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Nucleon-nucleon t-matrix interaction for scattering at intermediate energies
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A local nucleon-nucleon effective interaction based on current phenomenological nucleon-nucleon
scattering amplitudes has been constructed at several bombarding energies between 50 and 1000
MeV/nucleon within a dynamically nonrelativistic framework. The form of the interaction has been
chosen for convenience in performing nucleon-nucleus scattering calculations in this energy range
and for ease of comparison with one-boson-exchange potential models. Some properties of this in-

teraction are compared with those of an earlier version based on an older set of nucleon-nucleon am-
plitudes.

I. INTRODUCTION

The study of proton elastic and inelastic scattering at
intermediate energies continues to provide information on
nuclear structure which is either complementary or com-
parative to that obtained with other probes. ' ' Such
studies usually employ the single-scattering approxima-
tion (SSA) which has met with varying degrees of success.
For certain types of transitions, corrections to the SSA
based on the free nucleon-nucleon (NN) t matrix are
known to be important. To date, the two most important
of these have been identified as (1) medium modifica-
tions ' due to Pauli blocking and short-range correlations,
and (2) the use of a relativistic (Dirac) framework. '" In
both cases it is useful and instructive to determine clearly
the departure from the nonrelativistic free t-matrix ap-
proach. Indeed, a complete implementation of the relativ-
istic framework will require much more careful considera-
tion of the nuclear structure which may be extracted from
(or input to) calculations of nucleon-nucleus scattering.
Where corrections to the nonrelativistic free t-matrix ap-
proach are relatively small, as appears to be the case for
the excitation of Gamow-Teller and high-spin states of
unnatural parity, for example, this approach has the ad-
vantage of simplicity and familiarity. To properly assess
the relative merits of the various approaches clearly re-
quires the most accurate available description of the NN
amplitudes.

The purpose of this paper is primarily to update the ef-
fective interaction presented in Ref. 5 which is based on
NN amplitudes determined before or during 1980. The
present interaction is based on the SP84 amplitudes of
Amdt' and incorporates considerably more NN data at
intermediate energies than those amplitudes used earlier.
In particular, the data base used to determine the SP84
amplitudes contain 96%%uo (28%%uo) more pp (np) data points
than does the data base used to determine the CK80 am-
plitudes used in Ref. 5. A large part of this increase re-
flects the measurement of NN spin observables which are

especially sensitive to the spin-dependent amplitudes.
The basic notation and techniques used here are the

same as in the parent paper (Ref 5) s.o that we describe
primarily the extensions to that work.

II. THE EFFECTIVE INTERACTION

+E~l q~z q++oi'Q~z Q

were constructed from the phase shift sets given in Table I
of Ref. 5. In this work the NN amplitudes have been ob-
tained from the Los Alamos Meson Physics Facility
(LAMPF) version of the scattering analysis interactive
dial-in (SAID) program' of Amdt and Roper. With the
exception of the 270 MeV t matrix, the amplitudes used
herein are from the data set SP84 dated January 23, 1984.
At 270 MeV the SP84 amplitudes dated April 19, 1984
were used. The "NP1" and "NP" subsets' were used
with all electromagnetic and charge-dependent effects
suppressed. In Ref. 5 the phases at some energies were
obtained from the work of Amdt and Roper; at other en-
ergies they were obtained from Ref. 13.

As in Ref. 5, we represent the effective interaction V&2

in each NN channel by a sum of central (C), spin-orbit
(LS), and tensor ( T) terms:

v]2 ——v (r]2)+ v (r]2)L S+v (r/2)s)2,

each part of which is a superposition of Yukawa terms or
r x Yukawa terms for the tensor parts. In particular

Nc
V (r)= g V; Y(r/R;), Y(x)=e "/x, (3a)

V (r)= g V; Y(r/R;), (3b)

In Ref. 5, the free NN scattering amplitudes
M(E, , O) expressed by

M(E, ,8)= A+So& ntr2 n+C(o&+cr2) n
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V (r)= g V; r Y(rlR;), (3c)

where the V's are complex strengths which are adjusted,
as described in Ref. 5, until the antisymmetrized
momentum-space matrix elements of V&2 reproduce the
on-shell NN t matrix; the ranges R; were chosen as
described in Ref. 5. For the tensor amplitudes a region of
momentum transfer bounded by q &

and q2 was excluded
from the fitting for reasons described in Ref. 5. For the
common energies, q1 and q2 were taken to be the same as
in Ref. 5; at 725 MeV q~

——3.75, q2
——5.80; at 1000 MeV

q1
——4.00, q2 ——6.90, where all q's are in fm
Table I lists the parameters of the new NN interaction

at each energy; namely, the complex strengths for each
Yukawa of designated range. For use in nucleon-nucleus
calculations, these strengths require a common kinematic
factor described by Eq. (19) of Ref. 5.

In order to illustrate a few of the many implications of
the interaction in Table I for calculations of nucleon-
nucleus scattering it is useful to plot or tabulate some of
its important composite characteristics.

For consideration of scattering at small momentum
transfers where the central part of the t matrix usually
dominates, it is convenient to know the strength of the t
matrix near q=0. Table II contains the moduli (R) and
phases (P) of t'(q =0)=Re'~ as a function of the projec-
tile nucleon's labora, tory kinetic energy (T»b) for each
spin and isospin transfer combination (O, o.,r, or). Both
direct and exchange terms are included in the tabulated
quantities. A plot of these moduli vs T~,b is qualitatively
similar to that shown in Ref. 5 and is therefore not
shown. The nearly real nature of t, which is believed to
be mediated by the one-pion exchange potential (OPEP),
is apparent at all energies considered. Similarly, the near-
ly imaginary nature of t, below -200 MeV and t0 above
-500 MeV is evident. The phases in Table II are useful
for calculating t'(q=O) in other forms such as in the
neutron-proton representation.

There has been considerable interest' recently in ex-
tracting neutron transition densities or neutron transition
matrix elements by combining studies of hadron and elec-
tron scattering. In the case of inelastic nucleon scattering
this requires a knowledge of the coupling between like and
unlike nucleons at the relevant energy. %'hen only transi-
tion matrix elements are extracted, the values of t'„~(q =0)
and t ~„(q=0) are typically used. Figure 1 shows a plot of
the moduli (volume integrals) and rms radii of the spin-
independent (b.S=O) and spin-dependent (b,S=1) parts
of t pp and t '„„between 50 and 1000 MeV. The rms radii
here are defined by (r ) ' =

~

Jq/J0
t

'~, where

O O
+ +
oO

oO
Ch Ch

I

O

O Q++
O

Q O
~ O

I I

O O
O Q
CD O

O CD O+++
O

t I

J0 t'(q =0)=——4m. I v t'(r)dv,
(4)

Bt'
Jq ———6

2Bq
=4' J r t'(r)dr .

The much larger (r )'~ for the spin-dependent parts of
the force may be traced largely to the contribution of the
OPEP which has an rms radius of —3.5 fm. Both direct
and approximate-exchange terms are included in t'.
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TABLE II. Moduli and phases of the central parts of the t-matrix interaction in Table I at q =0 as a
function of projectile energy {T~,b). The moduli (R) are in MeVfm; the phases {P)are in deg. The ex-

change terms were included as described in Ref. 5.

Tlab

50
100
140
175
210
270
325
425
515
650
725
800

1000

{Ro yo)

494.6,227.9
379.6,219.4
324.9,220.8
291.5,224.9
269.6,230.2
257.5,238.4
253.9,245.6
274.5,254.9
316.7,261.5
409.4,269.0
450.6,271.2
477.9,273.3
523.4,278.2

(R,P )

60.0,24.5
16.4,295.4
24.7,255.8
27.4,249.0
26.5,248.8
22.6,272.5
20.0,293.2
15.4,352.5
16.1,35.2
9.7, 184.6

21.7,204.5
27.3,205.4
29.3,186.8

(R„P,)
170.4,78.7
95.7,75.5
69.2,83.9
56.8,95.4
50.5,108.3
48.9,126.1
50.6, 139.5
57.4, 160.5
64.2, 178.2
80.6, 198.9
92.7,204.0

101.5,206.3
112.5,209.6

{R rr~~ 4 n~ )

178.2,33.3
162.6,12.5
160.1,4.2
157.9,359.7
155.5,356.9
147.8,354.3
144.2,353.4
138.4,354.9
133.3,357.0
127.8,356.5
126.0,356.1

125.S,3S6.3
125.4,358.5

A quantity which has been particularly useful in the
identification and interpretation of isovector excitations,
in general, and charge exchange excitations, in particular,
is the ratio

~
t, lt,

~

at q=0. The energy dependence of
this quantity is shown in Fig. 2 for the present free in-
teraction as well as for the interaction published previ-
ously using older phase shifts (79 phases) obtained by dif-
ferent authors. The newer interaction is smoother than
the older one and is in better agreement' with experiment
near 200 MeV. The experimental values' are denoted by
triangles.

One of the distinguishing features" ' of the (p,p') re-
action for exciting unnatural parity states is its sensitivity
to both the longitudinal and transverse spin densities. By

and

V'(q)=t, (q) —2t (q),

V'(q) =t
~ (q)+ t (q),

(5a)

(5b)

comparison, the (m, ~') and (e,e') reactions sample only the
transverse components of the spin densities. Recent ad-
vances' in the measurement and interpretation of selected
spin observables in inelastic proton scattering permit an
approximate separation of these two types of transition
densities. The sensitivity of nucleon scattering to each of
these densities depends on the relative strengths of the
longitudinal and transverse NN coupling. We denote
these couplings' by V(q) and V'(q), respectively, where
for each isospin transfer,

600-
& I 2&l/2

2.0

I.B

t) (q)= VD(q)+ VE(kq),

t (q) = V D(q) zV E«~)— (5c)

400-

I.6 Here VD' are the Fourier transforms of the central and
tensor parts of the force given by Eq. (2); Vs' denote the
exchange contributions and are given by the Fourier
transforms of the central and tensor parts of the force in

g 200-0)

O 200-

I/'

IOO-

& t 2~ I/2

A

ro
- 4.0 V

IQ

3.8

- 3.2

I 2.0-

10.0-

g 80-
It
CF

6.0-
I-

I

b 40-

———IA (79 phases)
IA (SP84 phases)

I

200
I I

400 600
Tlgb {MeV)

I

800 I OOO 2.0-
I.O

Flax. l. Volume integrals {Jo)and rms radii [see Eq. (4)] of
the central parts of the present effective interaction in a
neutron-proton representation as a function of nucleon kinetic
energy. pp (np) denotes the proton-proton (neutron-proton} part
of the interaction.

FIG. 2. Energy

i
t,(q =0)/t, (q =0)

I

~.
dependence of the ratio

I I I I I I I I

0 I00 200 300 400 500 600 700 800 900 l000

Tl,b {MeV)
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FIG. 5. Comparison between experimental and calculated spin observables at 500 MeV using the present interaction (solid curve)
and that given in Ref. 5 (dashed curve). The details are given in the text.

excitations of unnatural parity one should find a close
correspondence between (p,p') and either (e,e') or (n.,m') at
small momentum transfer (q & 1.5 fm ') where the NN
spin coupling is largely transverse. Similarly, a close
correspondence amongst these reactions should be found
for natural parity spin excitations where only the trans-
verse spin couplings enter. ' Beyond q-1.5 fm ' the
NN spin coupling is predominantly longitudinal so that
the (p,p') and (p,n) reactions should preferentially excite
longitudinal spin modes. This longitudinal dominance of
the NN coupling at large momentum transfers is comple-
mentary to the purely transverse e-N and m-N spin cou-
plings, and this limits the validity of making direct com-
parisons between the (p,p') reaction and either the (e,e') or
(~,~') reaction at these larger momentum transfers. To
the extent that high-spin states" may be described by a
single stretched configuration, ' this uncertainty is re-
moved since the longitudinal and transverse responses are
proportional in this case.

Because of their domination by particle interchange
(antisymmetrization) and their irregular variation with en-

ergy, we regard the isoscalar spin couplings as less reliable
than their isovector counterparts. Nevertheless, Fig. 4
suggests a strong dominance of the isoscalar longitudinal

coupling near 140 MeV for momentum transfers greater
than —1 fm '. As in the isovector case this introduces
an uncertainty in relating the excitation of unnatural pari-
ty states by (p,p') scattering to that by (m, m. ') scattering.
Insofar as this estimate of the isoscalar longitudinal domi-
nance is reliable, the (p, p') reaction may be used to probe
longitudinal spin excitations which are inaccessible to
(e,e') and (~,vr') scattering.

III. APPLICATIONS

It is impractical either to study in detail the differences
between the present interaction (Table I) and that in Ref.
5 or to make extensive comparisons with experimental
data. We have, however, made a limited number of com-
parative calculations for a variety of transitions in ' C,

Si, Ni, Zr, and Pb in the energy range 120—800
MeV. %'e find, as is suggested by comparing the mo-
ments of the interactions, that the two interactions are
qualitatively very similar for most types of transitions.
An important exception occurs for the excitation of the
isobaric analog of the ground state of Zr in the Zr(p, n)
reaction at 200 MeV, where the calculated peak cross sec-
tion is 34% smaller and in better agreement with the data
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than that obtained using the older interaction. Figure 2
suggests that large differences for this type of reaction
may occur over a large energy range. More typically the
changes in calculated peak cross sections are +5%. Apart
from the isobaric analog transition in Zr, the largest
differences have been observed near 500 MeV, where there
are considerably more NN data than were available when
the interaction in Ref. 5 was developed.

As might be expected, the percentage changes in calcu-
lated spin observables are somewhat larger than those for
the. peak differential cross sections. For example, typical
changes in calculated analyzing powers near the peak
cross sections are +15%, with smaller changes occurring
for collective states especially near 200 and 800 MeV.
The elastic spin rotation parameters Q (Ref. 20) calculat-
ed with the two interactions are quite similar between 200
and 800 MeV so that this new interaction does not resolve
the celebrated difficulty in describing Q within a tradi-
tional nonrelativistic approach. Since one of the primary
motivations for updating the interaction in Ref. 5 is the
availability of much more NN and nucleon-nucleus data
on spin observables, we show in Fig. 5 a comparison be-
tween distorted wave calculations using the previous and
the current 515 MeV interactions and the measured' spin
observables for the excitation of the T=O and T= 1, 1+
states in ' C at a proton energy of 500 MeV. The Cohen-

Kurath wave functions ' were used and the optical poten-
tial was calculated using the corresponding t-matrix in-
teraction by folding it with the ground state nucleon point
density. For the T= 1 excitation, the differences between
the two calculations are rather small and each interaction
provides a reasonable description of the spin observables.
For the T=0 excitation, the differences between the two
calculations are larger with the calculation based on the
more current SP84 amplitudes being in much better agree-
ment with the data.

IV. SUMMARY

We have presented an updated free t-matrix interaction
based on the SP84 amplitudes' of Amdt and Roper
which, apart from known medium corrections in some
NN channels, is tailored for calculations of nucleon-
nucleus scattering between 50 and 1000 MeV using non-
relativistic dynamics and relativistic kinematics. The
gross properties of this newer interaction are qualitatively
similar to those of the interaction given in Ref. 5. Be-
cause of this similarity we have illustrated some proper-
ties of the newer interaction, such as its longitudinal and
transverse components, which are complementary to those
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illustrated in Ref. 5. Significant differences between the
present interaction and that of Ref. 5 do exist and these
differences have been found to be most important for cal-
culating spin observables near 500 MeV where much more
complete NN data are now available. This is especially
true for T=0 excitations. Some of the relatively small
parts of the interaction such as t have also changed sig-
nificantly.
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