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A local representation of the free nucleon-nucl'eon t matrix has been determined for
several projectile bombarding energies between 100 and 800 MeV/nucleon and is presented
in tabular form. The form of the interaction has been tailored for use in calculations of
elastic and inelastic proton scattering in this energy range. The technique used to derive
the interaction is outlined and some of the resulting uncertainties are discussed. A number
of the most important properties of the interaction and their roles in the calculation of
nucleon-nucleus scattering observables are discussed. A few applications of the interaction
are made to a variety of {p,p') transitions within a single-scattering context.

NUCLEAR REACTIONS An energy-dependent multiple Yukawa
representation of the on-shell nucleon-nucleon t matrix between 100 and

800 MeV.

I. INTRODUCTION

A critical ingredient for calculating and interpret-
ing nucleon-nucleus scattering at intermediate ener-
gies is a knowledge of the coupling between the pro-
jectile and the target nucleons. Because of the
nucleon s spin, isospin, and indistinguishability from
the target nucleons, it is simultaneously a rich and
complex probe. A quantitative knowledge of the .

nucleon-nucleon (N X) coupling fro-m first princi-
ples over a wide energy range must await a more
complete theory of strong interactions. For the
present we must be content with a more
phenomenological approach, namely that of obtain-

ing the N-N coupling from measurements of N-N
scattering observables. Even if the bare coupling
between two nucleons were known, it would likely
be too strong for use in perturbation theory and
would have to be transformed into an operator like
a G matrix before being used as a practical tool for
the interpretation of nucleon-nucleus scattering.
This is basically the route taken at lower energies'
where phenomenological N-N potentials are avail-
able.

It was suggested some time ago that some version

of the impulse approximation (IA) might be ap-
propriate for understanding nucleon-nucleus scatter-

ing at nucleon bombarding energies (Ep ) above
—100 MeV. Indeed, one of the primary motiva-

tions for extending proton-scattering measurements

to intermediate energies has been to circumvent

many of the complicated reaction mechanisms
known to obscure the interpretation of nucleon-
nucleus scattering at lower bombarding energies. In
the impulse approximation ' the effective interac-
tion between the incident nucleon and each of the
target nucleons is taken to be the free N-N t ma-

trix. The appeal of this approach is clear; we can
regard the coupling as known and focus our atten-
tion on obtaining nuclear structure information.

Because of the strong coupling between the pro-
jectile and the target, the effects of optical model
distortion are essential for quantitative comparisons
of theoretical calculations with experimental data at
intermediate energies, and we will refer to the
distorted-wave impulse approximation (DWIA)
when making such comparisons. A number of
failures and successes of the DWIA at intermediate
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energies have already been reported, especially
below EI 200 MeV, where the eAects due to Fer-
mi averaging and Pauli blocking are most impor-
tant. Nevertheless, it is widely believed that the IA
should provide a reasonable starting point at inter-
mediate energies; we must be prepared to make
corrections where necessary, and hopefully these
will teach us something.

Although the IA has been used for a number of
years, ' a rather complete set of phase shifts'

between 200 and 500 MeV has only recently be-

come available. Moreover, there is currently
becoming available large amounts of experimental
data on a variety of observables for nucleon-nucleus

scattering over a large part of the energy range
between 100 and 800 MeV. In light of these

developments it seems appropriate to construct an
effective interaction based on the free X-X t matrix
which can be used as a starting point to help inter-

pret these data. It is evident that as more complete
X-N information becomes available, especially
above 500 MeV, the present interaction will likely
have to be updated.

II. THE EFFECTIVE INTERACTION

A. Method of derivation

The precise relationship between N-E data and a
reasonable effective interaction ( V) for nucleon-

nucleus scattering is generally not a simple one. In
the IA (as described here) we start from the free

phenomenological N -N scattering amplitude (M )

which, at each nucleon-bombarding energy, is ob-

tained from a phase-shift analysis essentially as
described in Ref. 11. In order to incorporate the
well-established (peripheral) part of the N Nampli--
tude, the complete amplitude is written as

M =M(5J )+M —M (J ),
where M(5,J ) is that part of the amplitude aris-

ing from the phase-shift expressions for states having

a total angular momentum of 0 & J & Jm~. M is

the total (all J) one-pion-exchange contribution
(OPEC) in Born approximation and M represents
that part of M acting in states where
0 & J & J . M(5,J ) is determined

phenomenologically by a phase-shift analysis"' of
the available X-N data, and between 100 and 800
MeV Jm~ is typically 6. Following Amdt, ' the
OPEC for J = J + 1 through J =J,„+3 is
unitarized. Table I shows the source of phases used
in this work to construct the amplitudes at each en-

ergy.

TABLE I. Phase-shift sources.

Energy {MeV) Source Set

100
140
210
325
42S
515
6SO

800

a

b
b
b
b

CK80, 6/80
CK80, 6/80

= 432.5

C650, 9/80
CL80, 6/80

'Reference 12.
Reference 10.

I. The structure of the N-N amplitudes

The E-X amplitudes can be expressed as

M(E, ,B) = A + 8 o i.n o2.n + C(o'i + cr2) n

+ «t qcr2q + Fo, Qcr2 Q

(2)

q = k —k', Q= k+ k',
q = 2k sin(Bl2), Q = 2k cos(8/2) .

(3)

To identify the spin and spatial ranks of the vari-

ous parts of the N-N amplitude we use the identity

cri.uo2u = —,[Si2(u)+ oi o2],
and the completeness of [q,Q,n ], giving

(4)

M(E, ,B) =3'Ps+ B'PT+ C(oi+ o2) n

+' E'Si2(q ) + F'S12(Q ), (5)

where Si2 is the usual tensor operator, Ps (PT } is

the singlet (triplet) spin-projection operator, and

I Q B E g BI g + + +E
3

3

I' —B
3

(6)

where A, 8, C, E, and I' are functions of: E, , the
center-of-mass energy; 8, the scattering angle in the
c.m. system; and T, the total two-body isospin. If k
(k ) is the initial (final) momentum of either parti-
cle in the c.m. system, then the unit vectors

[q,Q,n ] form a right-handed coordinate system
with
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The amplitudes A ' and B' are the central parts of
M; the C term, which is linear in the Pauli spin ma-
trices, is a spin-orbit-like term, and E' and F' are
the tensor parts of M.

Rather than work with the amplitude, we choose
to work with the N-N t matrix, which is more
directly related to eff'ective interactions derived using
other techniques such as the construction of G ma-
trices, etc. This relationship is

tNtv(E, ,O) = rtM(E, ,O)

of two nucleons by a singlet-even interaction V(r).
To first order in V, the t matrix in the N-N system
is

tNtt
——V(q)+ V(Q), Q =4k —q (9)

where V(q) is the Fourier transform of V(r)
representing the direct term and V(Q) represents
the exchange term. The corresponding t matrix in

the nucleon-nucleus (N-A) system can to a good ap-
proximation' be written as

tNg
——V(q) + V(kg) (10)

4Kfic—)
E , E, =m c +(irtck)

We note that the t matrix defined here is larger than
that defined in Ref. 6 by a factor of (2n.) .

2. Different approaches to the use of t
as an effectiue interaction

For the calculation and interpretation of
nucleon-nucleus scattering it is desirable to have an

effective interaction that is simple and yet realistic
enough to represent the important and interesting

characteristics of the free N-N t matrix. Since these

objectives are not strictly compatible, some
compromise is necessary, and this has led to dif-

ferent approaches for using the free t matrix as an

effective "interaction" in the IA.
The simplest approach is that of taking the effec-

tive interaction V to be

Vi2 = tm, (E,q)5(ri2}

where E and q and each of the unit vectors in Eq. (2)
are assigned their asymptotic values. This approxi-
mation should be best at small q and large E, where

refractive effects are small. For momentum

transfers q & 2k —kz (which corresponds to a
scattering angle of -60' in the nucleon-nucleus sys-

tem), t must be extrapolated off shell; kz is the in-

cident nucleon's momentum in the nucleon-nucleus

, c.m. system [see Eqs. (19)]. In this approach, the

extrapolation at large q is typically made by
representing t&z by a Gaussian or other simple
form at small q. Implicit in the use of this approxi-
mation is the assumption that antisymmetrization

between the projectile and target nucleus is ade-

quately represented by using the antisyrnmetrized

free N-N t matrix. That this need not necessarily

be the case is illustrated by a simple example. Con-
sider (nonrelativistically for simplicity) the scattering

That is, to a good approximation the momentum
transfer required for the exchange term in--the N-A

system is just that associated with stopping the in-

cident nucleon. Although these two expressions
will give similar results when used in Eq. (8) for
small q where Q —2k —kz, they can give quite
different results for q appreciably different from
zero. The two expressions above are only strictly
equivalent when V is a 5 function and V(q) is con-
stant.

An approximation' quite similar to that embo-
died in Eq. (8) is obtained by assuming a local
finite-range form for the effective interaction

Vi2~ V(r, 2) and then requiring V(q) to equal tjvn

as closely as possible. It should be noted that a lo-
cal ansatz for V&2 precludes terms of the type F' in

Eq. (5} and in this sense is incomplete. This pro-
cedure can, however, yield all of the other types of
terms in Eqs. (2) and (5) provided Vi2 includes
two-body spin-orbit and static tensor terms.

For simplicity and computational feasibility it is

highly desirable to represent ttttt(E, q) by a local
coordinate space interaction in the N-N system. It
is possible to do this and to include all of the dif-

ferent types of terms in Eq. (5) provided we include
antisymmetrization explicitly in both the N-N and
N-A systems arid this is the approach adopted here.
To the extent that most of the energy dependence of
t~~ arises from antisymmetrization, this technique
should permit the use of a single t~~ over a wider

range of energies than the techniques mentioned

above. In this work we try to represent V&z in each
N Nchannel (triplet-o-dd, triplet-even, etc.) by

Vi2 ——V (ri2)+ V (rip)1:S+ V (rig)Si2

where L S and S~2 are the usual spin-orbit and ten-

sor operators. More specifically, the parameters of
V&z are adjusted until
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ttttv(E, q) = f d re '" 'Vi2[1+ ( —)P ]e'"'

(12)

(13c)

within satisfactory limits. Here I'" is the space ex-

change operator which changes r ~ —r on the
right and ( —) (with I = relative angular momen-
tum in the N-N system) ensures antisymmetrization.
For computational simplicity and to reflect the ex-
change of various mesons, the radial parts of the
central and spin-orbit components of V are taken to
be a sum of Yukawa forms; the radial shape of the
tensor term is taken to be r times a sum of Yu-
kawa terms. In particular,

c
Vc(r) = g V; Y(r/R;), Y(x) = e "/x

(13a)

(13b)

where the Vs are complex strengths. For the real
central part of the interaction the Yukawa term of
longest range is fixed to be that of the long-range
part of the one-pion-exchange potential (OPEP).
The longest-range term in the tensor interaction was
fixed at 0.7 fm since this form has roughly the same
distribution of small (q & 1 fm ') Fourier'com-
ponents as does the tensor part of the OPEP. The
strength of the 0.7-fm term was not constrained to
match the OPEP; this was found to be too restric-
tive. A range parameter of 0.4 fm was included at
all energies, in part to crudely simulate multiple-
pion exchange processes present in theoretically
based potentials. The other range parameters were
chosen primarily for convenience and Aexibility.
Inserting Eqs. (13) into Eq. (12) we fmd

tNN(& q} = [Vs(q} + ( —) Vs (Q)P's + [VT(q} + ( —} VT~(Q)P'T

+ —[QV (q) —( —) qV (Q)](oi + o2) n —[V (q)Si2(q) + ( —) V (Q)Si2(Q)] (14)

The Fourier transforms ( V) are defined by

V (k) = 4n f r drj o(kr) V (r)

VR;= 4tr
1+ (kR;)

V (k) = 4nfr drj i.(kr)V (r)

V kRi= 8ir
[1+(kR;) ]

V (k) =4m f r drj2(kr)V (r)

V. k R;= 327r
[1+ (kR, )']'

(15a)

(15b)

(15c)

where k = q or Q. Combining Eqs. (5), (7}, and
(14) we find

On the energy shell, q and Q are not independent
and Eq. (16d) implies

&'( —e) = ( —)'+'(e) = ( —) +'(e), (17)

where T is the total S-N isospin. This is the ap-
propriate interdependence of these amplitudes for
the scattering of nucleons in an isospin representa-
tion.

Apart from the OPEP constraints mentioned ear-
lier, the interaction strengths ( V;) were determined
via a g search procedure using Eqs. (15) and (16}.
For simplicity, the search was performed as a func-
tion of the angle (in the N Nsystem} at 5'-steps
between 0' and 180'. With the exception of the ten-
sor amplitudes in Eq. (11), which are neither sym-
metric nor antisymmetric about 90', X was comput-
ed via

ts —= vs(q) + ( —)'vs(g) = i}a '

trc = v,'(q) + ( —)'v,'—(g) = ~a

(16a)

(16b)

x' = g [M, (E,e, ) —~,(E,e, )]', (18)

4t =—QV (q) —( —)'qV (Q) = 4irtC—
(16c)

t = V(q) = rtE—', V (Q) = ( ——)'+'rtF' .

(16d)

where M& is the phenomenological amplitude ob-.

tained from phase-shift analyses and M, is the am-
plitude calculated using Eqs. (13)—(17). The chi-
squared minimization with this weighting clearly
emphasizes angular regions in which M~ is largest.
This is not unreasonable since the amplitudes in
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B. Results

The complex effective interaction strengths (in the
Ã Nsystem) w-hich were obtained from the above

search procedure are given in Table III for each
bombarding energy considered. The maximum
number of ranges in each X-N channel has been
limited to no more than four for each of the central,
spin-orbit, and tensor parts of the interaction.

The strengths in Table III which define t~~ re-

quire an A-dependent kinematic modification (renor-
malization) at each bombarding energy for calculat-

ing nucleon-nucleus scattering. This modification is

provided by the transformation" of the t matrices
given by

2
6'p

Ep Et
(19a)

TABLE II. Values of q ~, q2, and the maximum allow-

able momentum transfer q in the N-N system.

these regions are typically the best determined ones
from the N-N data. Alternative weightings were
tried but did not result in any systematic improve-
ment in the quality of the fits. Below 425 MeV the
tensor parts of the interaction were adequately
represented by the same scheme. For higher ener-

gies, however, the tensor amplitudes possess too
much structure for a satisfactory fit over the full an-

gular range using this method. A compromise pro-
cedure, guided by the anticipated range of momen-
tum transfers over which measurements of nucleon-
nucleus scattering are most likely to be made, was

adopted. In particular, those amplitudes in the re-

gion of momentum transfers between q &
and q2

were excluded from the evaluation of X . The
values of q ~, q2, and the maximum allowable
momentum transfer q ~ in the X-X system are list-

ed in Table II for the relevant energies.
The momentum transfers q2 & q & q,„are im-

portant for calculating the knock-on exchange terms
even for small momentum transfers in the nucleon-
nucleus system as is implied in Eq (10), an.d were
therefore included in the calculation of X .

e, = m + (kz/A)

where

k„=m AP 1+P 2m

4ciA

(A + 1)'

(19c)

Here m is the mass of the proton, A is the nucleon
number of the target, and EI is the kinetic energy of
the projectile in the laboratory system. In Eqs. (19),
A'=c =1;

In all of the calculations reported here both direct
and knock-on exchange terms are included explicit-

ly. In the plots of the t matrix the exchange terms
were calculated in a we11 established short-range ap-
proximation' described in the Appendix. For
nucleon-nucleus scattering the transition amplitudes
for the exchange terms arising from the central and
spin-orbit parts of the force may in this approxima-
tion be calculated using a single Yukawa of very
short range (R, ) with strengths given by

V„(k„)
(central)

4+Rs
(20a)

Vx (4)/4
V =, ( spin-orbit)

8mRs
(20b)

where kz is the momentum of the incident nucleon
in the NA system and V (kz) and V (kz) are
given by Eqs. (15}. The subscript x indicates that
the sign of the odd (even) state parts of the force for
the central (spin-orbit) parts of the interaction are to
be changed for the exchange terms [see Eq. (A6)].
In the code DWBA70 (Ref. 14) one inputs

where ez (e, } is the total energy of the incident (tar-

get) nucleon in the N-A system, eo is the total ener-

gy of the incident nucleon in the N-N system, and

tzz is the interaction appropriate for N-3 collisions.
The energies in Eq. (19a) may readily be found us-

ing'

eo ——m (1+a), ez ——m + k&

(19b)

EI (MeV) q& (fm ') q2 (fm ') q, (fm-') R, =0, V„= V„(kg), V„= V„(k„)/8~kg

(20c)
425
515
650
800

3.10
3.10
3.50
4.00

4.50
4.90
5.50
6.18

4.53
4.98
5.60
6.21

Although Table III contains the primary results

of this work, the arrays of numbers provide little in-

sight into the physical characteristics of Viq which

are most important for nucleon-nucleus scattering.
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TABLE III. Nucleon-nucleon t-matrix interaction strengths in the nucleon-nucleon c.m.
system. The TNE and TNO strengths are in MEV fm; all other are in MeV. The ranges
are in fm. NE + n denotes N )& 10+—".

Real t-matrix interaction strengths at 100 MeV

Range

0.25
0.40
1.40

9.5413E + 03
—2.9111E+ 03
—1.0500E + 01

TE

1.1826E + 04
—3.6366E + 03
—1.0555E + 01

SO
—2.0868E + 04

2.9212E + 03
3.1500E + 01

TO

2.1482E + 04
—3.4334E + 03

3.5000E + 00

Range
0.25
0.40
0.55
0.70

LSE
—4.8470E + 03
—7.4436E + 02

LSO
—1.1177E + 03
—6.7802E + 02

TNE
5.1190E + 04

—7.6871E + 03
1.2272E + 03

—1.8828E + 02

TNO
1.0766E + 03
3.1616E + 02

—9.2075E + 01
3.6052E + 01

Range
0.25
0.40
1.40

Real t-matrix interaction strengths at 140 MeV
SE TE SO

8.6245E + 03 7.3291E + 03 —2.1284E + 03
—2.6731E + 03 —2.3762E + 03 7.7779E + 02
—1.0500E + 01 —1.0500E + 01 3.1500E + 01

TO
1.5686E + 04

—2.6876E + 03
3.500OE + OO

Range
0.25
0.40
0.55
0.70

LSE
—4.9122E + 03
—5.7205E + 02

LSO
—1.9861E + 03
—5.4126E + 02

TNE
3.0086E + 04

—5.6510E + 03
1.0120E + 03

—1.7234E + 02

TNO
7.2020E + 02
2.9649E + 02

—8.0624E + 01
3.3975E + 01

Range
0.25
0.40
1.40

Real t-matrix interaction strengths at 210 MeV
SE TE SO

8.3428E + 03 6.8896E + 03 2.8694E + 04
—2.5898E + 03 —2.2625E + 03 —4.1671E + 03
—1.0500E + 01 —1.0500E + 01 3.1500E + 01

TO
6.1540E + 03

—1.2217E + 03
3.5000E + 00

Range
0.15
0.25
0.40
0.55
0.70

1.8237E + 04
—2.2220E + 03

LSO

—3.0309E + 03
—3.4734E + 02

TNE
5.9011E + 05

—4.6759E +.04
1.5392E + 03

—7.7254E + Ol

TNO
—5.6612E + 04

6.2289E + 03
—2.4544E + 02

2.3683E + 01

Real t-matrix interaction strengths at 325 MeV

Range
0.25
0.40
0.55
1.40

SE
9.4893E + 03

—3.6519E + 03
3.2769E + 02

—1.0500E + 01

TE
—2.2349E + 03

2.0882E + 03
—6.4568E + 02
—1.0500E + 01

SO
2.3285E + 03
1.0345E + 03

—3.1120E + 02
3.1500E + 01

TO
6.3299E + 02
7.6312E + 02

—3.5290E + 02
3.5000E + 00

Range
0.15
0.25
0.40
0.55
0.70

—9.5549E + 03
7.3102E + 02

—6.1560E + 01

—2.2557E + 03
—4.4819E + 02

3.6017E + 01

TiVE
9.2905E + 04

—1.1565+ + 04
1.9614E + 02

—5.8213E + 01

TNO
—3.0224E + 04

4.0423E + 03
—1.8458E + 02

2.2625E + 01
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Imaginary t-matrix interaction strengths at 100 MeV

.Range
0.25
0.40

SE
4.7123E + 02

—2.9642E + 02
1.1116E + 04

—3.5628E + 03

SO
7.2863E + 03

—1.4162E + 03

TO
2.0492E + 03

—6.5360E + 02

Range
0.25
0.40
0.55
0.70

LSE
—2.1203E + 04

2.2050E + 03

LSO
—1.1103E + 03

2.0844E + 02

TNE
1.5938E + 04

—2.5194E + 03
3.3940E + 02

—2.8796E + 01

TNO
—8.0323E + 03

1.0701E + 03
—1.4792E + 02

1.3492E + 01

Range
0.25
0.40

Imaginary t-matrix interaction strengths at 140 MeV

SE TE SO
9.3847E + 02 9.7881E + 03 2.3836E + 03

—3.5470E + 02 —3.1290E + 03 —9.5286E + 02

TO
3.1138E + 02

—4.3188E + 02

Range
0.25
0.40
0.55
0.70

LSE
—7.0973E + 03

1.2683E + 03

LSO
—6.5588E + 02

1.1842E + 02

TNE
1.3842E + 04

—2.5772E + 03
4.2067E + 02

—4.1723E + 01

TNO
—8.4506E + 03

1.3076E + 03
—2.1472E + 02

2.2136E + 01

Range
0.25
0.40

Imaginary t-matrix interaction strengths at 210 MeV

SE TE SO
1.4554E + 03 9.3304E + 03 —3.6458E + 03

—4.6702E + 02 —3.0314E + 03 —5.7032E + 01

TO
—1.3619E + 03
—1.6364E + 02

Range
0.15
0.25
0.40
0.70

1.6095E + 03
5.3886E + 02

LSO

—7.5471E + 01
2.9356E + 01

TNE
4.3777E + 05

—3.2667E + 04
9.9377E + 02

—9.8710E + 00

TNO
—1.3450E + 05

8.4506E + 03
—2.7481E + 02

3.0775E + 00

Imaginary t-matrix interaction strengths at 325 MeV

Range
0.25
0.40
0.55

SE
2.3372E + 03

—1.0523E + 03
1.2506E + 02

TE
5.6348E + 03

—1.8533E + 03
—3.7852E + 01

SO
—7.8145E + 03

9.1721E + 02
—1.5548E + 02

TO
—3.2250E + 03

3.5309E + 02
—6.2928E + 01

Range
0.15
0.25
0.40
0.55
0.70

LSE

5.0687E + 03
—1.4201E + 02

3.9740E + 01

LSO

1.2226E + 03
—1.7649E + 02

2.0141E + 01

TNE
9.3881E + 04

— —7.3845E + 03
2.6879E + 02

—3.8720E + 00

TNO
—8.1725E + 04

5.7850E + 03
—2.4220E + 02

3.6473E + 00
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TABLE III.(Continued)

24

Real t-matrix interaction strengths at 425 MeV

Range
0.25
0.40
0.55
1.40

Range
0.15
0.25
0.40
0.55
0.70

SE
6.8287E + 03

—2.2126E + 03
3.6141E + 01

—1.0500E + 01

LSE

—3.1947E + 03
2.6781E + 01

—7.1692E + 00

TE
5.8852E + 03

—3.2752E + 03
7.2025E + 02

—1.0500E + 01

LSO

—2.6013E + 03
—2.4963E + 02

2.3428E + 01

SO
1.8599E + 02
1.6471E + 03

—4.4038E + 02
3.1500E + 01

TNE
—4.0147E + 04
—1.6954E + 02
—2.2943E + 02

—5.3228E + 01

TO
2.7073E + 03

—1.0842E + 02
—1.7964E + 02

3.5000E + 00

TNO
—3.5474E + 04

3.9896E + 03
—1.7476E + 02

2.1063E + 01

Range
0.25
0.40
0.55
1.40

Real t-matrix interaction strengths at 515 MeV

SE TE SO
5.7228E + 03 3.0728E + 03 —7.5714E + 03

—1.8439E + 03 —1.7333E + 03 4.0373E + 03
2.1671E + 01 4.5172E + 02 —7.8909E + 02

—1.0500E + 01 —1.0500E + 01 3.1500E + 01

TO
4.5532E + 03

—8.2334E + 02
—5.7015E + 01

3.5000E + 00

Range
0.11
0.15
0.25
0.40
0.55
0.70

Range
0.15
0.25
0.40
1.40

—4.2488E + 02
—3.5647E + 02

3.1533e + 01

Real t-matrix

SE
—2.4085E + 03

4.2161E + 03
—1.0608E + 03
—1.0500E + 01

LSO

—2.6705E + 03
—1.3253E + 02

1.3676E + 01

interaction strengths

TE
—1.0714E + 04

4.5508E + 03
—2.6296E + 02
—1.0500E + 01

TNE
—1.8644E + 06

3.9510E + 05
—1.1271E + 04

—5.3066E + 01
at 650 MeV

SO
2.5964E + 05

—5;3371E + 04
3.8919E + 03
3.1500E + 01

TNO
—3.7231E + 05

7.9906E + 04
—1.3484E + 03

1.8300E + 01

TO
—1.1978E + 05

2.9138E + 04
—2.6525E + 03

3.5000E + 00

Range
0.11
0.15
0.25
0.40
0.70

LSE

6.3296E + 04
—7.3926E + 03

1.3889E + 02

LSO

6.1049E + 03
—2.9713E + 03
—8.2300E + 01

TNE
—2.3411E + 06

5.4106E + 05
—1.5923E + 04

—4.9939E + 01

TNO
—8.1288E + 05

2.0930E + 05
—6.0900E + 03

1.8967E + 01

Range
0.15
0.25
0.40
1.40

Real t-matrig interaction strengths at 800 MeV
SE TE SO

—1.5967E + 04 —2.0450E + 04 2.7015E + 05
9.1306E + 03 8.3590E + 03 —6.0416E + 04

—1.3824E + 03 —6.0888E + 02 4.7533E + 03
—1.0500E + 01 —1.0500E + 01 3.1500E + 01

TO
—1.0959E + 05

2.7122E + 04
—2.3920E + 03

3.5000E + 00

Range
0.11
0.15
0.25
0.40
0.70

3.8542E + 04
—5.5550E + 03

1.4001E + 02

LSO

6.7866E + 03
—2.1624E + 03
—1.4352E + 02

TNE
—2.2484E + 06

5.2942E + 05
—1.5420E + 04

—4.6868E + 01

TNO
—7.4613E + 05

1.9727E + 05
—5.0162E + 03

1.7324E + 01
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TABLE III.(Continued)

1081

Imaginary t-matrix interaction strengths at 425 MeV

Range
0.25
0.40
0.55

SE
2.5202E + 03

—1.2429E + 03
1.5035E + 02

TE
3.1695E + 03

—9.8963E + 02
. —8.0551E + 01

SO
—7.6590E + 03

1.0011E + 03
—1.6170E + 02

TO
—3.1683E + 03

3.3104E + 02
—6.0174E + 01

Range
0.15
0.25
0.40
0.55
0.70

LSE

2.3320E + 03
—3.7560E + 01

2.5329E + 01

LSO

1.SS41E + 03
—2.2744E + 02

2.6157E + 01

TNE
6.7339E + 04

—S.4310E + 03
2.41SSE + 02

—2.9019E + 00

TNO
—6.1820E + 04

4.2059E + 03
—1.6390E + 02

2.2275E + 00

Range
0.25
0.40
0.55

Imaginary t-matrix interaction strengths at 515 MeV

SE TE SO
4.2504E + 03 ' 1.9390E + 03 —4.4010E + 03

—2.1835E + 03 —5.0129E + 02 4.1544E + 02
2.9634E + 02,—1.3730E + 02 —9.1172E + 01

TO
—3.0858E + 03

2.5121E + 02
—5.2693E + 01

Range
0.11
0.15
0.25
0.40
0.55
0.70

LSE

1.4438E + 03
5.2301E + 01
1.2091E + 01

LSO

2.1867E + 03
—3.2854E + 02

3.8551E + 01

TNE
3.2957E + 05

—4.8213E + 04
1.1377E + 03

—5.2653E —02

TNO
—3.9512E + 05

5.5146E + 04
—S.0251E + 02

2.3782E —01

Range
0.15
0.25
0.40

Imaginary t-matrix interaction strengths at 650 MeV

SE TE SO
1.6482E + 04 —1.2669E + 04 —8.2784E + 04

—4.0309E + 03 7.6182E + 03 1.4633E + 04
—4.7445E + 02 —1.5539E + 03 —1.2282E + 03

TO
—1.9094E + 04

3.2804E + 03
—7.4353E + 02

Range
0.11
0.15
0.25
0.40
0.70

LSE

2.0647E + 03
9.0278E + 02
1.1690E + 02

LSO

3.2633E + 03
8.6545E + 02

—2.0265E + 00

TNE
—1.9574E + 05

7.9456E + 04
—1.1-906E + 03

4.1314E —01

TNO
—6.4302E + 05

1.3311E + 05
—3.0501E + 03

4.4476E —01

Range
0.15
0.25
0.40

Imaginary t-matrix interaction strengths at 800 MeV

SE TE SO
1.S442E + 04 —8.1596E + 03 —9.4213E + 04

—4.7467E + 03 5.3973E + 03 1.7999E + 04
—2.8861E + 02 —1.2020E + 03 —1.5598E + 03

TO
5.9214E + 03

—1.3338E + 00
—9.4798E + 02

Range
0.11
0.15
0.25
0.40
0.70

LSE

1.2851E + 04
—9.1877E + 01

9.4667E + 01

LSO

—3.5958E + 03
2.0807E + 03

—4.6092E + 01

TNE
—3.5747E + 05

1.2896E + 05
—2.6253E + 03

1.2528E + 00

TNO
—9.6022E + 05

2.3355E + 05
—7.0829E + 03

2.5695E + 00
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FIG; 2, Energy dependence of the magnitude of the
central parts of the N-N t matrix as described in Fig. 1.

To illustrate the roles of the various parts of V (or t)

in nuclear excitations, we have formed the moduli
of the components of the t matrix as they enter
(direct + exchange ) into the evaluation of
nucleon-nucleus cross sections. The details are
presented in the Appendix, where it is shown that
for natural parity excitations,

~

t
~

and the non-
spin-transfer part of

~

t
~

represent the appropriate
strengths; for unnatural parity excitations the
relevant strengths are ~t ~, (2+ g)'~ It ~, and

~

t
~

for the spin-orbit, central, and tensor terms,
respectively. In the Appendix, these t's are related
to those in Eq. (16); here we simply note that g is

dependent on nuclear structure and t correspondsC

to the spin-transfer component of t .
Figure 1 shows a plot of each of these parts of t

as a function of both momentum transfer and bom-
barding energy and in a rough way represents a
map of the probe characteristics at intermediate en-

ergies. A number of rather general observations can
be made from Fig. 1.

Although strongly energy dependent, the scalar-
isoscalar part of the N Ninteraction (to )-dominates
at all of the energies considered, particularly for
momentum transfers q & 1 fm '. Above -400
MeV, to dominates out to q ) 2 fm '. The domi-
nance of to and its energy dependence are illustrat-

ed more clearly in Fig. 2, where the magnitudes of
the central parts of the t matrix are plotted at q = 0
as a function of bombarding energy. A similar plot
at q = 1 fm ' exhibits the same qualitative featur'es.

As a result, the small-q part of the nucleon-nucleus
excitation spectrum should typically be dominated

by scalar-isoscalar modes of excitation, especially
above Ep ——400 MeV. Because of the weakness (or
absence) of low-lying 0+ and 1 isoscalar states in
nuclei, the excitation of 1+ states at very small q in

parts of the excitation spectrum is a notable excep-
tion. For larger momentum transfers to becomes
important for isoscalar excitations of natural parity,
especially for high-spin states below EI ——400 MeV.
As can be seen in Fig. 2, t, is small and should be
relatively unimportant for the excitation of natural

parity states at all of the energies considered. When
analyzing powers are considered, to and t, can
of course be relatively more important,

With the exception of large q, t~ is relatively

weak (and poorly determined) at all bombarding en-

ergies. The strong isoscalar part of t is nearly en-

ergy independent as is the isoscalar part of t
which, dominated by the knock-on exchange terms,
is also nearly independent of q. Of the central parts
of the force, t~, changes least with bombarding en-

ergy. This stability is most likely derived from the
energy independent OPEP that dominates this part
of the interaction. Similarly, the isovector part of
the tensor force changes slowly with energy. Its
strength is larger than but comparable to t, .

The excitation of isovector unnatural parity states
should be dominated by t at small q (q & 1

fm '); for larger q, t, should dominate. For isos-

calar unnatural parity excitations there is consider-
able competition amongst t~, to, and to for q ) 1

fm ', for smaller, q, to dominates (through the
knock-on exchange terms), especially below 200
MeV.

The interaction has some especially interesting
implications when we isolate its isovector com-
ponents as is done' experimentally in the (p,n)
reaction. Figure 3 shows a plot of

~

t It,
~

at

7
O

D 5-
D

O 4$

I 2
O b—I—

I I I I I I I I

0 200 400 600 800
E (MeV)

PIG. 3. Energy dependence of the ratio
I
t /t,

~

at
zero momentum transfer.
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q = 0 as a function of bombarding energy. Apart
from the nuclear matrix element, this ratio indicates
the. relative sensitivity of the (p,n) reaction near

q = 0 to spin-flip versus non-spin-flip modes of ex-
citation. The dramatic peak in this ratio between
—100- and 350-MeV bombarding energy provides a
window for looking at isovector spin-flip modes, a
task much more dificult at lower energies where
t —t, . The strong energy dependence of this ra-
tio has already proven especially important for in-

terpreting recent (p,n) results between 100 and 200
MeV where significant amounts of Gamow-Teller
strength (hS = 1 = hT) have been identified. '

Qualitatively similar results hold for q 1 fm
which suggest a more general enrichment of AS = 1

excitations in (p,n) spectra at these energies. Indeed
bS = 1 modes of higher multipolarity (L = 1) have

been identified. ' Figure 4 shows a plot of the ratio
of

I
t /t,

I
as a function of q for EI ——140 and

210 MeV. This ratio becomes extremely large for
1 & q(fm ') ( 1.5, where t, is very small, suggest-

2(t„'t, —t,'t )

I

t'
I

'+
I

t"
I

' (21a)

for natural parity transitions. For unnatural parity
transitions, the corresponding result is given by

ing that the (p,n) spectrum should be nearly void of
ES = 0 modes near these momentum transfers.
The inclusion of the tensor force should make this
argument even stronger, suggesting that isovector
modes of moderately high spin might be identified
in this region of momentum transfer.

In addition to their magnitudes, the relative

phases of the various parts of the t matrix play an
important role in interpreting nucleon-nucleus
scattering, especially when measurements of spin ob-
servables are considered. This is especially evident
in the plane-wave impulse approximation (PWIA)
(assuming no energy loss) where the analyzing
power is, in the present notation, given by

ltLs I'+
I
t'+ t"I'+

I
t'+ t'~ I'+ 4 I

t'+ t"I'Ay q (21b)

I

(

I

~

1

IO MeV

OJ

4

Io o
I

I 2

q (f tn ~)

FIG. 4. Momentum transfer dependence of the ratio

I
t /t,

I

' at 140 and 210 MeV.

Here ttt (tt ) denotes the real (imaginary) part of t;
the appropriate isospin combination must be taken,
and t in Eq. (21a) [Eq. (21b)] is the non-spin-

transfer (spin-transfer) component of t . The a, P,
and y parts of t are defined in the Appendix.

I

Although optical model distortion effects should be
included in any quantitative comparison of IA cal-
culations with experiment, Eqs. (21a) and (21b) have

proven helpful' ' in understanding some of the
qualitatiue aspects of analyzing powers (Az) in terms
of the magnitude and phase of the N-N force. This
is especially true when Az is moderately large in the
PWIA; for those transitions in which the PWIA es-

timate is small, distortion effects typically play a
major role. Figure 5 illustrates some of the antici-

pated trends in Az at a few selected energies based
on the present t matrix (see the Appendix).

For isoscalar transitions of natural parity, the A„
in the PWIA are characterized by moderately large
and positive values especially at small q. This
overall trend is borne out by both DWIA calcula-
tions and experimental data' for such transitions.
This feature arises from the large negative values of
both tI and tz which tend to dominate the central
and spin-orbit parts of the t matrix at intermediate
energies. The node in Az(q) near q = 2 fm ' arises

primarily from a node in tr, DWIA calculations
and measurements of A„on light nuclei below

EI ——200 MeV confirm the existence' of such a
node.

For isovector transitions having natural parity
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cal model spin-orbit potential, particularly at small

q.
For isoscalar transitions of unnatural parity, Az is

predicted to be moderately large -at some energies
but small at others; in practice, these simple esti-

mates of Az for this class of transitions tend to be
rather unreliable. Although the isoscalar part of t
is reasonably well determined, t is not. Moreover,
it is implicit in our simple estimates of A~ that the
polarization P = A„and this is often not even quali-

tatively true. This arises from the large contribution
to this type of transition from the amplitudes E and
F in Eq. (2) which have been shown' to be respon-
sible for differences between P and A~ even in the
absence of optical-model spin-orbit distortion. A
residuum' of. the PWIA results has nevertheless
been noted in a few transitions of this type.

-04— -0.4—

-0.6—
-0.8—
-I.OO

I

I 2

q(fm I)

(b)
-0.6—
-O.B—

-I.OO

(b)
I

I 2 3
q(fm I)

(b,S = 0); the sign of A at small q (for energies
below -800 MeV) is opposite that for isoscalar
transitions and this suggests an important signature
for distinguishing between these types of excitations.
Because of the much greater strength of the b, T = 0
part of the t matrix, A~ for those transitions involv-

ing an appreciable hT = 0 component should tend
to look more like the hT = 0 curve. It has been
suggested' that this isospin dependence might be
used as a probe of the neutron-proton composition
of transition densities, especially when the corre-
sponding (e,e') data are available for comparison.

For isovector excitations of unnatural parity
(b,S = 1) the PWIA predictions yield very small

analyzing powers. This may be traced to the small
isovector component of t, especially its imaginary
part, and the predominantly real t~ and t, . Near
EI ——800 MeV the experimental A& are observed'
to be quite small; between 100 and 200 MeV, A~ for
this class of transitions is not uniformly small, but
this has been shown' to arise largely from the opti-

FIG. 5. P%'IA estimates of nucleon-nucleus analyzing

powers as a function of bombarding energy, momentum

transfer, and spin and isospin transfer. See the Appendix
for some of the limitations on these rough estimates.

C. Uncertainties in t

Although a systematic study of the errors and un-
certainties leading to the eA'ective interaction would
be desirable, this is an unwieldy task beyond the in-

tent of this work and is made impractical by the
theoretical model used. Nevertheless, it is con-
venient to separate the uncertainties in V&z into two
categories: (1) those uncertainties in the "experi-
mental" amplitudes [Eq. (2)] used to construct Viz,
and (2) those uncertainties which arise from
representing the amplitudes by a local operator as in

Eq. (12).
A moderately complete discussion of errors in

this first category is given in Ref. 10, where the
phase shifts are presented (also see Ref. 12). Typi-
cally, the errors in the largest phase shifts are +5%
or smaller; errors in the mixing parameter Y~ tend
to be larger, —+10%. On the average, the ampli-
tudes cannot be regarded as known any better than
+(5—10%). Near 800 MeV the uncertainties are
larger' due to the scarcity of p + n data.

Uncertainties in representing the N-N t matrix
arise not only from the ansatz of a local Vi2 but
also from its parametric form. Even within the
framework of a multiple- Yukawa representation and

the constraint of an GPEP tail on V, there are am-

biguities. These ambiguities take the form of accept-
able (usually excellent) and nearly equivalent fits to
-the on-shell N-N amplitudes, leading to somewhat
different results for t (E,q) for nucleon-nucleus

scattering. The source of diAiculty can be illustrat-

ed using Eqs. (9) and (10), where V(q) may differ

for two different fits with V(Q) compensating for
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this difference to yield essentially equivalent on-shell
fits. In the nucleon-nucleus system, V(q) remains
the same for a given q, but V(kz ) obtained from dif-

ferent fits to tNN may not give equivalent values of
the sums V(q) + V(kz ). This argument holds when

the exchange terms are calculated exactly; the use of
V(kz ) makes the argument more transparent. This
source of uncertainty is most severe for the central
parts of the interaction at large q, particularly at the
lower bombarding energies.

Figure 6 shows t at EI ——325 MeV for four
different fits to t~z and illustrates the type of uncer-

tainties which can be expected. Similar results for
the other parts of t suggest that t should be
moderately reliable out to q —1.0 fm ' at
Ep ——100 MeV. The greater importance of t and

t at larger q tends to extend the validity of our
representation of t to larger q but this is not always
assured. We have attempted to reduce this type of
ambiguity by choosing ranges which do not result in

excessive cancellation between V(q) and V(kz }; this

was not always possible. Clearly, more work on re-

moving this ambiguity is needed. This might neces-

sitate the use of an E-N potential model.

III. SELECTED APPLICATIONS
OF THE EFFECTIVE INTERACTION

of the experimental data shown, but rather to get a
feel for how well (or poorly) this version of the

DWIA works and in addition illustrate some of the

points discussed in Sec. II B. The specific applica-

tions are separated according to the incident energy

(Ep) in the lab system since the detailed validity of
the DWIA is closely linked to Ep and, as discussed

in Sec. II, the characteristics of the effective interac-

tion are expected to change with bombarding ener-

gy
For the calculations reported here, the short-

range approximation [Eq. (20c)] for the central and

spin-orbit parts of the force has been used for the

natural parity excitations and for the 6 transitions

in Si for E~ ~ 200 MeV. Modified versions of tl)e
code DWBA70 (Ref. 14) were used and the ex-

change terms arising from the tensor force were in-

cluded exactly. The distorted waves were chosen to
fit elastic scattering.

A. Applications for 100 & EI (MeV) & 200

Data for the cases we discuss in this section have

been taken at the Indiana University Cyclotron Fa-
cility. The 140 MeV t. matrix was used.

IO

E& =525 IVleV

RANGES (fm)
0.25, 040, 0.55,——0.20, 0.40, 0.60,——-O. I5, 0.25, 0.40,
0 5 040 l.40

I 40
0.80
l.40

O 1"
b

IOO
I ) l

I 2

q (fm ~)

FIG. 6. An illustration of some of the uncertainties

incurred in representing the t component of the N-N
t matrix in the present model with different choices of
ranges.

In this section we show a few applications of Vi2
in the DWIA approximation. It is not the purpose
here to provide a thorough interpretation or analysis

1. The C(p,p '} reaction at 120 Me V

Transitions within the ' C nucleus provide a rich

sampling of several of the components of any effec-

tive interaction. Moreover, shell-model wave func-

tions are available which reproduce many of the

known properties of these transitions. Here we

compare DWIA calculations using the present in-

teraction with recent cross section data for transi-

tions to the 1+ states at 12.7 (T = 0) and 15.1
(T = 1) MeV and to the 2+ states at 4.44 (T = 0}
and 16.1 (T = 1) MeV. The results using Cohen-

Kurath ' wave functions (CKWF}, (8—16) POT as

a starting point are shown in Fig. 7. The optical
model parameters are taken from Ref. 20 and the
CKWF have been modified as described below.
These transitions are discussed in more detail in

Ref. 20.
For the 2+ state at 4.44 MeV, the CKWF repro-

duce the shape of the longitudinal (e,e ') form fac-
tor out to q —2 fm ' but underestimate its mag-
nitude by a factor of 2. When this renormalization
is included the calculated (p,p ') cross section
(which is sensitive to to and to ) is too large by a
factor of —1.7 near the first maximum; for q —1.4
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FIG. 7. A comparison between DWIA calculations using the 140 MeV t matrix and experimental data for the excita-

tion of p-shell states in ' C at EI ——120 MeV. The wave functions deviate from the CKWF as described in the text.

fm ' the discrepancy is much smaller. The failure
of the DWIA for 100 & Ep (MeV) 200 for transi-

tions of this type (bS = 0 = hT) has been inter-

preted in terms of Pauli corrections to nucleon-
nucleon scattering in the presence of other nucleons
and is not peculiar to this nucleus.

Excitation of the 2+ T = 1 state at 16.1 MeV
can proceed via t„ t~, t, , and t„ t, is negligibly

small. Since the CKWF yield comparable transi-

tion densities for S = 0 and 1 and at this bombard-

ing energy
I
t It,

I
» 1, this excitation proceeds

primarily by t and t, . Inelastic electron scattering
measurements of both longitudinal (bS = 0} and
transverse (bS = 1) form factors for this transition

have recently been made. The corresponding
CKWF transition densities have been renormalized

separately to agree with these measurements and

these renormalized densities were used in the calcu-
lations shown in Fig. 7. The agreement between

theory and experiment is quite good over the full

angular range where there is data. This transition is

seen to be especially sensitive to the isovector part of
the tensor force.

Excitation of the 1+ T = 0 state"at 12.7 MeV is

mediated by t, to, and to. As noted earlier t is

weak; to is large because of the knock-on exchange
terms. For this transition the (e,'e') reaction has

been of little help in calibrating the transition densi-

ty due to its extreme sensitivity to small isovector

impurities. Therefore the calculations in Fig. 7
were done using the unmodified CKWF. The
DWIA results are in rather poor agreement with

the experimental data. Although the source of diffi-

culty is not well understood, the discrepancy is

largely removed at higher bombarding energies (see

Sec. III 8).
Excitation of the 1+ T = 1 state at 15.1 MeV is

mediated primarily by t~, whose origin is largely
the OPEP. The CKWF are known ' from (e,e')
and P-decay measurements to be quite good for

q & 1 fm ' (8, —25') and quite poor for larger

q. Hence we can only test the t-matrix interaction
for q & 1 fm '. A comparison of DWIA calcula-
tions with experimental data in Fig. 7 indicates the
essential correctness of the strength of the
4S = 1 = AT part of the present t-matrix interac-
tion for q ( 1 fm '; t, is essential for q & 0.3
fm

2. The Si(p,p'} reac'tion at 135 MeV

In this nucleus we consider the excitation of the
6 states at 11.58 MeV (T = 0) and 14.35 MeV
(T = 1) and the 5 state at 9.7 MeV (T = 0). Fig-
ure 8 shows a comparison between DWIA calcula-
tions and measured cross sections of Yen et al. '

Each of the transition densities was assumed to arise
from the (f7/2 d 5/i ') configuration. Harmonic os-
cillator wave functions were used with b = 1.91 fm

(1.82 fm) for the 5 (6 ) transitions.
The 5 transition is dominated by to . After the

transition density is normalized to fit the longitudi-
nal form factor deduced from (e,e ') measure-

ments, the calculated cross section is too large by
a factor of —1.85; the calculated shape is in good
agreement with the data. The overestimate of the
cross section for this transition suggests that to may
be too large, especially since density-dependent
corrections are believed to be most important for
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particle-hole excitation. The same transition density
overestimates the corresponding (e,e') cross sec-
tion by a factor of -3.3. Hence the calculated

{p,p') cross section is too large relative to the (e,e')
cross section by 40—S0%. The central, spin-orbit,
and tensor force contributions to the cross section
are in the ratio 1.0:O.S:7.7, respectively. This result
is in contrast to that for the 16.1 MeV T = 1 state
in .

' C where the tensor force appears to be of the
correct magnitude.

For the 6, T = 0 excitation (e,e') data are una-

vailable for calibrating the transition density. The
shape of the calculated cross section is in excellent
agreement with the data but the single particle-hole
amplitude gives a cross section too large by a factor
of -11.0. This large an overestimate is not peculiar
to the present interaction and is discussed in Ref.
17. The central, spin-orbit, and tensor contributions
to the cross section are in the ratio 1.0:14:14.

The calculated analyzing powers for each of these
three states are in poorer agreement with the data
than those shown in Ref. 17. This is not under-

stood since, in principle, the present interaction is
more complete than that used in Ref. 17.

These transitions. in Si provide an interesting ex-

ample of the energy dependence of the effective in-

teraction. In particular, it has already been noted
that high-spin states of unnatural parity are much
less prevalent in (p,p ') spectra at 800 MeV com-
pared with analogous spectra near 13S MeV. In
Fig. 9 we show the ratios of the calculated peak
cross sections for the S and 6 states between 100
and 800 MeV based on the pure particle-hole wave

functions used above. In light of the comparison
with experimental data above we focus only on the

energy dependence of these ratios. The peak cross
sections for these states occur at similar momentum
transfers (q —1.5 —1.7 fm ') and their shapes

FIG. 8. Comparison between DWIA calculations (140
MeV t matrix) and measured cross sections at Ep ——135
MeV for exciting relatively high spin states of natural and

unnatural parity in "Si. The normalizations of the transi-

tion densities used are discussed in the text.

t . A similar overestimate was noted for the isos-

calar 2&+ cross section in ' C.
The calculated DWIA cross section agrees

reasonably well in shape with the experimental data
for the 6, T = 1 transition. The magnitude of the
calculated cross section is too large by roughly a
factor' of 4.8 when the transition is treated as a pure

hC

ILI

b

l ! I

200 400 600 800
Ep (MeV)

FIG. 9. Ratios of calculated peak cross sections for
the 5 and 6 states in Si between Ep ——100 and 800
MeV.
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change slowly with energy when plotted against q.
The relative size of the 5 cross section is predicted
to increase by a factor of —3 (4) compared with the

6, T = 0 (T = 1) level. This increase is due to
the large increase in to with increasing energy (see
Fig. 2).

3. The Zr(p, n) reaction at 120 MeV

(o'-
sg

E

3
b
U

-IIQ--

"Zr(p, n) IAS

Et = l20 IVleV

C+LS+T

We consider the (p,n) reaction to the isobaric

analog of the Zr ground state. This type of transi-

tion samples primarily the t, part of the effective in-

teraction, especially at forward angles. Figure 10
shows a comparison of DWIA results with experi-

mental data' for this transition. The DWIA calcu-
lations were made by assuming that the neutron ex-

cess may be described by the (g9j2)' configuration

with an oscilllator length of 2.12 fm. Both the

shape and the magnitude of the calculated differen-

tial cross section are in excellent agreement with the
available data (q ( 0.65 fm '). Preliminary esti-

mates suggest that Pauli corrections mould reduce
the calculated cross section at forward angles. This

will be investigated elsewhere. It should be noted

(see Fig. 3) that t, is changing especially rapidly in

this energy range and that the 100 MeV interaction

significantly overestimates this cross section. More-
over, at 120 MeV the knock-on exchange terms

sample momentum transfers unavailable in the N-N
system at 100 MeV.

B. Applications near EI ——400 MeV

It has been noted that the impulse approxima-
tion is not in quantitative agreement with either
reaction or total cross sections below -400 MeV.
It is important to know to what extent this result in-

dicates a "boundary" of validity of the D%'IA for
comparison with other types of observables. To
date very little data is available near this energy.

Recently, measurements of several inelastic transi-

tions in ' C have been made at Saclay at
EI ——402 MeV. Figure 11 shows a comparison
between DWIA results (425 MeV t matrix) using

the CKWF and experimental data for the excitation
of the 12.7 and 15.1 MeV states. These same two
transitions at Ep ——120 MeV were described in Sec.
III A 1.

Unlike the situation at 120 MeV, the cross section

for the 12.7 MeV ( T = 0) state is quite reasonably

described by the DWIA at this higher energy

without renormalization of the interaction (or transi-

tion density) . .Although the shapes of the calculated

and experimental cross sections do not agree well in

detail, they are in much better agreement than at

lower bombarding energies. This transition is dom-

inated by the noncentral parts of the force.
For the 15.1 MeV (T = 1) transition, the calcu-

lated cross section is in detailed agreement mith the

data for q ( 1 fm '. At larger q the experimental

cross section is underestimated. This deficiency in

the CKWF at large q has been noted previously.

(Also see Sec. III A 1.)
These results suggest that the DWIA is of com-

parable validity at l:20 and 400 MeV for
hS = AT = 1 transitions at small q; for ES = 1,
hT = 0 transitions, the DWIA appears consider-

ably more reliable at the higher energy. Prelimi-

nary calculations for the 2+ states at 4.44 (T = 0)
and 16.1 (T = 1) MeV, however, suggest there may

be problems. Data for these transitions are unavail-

able for publication at this time. Clearly more data

near Ez ——400 MeV are needed before firm con-

clusions can be drawn.

20
crn

FIG-. 10. Comparison of DWIA results with experi-
mental data for excitation of the isobaric analog of the

Zr ground state at EI ——120 MeV.

C. Applications near 800 MeU

kata for the cases we will consider in this section

have recently been taken at the Los Alamos Meson

Physics Facility. The 800 MeV t matrix was used
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recently been reported and are compared with
DWIA calculations in Fig. 12. The CKWF were
used for each of these transitions.

For the 2+, T = 0 excitation, the DWIA cross
section is seen to be in good agreement with the

data out to q = 2 fm ' when the transition density
is adjusted to reproduce the longitudinal form factor
from (e,e') scattering. Although a slightly smaller
value of b would improve the agreement, such an
alteration would be inconsistent with e,e ') data and

might simulate some other deficiency. The calculat-
ed analyzing power is in good agreement with the
data only for q ( 1 fm '. Although there is quali-
tative agreement out to 3 fm ', the present results

suggest an important deficiency in the present t ma-
trix. A likely candidate is the N-N spin-orbit in-

teraction whose isoscalar phase disagrees with those
of present phenomenological optical potentials.

As at other bombarding energies, the shape of the
1+ (T = 1) cross section is well reproduced for

q & 1 fm ', where the calculated cross section is

too small by -20%%uo. The tensor force is important
for q ) 0.5 fm '; the isovector spin-orbit part of
the interaction is negligible.

Preliminary calculations for the 12.7 and 16.1
MeV levels are encouraging. These results will be
reported elsewhere.

E IO'

b

IO

(0-a (b)
0 I 2

q(fm )

.FIG. 11. Comparison of DWIA results (425 MeV t
matrix) with experimental data for the excitation of the
12.7 and 15.1 MeV states in ' C at EI ——402 QeV. The
CK%'F were used.

and as mentioned earlier, it is likely to require signi-
ficant updating when more complete n + p ampli-
tudes become available.

The C(p,p') reaction at 800 MeV
1

Data for excitation of the 2+ (4.44 MeV) (Refs.
28 and 29) and 1+ (15.1 MeV) (Ref. 30) levels have

2. The Ni(p, p ') reaction at 800 Me V

It has been demonstrated ' that the electromag-
netic longitudinal (C6) and the transverse (E6)
form factors for the transition to the 6+ state at
5.125 MeV are well described by an isoscalar exci-
tation involving only the (f5~2, f F2 ') configuration
with a particle-hole amplitude of -0.97. These
form factors are well reproduced for q & 2.5 fm

using bare charges and g factors and an oscillator
parameter of b = 2.05 fm. The simplicity of the
tested wave functions for this transition, together
with the availability of (p,p') data beyond q = 3.5
fm, make this an appealing transition for studying
the present N-N interaction at large momentum
transfer. A study of this transition using an earlier
version of the present t matrix has already been re-

ported.
Figure 13 shows a comparison of-DWIA results

with the experimental data using the pure isoscalar
p-h transition density ( X 0.97). Overall the agree-
ment is quite good; the data is not, however, repro-
duced in detail near q = 1.4 and 2.6 fm '. The

discrepancy near 2.6 fm ' is qualitatively similar to
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that noted above for the excitation of the isoscalar
2~+ state in ' C at this same bombarding energy; the
discrepancy near q = 1.4 fm ' is harder to under-
stand.
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A local, energy-dependent representation of the
free N Ninte-raction (t matrix) has been constructed
from recently determined X-N amplitudes between
100 and 800 MeV for the purpose of calculating
nucleon-nucleus scattering. Although the interac-
tion becomes nonlocal when the knock-on exchange
terms are included exactly, a short-range approxi-
mation may be used for the central and spin-orbit
interaction for most transitions; this is especially
true above —150 MeV. This short-range approxi-
mation has been noted to be unreliable for calculat-

ing Az near 120 MeV when convection currents
contribute appreciably.

Both the techniques used to-derive the present in-

teraction and the multiple-. Yukawa form assumed
for it were chosen on the basis of anticipated appli-
cations, completeness of description, and conveni-
ence. A number of dynamical and symmetry prop-
erties of the interaction are discussed with respect to
their possible implications for nucleon-nucleus
scattering. Of particular interest is the dependence
of the interaction upon bombarding energy which to
some extent reveals the proton as a "tunable" probe
of nuclear structure.

q(fm i
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FIG. 12. Comparison of DWIA results (800 MeV t
matrix) with experimental data for the excitation of the
4.44 (2+ ) and 15.1 MeV (1+) states in ' C at EI ——800
MeV. The calculated cross section for the 4.44 MeV
state has been multiplied by 2 as is required to match the

(e,e ) longitudinal form factor. Multiplication of the
DWIA cross section for the 15.1 MeV state by 1.2 would

bring it into excellent agreement with the data for q & 1

fm-'.

10 ~=

0 4 8 I2 16 20 24 28 32 36
8 (deg)

FIG. 13. Comparison of DWIA and experimental
cross sections for the 6+ level in "Ni at E„=5.13 MeV.
The transition density was scaled to agree with the longi-
tudinal form factor from (e,e').
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Apart from the overall validity of the DWIA, it
should be reemphasized that the present model of
the t matrix is not entirely unique; some of the un-

certainties in t are discussed and some of their
consequences are noted. This problem clearly needs
further study.

Although the emphasis here is not on analyzing
specific experimental data, the interaction is illus-

trated through a number of applications to several

types of transitions for which there exist both data
and reasonable wave functions; these few illustra-

tions in no'way provide a thorough test of the force.
There are some clear indications, however, of the
need to refine the DWIA, particularly below 200
MeV where Pauli blocking is known to be impor-
tant. At higher energies the present model (as ex-

pected) appears more quantitative. At essentially all

energies considered, the DWIA appears to provide a
good description of pionlike transitions

(hS = hT = 1) at low momentum tr'ansfer.

In conclusion, the present interaction appears to
provide a semiquantitative model for helping inter-

pret nucleon-nucleus scattering microscopically and

for qualitatively studying some of the most impor-
tant probe characteristics of the (p,p') reaction at in-

termediate energies. Apart from refinements in the
nuclear reaction theory, the present free interaction
will have to be updated when more complete S-S
data become available.
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APPENDIX

proximation, the differential nucleon-nucleus cross
section for a specific angular momeritum transfer

(J) is given by

dQ
= ( IA

I
+ IC I

) X (nuclear structure factor)

(Al)

for natural parity excitations [b,m = ( —) ] in which

only hS = 0 to the target (no spin-transfer) is im-

portant and by

X (nuclear structure factor) (A2}

for unnatural parity transitions [Am. = ( —) +'] in

which ES = 1 is dominant. The amplitudes A, 8,
C, etc., are defined in Eq. (2} and g is a nuclear
structure factor denoted by KMT as 2p/(1 —p),
which depends on the relative importance of the al-

lowed orbital angular momentum transfers
L = J + 1. When, as is often the case, L = J —1

dominates (as is always the case for the excitation of
stretched states), g' = 2J/(J + 1).

The knock-on exchange terms are implicitly in-

cluded in Eqs. (Al) and (A2). In the present ap-
proach we prefer (see Sec. II A) to include these
terms explicitly, and this requires some modification
or reinterpretation of these equations. The knock-
on exchange contributions to the nucleon-nucleus
amplitudes are evaluated in a short-range approxi-
mation' which is well established at intermediate
energies for the central and spin-orbit parts of the
interaction and appears to give a reasonable estimate
of the exchange terms associated with the tensor
force. This approximation (discussed briefly in Sec.
II A) consists of replacing Q by kz (the incident
momentum in the nucleon-nucleus system) in Eq.
(16) to obtain t, t, and t appropriate for
nucleon-nucleus co11isions. In terms of these new
t's Eqs. (Al) and (A2) become

do
dQ

= (
I

t
I

+
I

t
I

) X (nuclear structure factor)

Following Kerman, McManus, and Thaler
(KMT) (Ref. 4) we show in this appendix how the
central, spin-orbit, and tensor parts of the t matrix
obtained in this work enter into the calculation of
natural and unnatural parity excitations. This en-
ables us to assess the relative importance of each
part of t as a function of momentum transfer and
bombarding energy as discussed in Sec. II B.

KMT show that, in the plane-wave impulse ap-

and

+/It +t rI')

X (nuclear structure factor)

(A3)

(A4)
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where

t' = t'(q)+ ( —)'t'(k&),
tT~= 2t—T(q)+ ( —)'tT(k„),
t'"= t'(q) —2( —)'t'(k&),

(A5a)

(Asb)

(A5c)

(3t sE + 3t TE + tso + 9t To
)

( 3tsE+ tTE tso+ 3tTo)

(tsE 3t TE tso+ 3tTo)

( tSE t TE+ tSO+ t TO)
(A6)

corresponding to the tensor contribution to B, I,
and E, respectively. Equations (A 1)—(A4) are still
schematic in the sense that t, t, and t in Eq.
(16) refer to states of definite spin and isospin in the
N -S system. For use in nucleon-nucleus scattering
where the transfer of definite quanta of spin and
isospin is typical, it is useful to cast t in a form that
displays this explicitly. If o(r) denotes the transfer
of one unit of spin (isospin) we find:

tLS ~ (tLSE + 3tLSQ) tLS ~

( —tLSE + tL )4

' (tTNE+ 3tTNO) tT ~

( tTNE+ tTNO)

where, SO, TE, LSO, and TNE denote the singlet-

odd, triplet-even (central), spin-orbit-odd, and
tensor-even component of t and

= —,{ —[t (q)+ t "(k„)]

[t TNo(q) t TNo(k )] I
(A'7)

etc. From Eqs. (A3) and (A4) we see that the
strength of the central (spin-orbit) part of the in-

teraction for natural parity transitions is represented

by
~

t ~ (
~

t
~

). For unnatural parity transitions
the magnitudes of the central, spin-orbit, and tensor
parts of the force as they enter into nucleon-nucleus
collisions are given by (2+ g)'

~

t ~, ~

t ~, and

I' I
=(/t" I'+ It' I'+4lt" I')'" «spec-

tively. For definiteness we have taken g = 2 in Fig.
1, which is most appropriate for the excitation of
stretched high-spin states. As in Eq. (A7), the ap-
propriate isospin combinations must be taken.
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