitations are about a factor of four smaller than the isoscalar cross
sections due to the dominance of the coupling to the delta.

2 0 0 -

e

IOO

200
T_ (MeV)

Figure 4
Energy dependence of the
total rN cross section.

Figure 5
Differential rN cross sec-
tions for 200 MeV pions.
The components for iso-
scalar (S=0) and isoscalar
spin (S=l) excitations are
shown.
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