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Since inelastic scattering cross-sections depend on a nuclear
matrix element containing both the wave functions of the nuclear
states involved and the effective interaction Veff between the
projectile and the target nucleons,” it is necessary to have an a
priori value for Veff before one can use inelastic scattering as a
tool for nuclear spectroscopy. An approach to determining V,ff which
I will explore in detail in this paper, is entirely empirical in
natufre. One examines transitions where the wave functions are well
known and adjusts the strength of the two-body interaction to fit the
observed cross-sections. If the results for a representative sample
of cases are consistent one has obtained a workable interaction for
spectroscopic studies.

This approach was tried by Satchler2 in his early studies of
inelastic scattering, but was unsuccessful for reasons which we now
understand fairly well. The major difficulty was that the states
involved were collective in nature so that the cross sections were :
greatly enhanced. On the other hand,only simple wave functions were i
used in the theoretical calculations, so single-particle-size cross ‘
sections were predicted, and when the two-body potential was adjusted
to fit the measured cross sections, the resulting potential was
unphysically large. Since the collective enhancement depends on the
nucleus, the state involved, and the angular-momentum transfer (L)
of the transition, the effective interaction obtained was also nucleus,
state and L dependent. In addition the calculations neglected exchange
contributions which depend on L and the bombarding energy,” and again
the empirical Veff mirrored this dependence. For these reasons it
was not possible to find a consistent effective-interaction for the
strong, spin independent part of the force. Studies?9 of L=0
transitions involving spin-flip or isospin-flip were more successful
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since both collective enhancements and exchange effects are relative)
small in these cases. y

Faced by this difficulty several H=<mmnwmmnoan0|HN introduceq
"realistic" effective interactions derived in a more-or-less plausip],
fashion from the free two-body force. As Schaeffer and McManus have
shown at this symposium, this approach has been relatively successfy]
and has ied to an understanding of the importance of collective
enhancement and of the contribution of exchange processes. However,
the derivation of these forces is not free of uncertainties. For
example, in vanomnwmmwo.wm using the Moszkowski-Scottl3 separation
method it is necessary to neglect the odd-state forces since the
method cannot be applied to repulsive forces. The effect of this
omission is not clear and is particularly serious for the parts of
the force responsible for spin-flip and isospin-flip transitions since
they are given as the small differences of large numbers. It is
worth noting that the validity of the realistic forces has been checked
in detail only for the spin-isospin-independent part of the force.

It is also difficult to evaluate the accuracy of approximations made
in obtaining the interaction and elsewhere in the theory. 1In the
empirical approach, on the other hand, the consistency of the results
obtained provides an immediate measure of the accuracy of the calcula-
tion, with the additional advantage that inaccuracies which affect

all transitions in the same fashion are automatically corrected through
a renormalization of the effective force.

For several reasons the time seems ripe for a return to the
empirical procedure. First, we now understand the importance of the
exchange process and can do calculations including exchange; secondly,
we have a good understanding of when wave functions are adequate and
in many cases electron scattering data is available as a check; and
thirdly, enough data are available so we have some chance of isolating
individual parts of the two-body interaction. The next section of
this paper contains a brief outline of the theoretical formalism.
This is followed by a review of experimental information on the
central (or scalar) part of Vegf. Finally, in the last part of the
paper, recent work on the tensor and spin-orbit parts of the force
is discussed and available information is summarized.

THEORETICAL CONSIDERATIONS

In the distorted wave approximation (DWA) neglecting exchange,
the cross-section for a reaction A(a,b)B is proportional to the
square of a transition amplitude

- +) >
m vAem_<mmm_ewva vaﬂ. (1

T HHX a

ba

. . 1
where the x's are distorted waves generated in an appropriate optica
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INTERACT!
m:"mn:<m he wave
i, e gorm factor bl Taeelbes, TR nderacron 1
ren ) the e
wm:nnwOSm y of the states involved an e e oebody

en as the sum O
med that Vggg can be writt

is assul r
Hnnwnmnnwo=m between the projectile
in

1511
"p" and the target nucleons "i's

TV (2)
Vegf ~ “ip
here the sum is over the valence nucleons.
whe
For the central part of the force we have
>
3.3 T, () (@, e (T T (3)
vy 3u<ooQv+<po?vqw.ec+<83H» ptV11 1799 T
P

e spin and isospin transferred in the
s we will often write <ou<oo.<on<Ho,
Vi1 is responsible for a reaction

The subscripts on the 4ma are th
reaction. For mneumonic purpose
v_=Vg1»> Vor=V1l» since mwn mxwavwmw
wm<ow<wﬂm both spin and isospin flip.

mine
The selection rules describing the mo&nnmnwsm nMMMOanmMOd ® e
which of the Vgr are important in any nwwnwocpmﬂ rea .
direct (non-exchange) process these are

.
33 m.w . =T m-ﬂ

L )
Wumﬁm . mme= (D
1=3-8

otal, spin and orbital msmcHWﬂ momenta

d T is the transferred isospiln. The

ial(i) and final(f) states, T
For the case of mvwﬁ|osm|rmwm

Here w. $ and { are the t
transferred in the reaction an L
subscripted quantities refer to init
denoting the parity of these states.
projectiles we have

$=0,1 )
T=0,1.

s 1t
As an example we apply these rules to a nn&ﬂvwnwwdoMMMM+mew. s
T;=0 state to a Jg=0%, Tg=1 state (denoted as (1 0 R
We find J=1; L=0,2; S=1; T=1, which means that only mwwowW N
contribute to the cross—section. emvwm.H shows numSmHom s vhieh e
isolate other parts of the force. The Hanonnwsn omww o for S eaples
tion of a collective natural parity state, (0 .OVMA nm ) o
does not precisely isolate V, since both S=0 and ! mﬁw<m loved: o and
However, the S=1 amplitude is not enhanced by collec

is usually negligible so only Vo is important.
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two-body interaction between the projectile and the target
scnpmonmmp
> > >

cAnvnsoAn.v<oA_H|m._vmﬂ.. (6)

One can then show that
> 1 >
%<0AﬁvmnuM%cAﬂvan (7

where A is the atomic number. Thus from the volume integral of Uy
one can obtain the volume integral of V, and hence V, itself. 4
similar relationship comnects the optical model symmetry potential
and V.. An energy dependent correction of between -11 and -26%21,22

was applied to these values of V, and V; to account for the contri-
bution of exchange processes.

The results are shown in Figs.1l-4, where the laboratory bom-
barding energy is plotted along the abscissa and the strength of
the 1.0F Yukawa potential along the ordinate. The relative signs
of the Vgy have not all been fixed by experiment, and the examples
studied in this review shed no light on them, since only a single
Vgt is important in each case. The signs chosen are those univer-
sally predicted by the realistic models, namely, V, is attractive
while Vg5, V., and V5. are repulsive. Also shown on each figure as
lines labelled HJ, KK or KKD are comparisons with the so-called
realistic forces. These lines denote the Yukawa with the same
volume Hanmmnww as the long range parts of the Hamada-Johnston
force Amuvm of the Kallio-Kolltveit force (KK),23 and of the
mmsmwnwnamvmnmmsnM» Kallio-Kolltveit force averaged over the lead
nucleus (KKD). The numbers near the points are the mass numbers of
the targets. Some comments on individual Vgp follow.

<o" The spin-isospin independent part of the effective inter-
actiom appears to be independent of bombarding energy and of L, and
is in essential agreement with the theoretical estimates. It is
particularly reassuring that the results obtained from inelastic
scattering and from the optical model are in such close agreement.
The two values for the 90zr point1d correspond to different experi-
mental values of the B(E2) used to fix the effective charge.

Vg: There is rather little solid_information available rmww.
The tWo lowest energy points from the HmoAu,v.vHooﬂwlv reaction!
are upper limits because of compound nucleus contributions. It now
seems likely, as we shall discuss below, that the spin-orbit force
contributes to this cross section, so the other points may also be
upper limits. Both V; and Vg; contribute to the spin-flip part of 25

the cross section for the 8%y point; it was assumed in the analysis
that Vy=Vg.

b

gFFECT

Figure 1.--Values of Vg,.
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means two points are superimposed.

Figure 2.--Values of V;.
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is from Hmoﬁv.v.vaoAmlv and that L=1.
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The annotation wmoAmuv,H means the data
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TABLE III.--Sources of information on VgT.

Inter- b
action Nucleus (L) Ep (MeV) Reference Modifica-
] tions?@
v, mr%ﬁozv 25.9-49.5 22 E
HWHANV 25.9-49.5 22 E
Hmoﬁwv 28.05,45.5 10
Hmvo,N.wv 29.8-40.1 19 E
mmoﬂwv 208 30.1,46.1 17 E
oowHAmw Pb (OM) 30,40 21,26,27 E
r 18.8
12054 (2) 16 WW
v 164(1)
. 24.5-46.1
89y (3) 61 Ww :
v <lp>
. 30,50
wwvov 13.7 w.o m,m
bmowov 11.9,13.5 7 x.m
4811 (0) 15.25,18.5 7,2 R,
>2ce (0) 18.5 2 .
wmmmﬁov 30.2 28 X
@owmAOV 30.2 28 RE
zr(0) 18.5 2,7 R
A=40,200 (OM) 21.29 wmm
6. . ,
Vo mr+A0v 30,50 8,9 R,E
611 (0) 25.9,45.1 22 E
eron 24.3-46.5 6 E
HWHAOV 12.0-52.3 4,6 E
waﬂov 30,50 8.9 R,E
HumMmW 10.4,13.3,18.3 7,30 RLE
18.8 ;
180 (0) 13.2 W e

a) E or
) £ nWmBMMwm the results of the reference were modified to account
ects of exchange or a different range, respectively

b) In the case of ( '
p,p') or (p,n) reactions, L is th
transfer. For optical model studies ruo&. ¢ momentun

So
wvwn|0ﬁvmwn we have neglected the contribution of the tensor and
spincor parts of the effective interaction. In most cases this
nwﬂncamwwosmwwm.mwmcavnwos. However, we shall find that in certain

nces either the long-range te
t ; nsor force or the sh
spin-orbit force can do i Sesction. be
minate an inelastic sc i

- t ) attering r i

examine first the evidence for the tensor force B reaction. e

2
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THE TENSOR FORCE

In the simplest case, the osmlvwoslmxnrmamm|vonm=nWNH (OPEP),
the tensor force has the form

> >
OPEP: <HAHvl<Haaw.aN mHNmAQV )

3 e

Apnvm or

(14 -
f(o)=(1+ o +

where Syp is the usual tensor operator and QlwnAmmeuH.wam is the

:
Compton wavelength of the pion. Because of the strongly divergent
form of the OPEP as r>0, alternative shapes have usually been
chosen. The most common of these are the regularized OPEP or ROPEP

form 30,31
ROPEP: V. (r)=(V_+V T .7.)s. [f(a)- mwmﬂ )] 9)
2V (E)= (Ul Tyt Tp) St Rt ™ g )1,
2 20 @
and the r -Yukawa form
-or
2 7 ze | (10)

oy: V)=V, #V, T +T,)S T

“¥: Vplo)= U 1177277127 or
In Eq. 9, B is taken to be substantially larger than a so the
potential resembles the OPEP at large r, while in both these forms
a term Vp which can act in no-isospin-transfer cases is allowed.

The first two terms in the expansion of the Fourier transform
of the tensor and spin-orbit forces are proportional to the HanmmanmuN

J snu<Anvmm

4
(11)

J \no<ﬁnvmﬂ.

6
Schaeffer and Hum estimated the strength and range for the ﬂm:A form
by matching Jy4 and Jg for the r2-Y form of Eq. 10 to those for the
OPEP or the Hamada-Johnston potential. In the latter case we find
Vp-0.05 Vpg, so one would expect the tensor force to contribute
strongly only to transitions in which the isospin changes.

[}

Some special selection rules apply to the tensor force,

namely30533,34

=1
N (12)

The first equation states that only spin-flip transitions are
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S. M. AUSTIN

Love and Parish3* found that the 1m0 20 15.1 Mev, 17,
T=1) reaction at 45,5 MeV was sensitive to tensor force nosnﬂnvcnwosm.
and that a good fit to the angular distributions was obtained with
a tensor force of reasonable magnitude. This calculation included
the exchange amplitude. The first calculations to do so were per-
formed by Love et a1.33 o, the Hbzﬁv.svwboﬁm.m.v and Hquv.sv
Huzﬁm.m.v reactions at 12.2 MeV, but for reasonable values of the
force, the predicted Cross sections were much too small.

The results discussed above are summarized in Table IV, The
parameters are defined in Eqs. 8-11, and the data are com,

pared using
the J, integral of Eq. 11. The results all lie fairly close to the

value J4=318 MeV-F5 for the OPEP, and to the estimates38 obtained
from the Hamada-Johnston potential. We may conclude that although
the tensor force is not yet well determined from the data, its value
is consistent with one's qualitative expectations.

THE SPIN-ORBIT FORCE

We next examine the spin-orbit part (VLs) of the effective
interaction. One might qualitatively expect that this part of
the force would be important in the study of spin-
such as asymmetries, in transitions to high-spin states, and at high
energies. We shall examine these cases in turn and find that there
is as yet no firm empirical information on the LS interaction,
although there are promising possibilities for further investigation.

wmwnmwwo has made a fairly extensive study of the effect of a
microscopic LS force on the nature of the predicted asymmetries in
inelastic proton scattering. He finds that inclusion of Vig improves
the fits, but that one does not come close to a quantitative fit.
Consequently it ig difficult to obtain a measure of th
the force from asymmetry measurements.,

The mwn:mmwoa is more encouraging in the case of high spin
states. Love% has found that an LS force is important in the
excitation of 6% and g+ states in mONNAv.v.v at 61.2 MeV. 1n the
case of the 8t state a form of VLs obtained by Gogny, et al.4l N
in a fit to the mnmm|n50|wom% system, is sufficient by itself, to
reproduce the experimental cross section. The difficulty here is

not a lack of sensitivity to Vig as it apparently dominates the
transition. Rather one needs a better understanding of the
importance of collective enhancements in this high multipolarity
transition42 go that the magnitude of the cross sections can be

used to empirically determine the spin-orbit force.

We now examine the energy dependence of cross sections domi
by various parts of <mmm. Using the code DWBA uowmo I have cal
total cross-sections or, for the HmoAu.v_vaoAm.mu MeV, 2-, T=0)
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a
TABLE IV.--Values of the tensor force.

-1 -1 5
J, (MeV-F
Determination <HHAZm<v a(F ) B(F V) bA e )
14 14 b
N(g.s.)
nﬂvaWHo.MmZm< 5.4 0.707 4.0 444
12.7 5.1 0.707 4.0 420
Hw.u 5.1 0.707 4.0 420
Hm”u 3.9 0.707 4.0 321
12 12 + c
C(p,p') "C(15.1MeV,1 ,1)
Avmwubm.m MeV 2.35 0.707 - 200%*
+ d
HbzA@.w.vwbzAM.uHHzm<.o ,1) 290
Ep=24.8 MeV 3.9 0.707 2.0
29.8 14.6 1.23 - 421%
1p-shell, two body® 5.1 0.707 4.0 420
matrix elements
318
OPEP .
288
wt (r =1.0)
© 294
(r =0.6F)
c
a) Only numbers marked (*) include exchange.
b) Ref. 30. ROPEP form.
c) Ref. 34. OPEP form. 2

8 MeV: ref. 35, r°-Y form.
d) 24.8 MeV: ref. 31, ROPEP form. 29. f
mw Determined by mormwnnﬂOn:. ref. 37, mnos+oo:mnlwcnmnw Hvim:mwwn .
two-body matrix-elements involving the 1%, T=0 and 0 , T=1 state
only.
f) Ref. 38.
r>r..

For the part of the Hamada-Johnston potential with

reaction when mediated vw Yukawan central forces A<qv £Wn:wwm5mmm

~ 0of 1.0F and 1.4F, by a r?-Y tensor force (Vr), and by a Yu awan .
“spin-orbit force. Figure 6 shows the wmmwo of the cross mmnﬂwo: a
Ep\to that at 20 MeV for the direct msvwwn:mm owww and mon.n e ves
direct-plus-exchange amplitudes. The contribution of Vig Hmnnmmwml
with ‘energy while that due to other components amonwmmmm. t M HM w
tive cwmntribution of Vp,s compared to V (1.0F) changing by a fac M .
of five hetween 20 and 60 MeV. This result mHstm one to ¢ovm tha )
one can d Mw:nmzmwm the effects of Vp g by studying inelastic scatter
ing as a mcvmm»o: of energy.
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1650 -
[ "op) %27, 7-0)
10 3 Ep=46.I Mev

m [ CENTRAL +TENSOR + LS
mELH
g | '
m_o.Nn

Lt

0 30 60 90 120 150 180

C-M ANGLE (DEGREES)

Figure 8.--Cross secti 16 16 _
reaction at 463 poe. ons for the ~0(p,p')~°0(8.88 Mev, 2, T=0)

THE IMAGINARY PART OF THE EFFECTIVE INTERACTION

Finally, I will 4

iscuss bri : .
development. Satchler44 Lefly a recent and lnteresting

mesw:mmmmnma that the microscopic effective
i . : portant Msmmwzmw.% component an

mvnwwmw Mmmwmm an Qannaususm it from the Hammwzmww part om MMM

the 30 geode mm umWWHMH. Hnbm:m mmmowmwo case of a transition to
effective toet m. eV in mw. inclusion of this imaginary
ceeriily Wmnmsww Hmz substantially improved the fit to the cross-
qoction. mmonwonmw owell mqa Hammerstein%5 have examined the effect
tmaginany fork mm. asymmetries and spin-flip fractions of adding an
Thee aacy for n:mMnow mo n¢m usual real microscopic form factor.

Bt thop & Simple nwwpwamenmﬂ% noENOSm:n is definitely required,
Satcrnosif uﬂmmnﬂwunwo:w 1ve model is more reliable than the

EFFECTIVE INTERACTION FROM INELASTIC PROTON SCATTERING 303

TABLE V.--Values of the spin-orbit force.?

Determination J, (T=0) J, (T=1)
M M
(MeV-F7) (MeV-F7)
Optical Model -80 -
V_ =6.7MevP)
so
Raynal-Asymmetries®) -61.5 -35.8
ro<m|oONnAvuv.vav -37.6 -15.2
80 (p,p")00(8.87,27,0) -50.8 -32.2
11t (ro=1.0F) - 7.3 - 6.5
AHnuo.mmv -27.7 -13.7

a) The spin-orbit force has the form ﬁ<rmAeuov+<wmﬁauwva.wmum.w

b) Ref. 26.

c) These are twice the numbers quoted in ref.
values actually used (ref. 32).

d) Ref. 40.

e) See the text of this paper.

f) Ref. 38. From the part of the Hamada-Johnston potential (Ref. 18)

with r>r..

39, but correspond to

SUMMARY

The present situation is summarized in Table VI. It seems
likely it will be difficult to determine V4 accurately, the present
results being in the nature of upper limits. High quality (p,n)
data are now available from Colorado® at 23 MeV and from chNL
at 22, 30, and 40 MeV. Careful analysis of these data should lead
to reliable values of V.. Though the tensor force appears to be
important in only a few cases, its effects are distinctive and more
detailed fits to existing data should pin down this part of the
force reasonably well. Almost nothing is presently known about
VLs, but circumstances have been found in which this part of the force
is important and the situation looks hopeful.

Since boom is the heaviest stable N=Z nucleus and its wave
functions are well known, the recent high resolution boomﬁv.v.v /
experiments of Gruhn, et al.48 at Ep=25, 30, 35, and 40 MeV may /
prove particularly useful in future studies of V gg.
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