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Does Pickup to Analog States Exhibit a Charge Dependence of the Nuclear Force?

S. Cotanch and R. J. Philpott
Department of Physics, The Florida State University, Tallahassee, Florida 32806*

(Received 18 May 1978)

Discrepancies between observed ratios of d, 3He and d, t yieMs populating analog states
in 0 and ~ F and ratios calculated by standard distorted-wave theory, which were
thought to provide evidence for a charge-dependent nuclear interaction, are resolved by
extending the conventional theory to include both an explicit charge-exchange channel in
the continuum and form factors generated from a microscopic analysis.

Bussoletti and Garvey have reported' inconsis-
tencies between theoretical calculations and ex-
periments involving single-nucleon pickup reac-
tions from "F. They observed the two processes
d, sHe and d, t populating various excited analog
states in "O and "F, respectively. Of particular
interest were the ratios of ~He to t yields which,
on the basis of strict charge independence, would
be predicted to be exactly 2. Electromagnetic ef-
fects introduce changes in these ratios which are
not reproduced by conventional distorted-wave
analyses. Since the calculated ratios are rather
insensitive to changes in the model parameters,
one might be tempted to view these discrepancies
as possible evidence for a violation of charge in-
dependence of the nuclear force.

Because of the serious implications of this in-
terpretation, we have thought it worthwhile to
carry out a more detailed theoretical analysis
of these reactions in the hope that the discrepan-
cies may be understood without invoking explicit
charge dependence. We have extended the dis-
torted-wave calculations to include coupling' via
an isospin-conserving F T interaction to the
charge-exchange channel, and have also made
use of improved form factor s' obtained from
structure calculations which take excplicitly into
account the mixing of isospin in the initial and
final nuclear states. The calculations are essen-
tially parameter free and in large measure re-
move the apparent inconsistencies.

There are several reasons for using an optical
potential of the form

U= Uc+ (Ui/A) t T.

The potential has a simple form, is charge inde-
pendent, and has had considerable success' in
explaining both charge-exchange data and nuclear
symmetry effects. An immediate consequence of
such a force is that the distorted waves are solu-
tions of coupled differential equations, ' and the
transition amplitude includes a term which de-

scribes the mirror channel. Thus, for example,
the d, SHe reaction amplitude may be written as

d SHe d, t
d,sHe Tdrct + T ch r g exchn y (2

and similarly for the d, t amplitude. The coher-
ent nature of Eq. (2) imp1ies that even a weak
charge-exchange contribution may have a signifi-
cant effect on the cross-section ratios.

Some calculations were performed in which
both the bound and continuum wave functions were
obtained as solutions of the Lane equations. We
computed the ratio

R =a, s„,/v„,
where 0„„is the integrated cross section for deu-
teron-induced reactions on ' F and x is the de-
tected cluster (either 'He or t). In order to fa-
cilitate the comparison with experiment, the inte-
gration for both theoretical and experimental
cross sections was confined to the range of an-
gles for which data were available. The individ-
ual contributions were not weighted by a possible
sin 0 factor. The optical-model and bound-state
parameters which were employed in these calcu-
lations are listed in Table I.

Our calculations were for the first two analog
states in the mass-18 system, the 0' and 2' lev-
els. The resulting values for R are presented in
the third row of Table II. Also tabulated are the
experimental ratios and ratios predicted by a
conventional distorted-wave analysis. While the
Lane model provides excellent agreement for the
0' state, the ratio given for the 2+ 1.evel is actual-
ly worse than the conventional one.

Inasmuch as the Lane model is a single-parti-
cle model, it is not able to accomodate a number
of many-body effects which are known to play
important roles in the nuclear-structure problem.
Pauli blocking, configuration mixing, and the con-
sequent fragmentation of spectroscopic strength
are examples of such effects. Where these ef-
fects are relatively unimportant, as in the pickup

559



VOI.UMz 31,WUMazR 8 20 AvGUsr 1973

TABLE I. Optical and bound-state parameters'for d, 3ICe and d, I; reactions. A Woods-Saxon form was used for
all interactions. The surface interaction (sf) was taken to be a Woods-Saxon derivative. For all calculations ap-
pearing jn this pBper, the geometries for both spin-orbit and Lane potential are the same as the central term. The
quantity A, ., is the spin-orbit parameter defined by VI, (&") = —0, , /45. $) [dVD{It)/d~] 1 s.

Real potential Imaginary potential
V&(sf) A, , 0 , a TVp Wo (sf) Wj (sf) ro ao

(Mev) (Mev) (Mev fm') (fm) (fm) (fm) (Me V) (MeV) (Me V) {fm) (fm)

—152.0
—104.4

60.0

120.0 0.0
0.0

25.0

1.14
1.05
1.25

1.40
1.80
1.25

0,71 3He- |,' —l2.1 0.0
0.80 O. O —19.0
0.60 e ~ 4 e e o 0 0 0

36.0 1.67 0.78
0.77

where U,. represents the interaction of nucleon i
mith the '"Q core, and V, , is the interaction be-
tween nucleons i Rnd j. If 4',8 Rnd 4» are eigen-
states for the mass 18 and ma, ss 19 systems,
respectively, the desired form factor satisfies

TABLE D. Cross-section ratio of the reaction
i F(d, ~He) 0 to t~F(d, t)~8F for the first two analog
states.

Ratio
Experimental Conventional Land model Microscopic

0+ 1.94 + 0.14
2' 2.77+0.22

l.95 2.03
2.87

of an s», nucleon leading to the predomina, ntly

d5,2' 0' state in '8Q or "F, the Lane model may
provide useful results. Where structure effects
are important, the Lane model becomes unreli-
able. The existence of 2' 7"= 0 levels lying in
the immedia, te vicinity of the lowest 2' 7= 1 lev-
el in "F suggests that contamination of the iso-
spin purity of the latter state may be responsible
for the discrepancy between experiment and the
Lane-madel prediction for that transition.

In order to overcome the deficiencies of the
Lane model with regard to the structure problem,
we have also obtained form factors from R mi-
croscopic model which takes into account the de-
tailed structure of both the target and residual
nuclei. We have taken the "Q core to be inert,
so that the mass-19 and mass-18 Hamiltonians
are given by

H(A = 19)=H(A = 16)+Q (T;+ U()

the differential equation4

where Ee is the observed separation energy.
Equation (6) is equivalent to a set of coupled equa-
'tions for the various mass-18 form factor s. A
useful approximation is obtained if the eigenfunc-
tions on the right are replaced by shell-model
eigenfunctions. In this approximation, many
channels are included, but the form factors in
channels other tha, n the channel of interest are
approximated by shell-model functions and, hence,
treated in lowest order only. This may be con-
trasted with the Lane model, which couples only
tmo channels together, but includes the coupling
to all orders.

Shell-model calculations were carried out to
obtain two-nucleon and three-nucleon eigenstates
in the 2s-1d shell. Two types of two-nucleon in-
teractions were employed: a phenomenological
central Gaussian potential given by True, ' and a
set of properly renormalized' Sussex matrix ele-
ments. ' Single-particle energies were taken di-
rectly from the observed "Q and "F spectra.
Qscillator basis functions mere employed with
v=m~/h=0. 375 fm '. The potential U, was con-
structed by folding a short-range Yukawa inter-
action with exchange with the orbits representing
an ' Q core to produce an effective nonlocal sin-
gle-particle interaction which correctly repro-
duces bound-state and continuum data in the "Q
and "F systems.

We note that the above calculations contain no
adjustable parameters. Because the form factor
is obtained from an inhomogenous equation, it
possesses a definite normalization and one is
able to extract new spectroscopic amplitudes.
These were found to be consistent with the am-
plitudes obtained from the shell model, suggest-
ing that our calculations are reasonably self-con-

560



Vol UME gy UMBER 8

10.0

I,Q—

EXPERIMENT4L
CONVENTIpN4L

CH4RGE EXC
I™MICRpSCOPIC

CH4NGE

Ed =28 Mey

&Cg L 8 EVI EW LETTERS
5.p

GAUSS
i=sx2

4.0

I ~

GAUSS ~ ~

j =&/2

o AUGUST ]97

I—
z 0

0-
K

lD
CL

m10-
b

.O,P+ T- I )

0
d, h

d, i

1.0
~

~
~ ~

~

B.O
.x.

~~~~~~~~~~~///4//j//////////'

SUSSEX
I =&&2 Ssy2

Ie
F J =2')-- COS & IT I) + SIN qI T 0

O.p
—9po 60'

vapo

I I

0' gp, 60 90o

4 P+T I)

0. 1

FIG. 2~ . Cross-sect
ang]e q

ion rat jo rsus isosspin mixing

sospin mix'' 'ng ~ngle & d
structure of t

escribes th

T=1 2+
he low

e lsos l
west ca] ul

Pln

genstate in "F. -

p edominantly

ergles. It f 1

g'ed single

tl-e m,n„„oows th, „ch

d
. o the Coulomb '

ges in the

uctlO11 O

interact'
some small s

tlon, or intro-

le effect on theave litt
— rea ing in

ngln thg l a

fol C

g p
di gu

Two important feaant feat res are or
, bo th th S

si n b
...,...d' "

gular-m
rl utions from b

e s involve
m both possible

ransfers and as
th

vestlgate th
It wo

with a polari
the

d oto b
e, R p d

e two models

earn.

Secondl

in
e s give rather d'ff

y, while

hey are in a r
predictions

ag
w ich represents the es e experimental

In summar
a r

y, the convent'
th

ls not in

rs are developed from t
p vement for the 0+

ove, this n e attributed to th e restric-

I

60
0.01

20 4Q
e

FIG
c.m.

. 1. Differe
'Fd

etio
d, t)ISF. Data,

e reactions
ata provided by Ref.. l.

561

slstent overall.
Cross sectlons for th

Fig. 1. The n
he 0' states areh s are shown in

g q

1 tdb
de

o di titi
1 th

lc amplitudes
changes in the s e

i ional char e-
e still allow

ge-exchange tran
t fo th p

e optical potent' 1

e Lane

inc oherent m
states i

lxln of
s complicat d y hee b t

ransfers and b thy e cohe e t

these
o po s'b1 1

greement with th
e, which provid

r y the microsc
ross-sect'

th ratio, as
2 11 t t

f these fact
manner in

l

ors affect th
t

e ratio. The a



VOr. UMZ 31,NUMSXR 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1/73

tions imposed by the single-particle nature of the
Lane model. The good agreement achieved by
the microscopic method indicates that structure
effects are important. We conclude that the mi-
croscopic approach is required to provide a re-
liable account of the experimental ratios. Since
we have assumed throughout that the nuc1ear
force is charge independent, we further conclude
that the observed ratios can be satisfactorily
understood without requiring explicit charge de-
pendence of the nuclear interaction.

We gratefully acknowledge the help of P,. J. de
Meijer who supplied a set of renormalized Sus-
sex matrix elements originally calculated and
tested in the s-d shell by S. Maripuu.
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We have observed the decay mode f z+w+r z and determined the branching ratio
r (f'- &'&'~- ~-) /r (f'- ~'~-) = (5.5+1.O) x1O-'.

Information about the decay f0- &'s+w rr is
sparse. The only observation of this decay mode
has been reported by Ascoli et a/. ,

' who found
78 events in the region of the f' mass. Other
experiments' have obtained upper limits for this
decay mode.

We report here on a search for the four-pion
decay of the f from a study of the reaction

7!' +d 7T +77 +71 +7T +p+p

where p, denotes the spectator proton. Data
were obtained from a 16-event/pb exposure of the
30-in. Argonne National Laboratory bubble cham-
ber to a 6-GeV/c v+ beam. The sample consists
of 7271 events which fit Reaction (1) by kinemat-
ics and are consistent with the observed ioniza-
tion. We have included events with invisible spec-
tator protons and have applied a momentum cut-
off of 250 MeV/c for visible spectator protons.

The four-pion mass spectrum is shown in Fig.
1(a). Note that we observe less than 15 events

between the four-pion threshold and 1 GeV. In
Fig. 1(b), we show part of the mass spectrum
for events up to mass 1.57 GeV with ['t [-0.3
(GeV/c)' where t is the four-momentum transfer
between the incident m' and the outgoing four-
pion system. An enhancement around 1.28 GeV
for these peripherally produced events is clearly
visible.

Since the energy dependence of the width of a
resonance decaying into four particles is not
known, it is not clear what shape is appropriate
to describe this enhancement. Fortunately, the
results presented here are insensitive to the
specific choice for the assumed resonance shape.
If we assume a two-body D-wave Breit-Wigner
shape plus a polynomial background, ' we obtain
the following results for events with [f [ ~0.3
(GeV/c):

M = 1.283+ 0.010 GeV,

F =0.185+0.025 GeV, N =154+ 22,

562


