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A phenomenological, imaginary potential is incorporated into resonating-group calculations
for the p+e system. The introduction of this potential allows, at energies above the reac-
tion threshold of 18.35 MeV (c.m. ), a more detailed comparison with experiment than was
possible with previous resonating-group calculations. The calculations are compared with
elastic scattering diQerential-cross-section data, polarization data, and spin-rotation-param-
eter data which exist between 23 and 75 MeV (c.m. ). From this comparison it is concluded
that a Majorana component whose strength varies with energy is very likely present in the
imaginary potential .

I. INTRODUCTION

In the present study we investigate the conse-
quences of the inclusion of a phenomenological im-
aginary potential in resonating-group calculations
for the P+ at system, the purpose being to account
approximately for the influence of reactions on the
elastic channel. Previous resonating-group calcu-
lations for this system have been reported' in
which a spin-orbit component was included in the
employed nucleon-nucleon potential, but which did
not attempt to take into account reaction effects.
In those calculations good agreement with the ex-
perimental elastic scattering differential cross
sections and polarizations was obtained at ener-
gies up to several MeV above the reaction thresh-
old of 18.35 MeV. ' This agreement indicates that
the real part of the P+n interaction is given rea-
sonably well by a one-channel, resonating-group
calculation, and consequently, when a phenomeno-
logical absorptive potential is added, there are ex-
pected to be no complications arising from possi-
ble gross uncertainties in the real part of the in-
teraction. Therefore, it can reasonably be hoped
that many of the features of the p+n imaginary
potential revealed by the present study are basi-
cally correct. Furthermore, some success has
recently been attained in the investigation of other
systems' ' by this method.

The present work consists of the application of
the theory to the fitting of elastic scattering differ-
ential-cross-section data, polarization data, and
spin-rotation-parameter data in the energy range
23 to 75 MeV. Except for some discrepancies in
the forward-angle polarizations, the fits are quite
good. To reproduce the data it was found neces-
sary to include a Majorana (space-exchange) com-
ponent in the imaginary potential. As will be dis-
cussed in Sec. III, such a feature of the imaginary
potential is not entirely unexpected.

In Sec. II a brief formulation of the theory is
given, and in Sec. III the absorptive potential is
discussed and the rationale for the inclusion of a
Majorana component is presented. The results of
our study are presented in Sec. IV, and in Sec. V
a discussion and conclusions are given.

II. FORMULATION

4 p
k~(r, r') fz, (r')dr',

where we have explicitly allowed for the possibil-
ity of a (8, l) dependence in the absorptive poten-
tialiW~(r). In Eq. (1), p, is the reduced mass of

The formulation of the P+a problem using the
resonating-group method is discussed in Ref. 1,
and the full details will not be repeated here. The
method employs a five-particle Hamiltonian oper-
ator with a nucleon-nucleon potential containing
a spin-orbit interaction and containing a central
interaction with a space-exchange component and
with different ranges in the spin-singlet and spin-
triplet states. A completely antisymmetrized,
five-particle trial wave function of a p+a cluster
type is used along with the Hamiltonian operator
in a variational calculation of the radial function
f~(r), where r is the distance between the proton
P and the c.m. of the e cluster, l is the p+n rela-
tive orbital angular momentum, and J is the total
angular momentum of the system. This variation-
al calculation leads to Eq. (8) of Ref. 1, which is
an integrodifferential equation for f~(r) Upon.
the addition of a phenomenological imaginary po-
tential iS' to the theory, this integrodifferential
equation can be written in the form
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the p+a system, 8 is the total kinetic energy in
the c.m. system at large P-e separation, and the
potential V~(r) and the kernel k«(r, r') are de-
rived from the resonating-group method, and ex-
pressions for them axe given in Ref. 1.

From the numerical solution of Eg. (l) for f~(r),
the complex phase shifts 6~=6~,+i5~ are deter-
mined, and from these the scattering amplitudes
g(8) and Js(8) are found from the following relations:

g(8) = fc(8)+2,.~ QI(&+ &)(S&'- l)+ ~(si —l)]

&& e'"~ P, (cos8), (2)

a(8) =—' (S -S-)"..;.8""-".

Here fc(8) is the Coulomb amplitude, the a, are
the Coulomb phase shifts, and
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Finally, one can obtain from the scattering ampli-
tudes the following expressions for the differential
cross section a(8), the polarization P(8), and the
spin-rotation parameter P(8):

(8) = l@8)I"II (8) I',

P(8 ) = 2 He's*(8) &(8)]/~(8),
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FIG. 1. Comparison of the present calculations with
data tpoints) of Hefs. 10-12 at the indicated c.m. ener-
gies. The exchange parameter Cl in the absorptive
potential has the value -0.7 for both curves. The solid
curve represents a calculation with pure surface ab-
sorption having parameters R =2.6 F, u =0.2 F, Uz =0,
Uz =5.5 MeV. The dashed curve represents a calcula-
tion with equal surface and volume absorption having

parameters R =2.25 F, u =0.5 F, U& =U& =1.5 MeV.

III. IMAGINARY POTENTIAL

In this section we discuss the form adopted for
the imaginary potential. It is known" that in prin-
ciple the effective potential (optical potential) for
the scattering of two nuclei is complex and nonlo-
cal. This was discussed quite clearly in a paper
by Benohr andWildermuth. ' In that paper it was
shown how to derive a set of coupled integrodiffer-
ential equations for the various relative-motion
wave functions appropriate to both scattering and

reaction channels. With the use of Green's func-
tions this set of equations can be formally reduced
to a single integrodifferential equation which in-
volves the relative-motion function in the elastic
channel alone. This equation is the same as that
obtained in the one-channel resonating-group cal-
culation, except for the appearance of an addition-
al nonlocal and non-Hermitian potential, charac-
terized by a non-Hermitian integral kernel. In

principle this additional kernel can be derived in
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a microscopic manner; however, in general, this
derivation will be so complicated that normally
one would have to employ a phenomenological form
in analyses of experimental data.

Although, as seen in Sec. II, we do not here
adopt the procedure of introducing a phenomeno-
logical non-Hermitian kernel; the fact that in the
formulation [Eq. (1)]we have allowed for a (J, l)
dependence of the absorptive potential does mean
that the possibility exists for accounting for non-
local features of the imaginary part ot the P+n
effective potential. In fact, we here allow for a
simple l dependence of the absorptive potential
through the introduction of a Majorana component,
which results in an odd-even orbital-angular -mo-
mentum dependence of the potential. The reason-
ableness of introducing nonlocality into the imag-
inary potential in such a simple manner is sug-
gested by the following: (i) In a study of n+n scat-
tering' it was found that, in the Born approxima-
tion, the nonlocal features of the calculated poten-
tial can be exactly reproduced by using an equiva-
lent potential containing a Majorana component but
which is otherwise iocal; and (ii) in a study of
He'+n scattering& it was found that even at an en-
ergy where the Born approximation is not quanti-
tatively valid, the calculated odd-even behavior of
the real parts of the phase shifts can be repro-
duced reasonably well by a Majorana component
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in the real effective potential. In addition, in this
same study' of He'+e scattering, the behavior of
the imaginary parts of the phase shifts did suggest
that it might be necessary to include a Majorana
component in the imaginary potential.

The radial form for the absorptive potential is
taken to be the commonly used Woods-Saxon-vol-
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FIG, 2. Comparison of the present calculations with
data (points) of Ref. 10 at a c.m. energy of 36.8 MeV.
The dashed curve represents the calculation with no ab-
sorptive potential, and the solid curve represents the
calculation with an absorptive potential having parame-
ers Us=0, Us=5.5 Mev, x=2.6 F, a=0,2 F, and CI

=-0.7.

FIG. 3. Comparison of the present calculations with
data (points) of Refs. 10-12 at the indicated c.m. en-
ergies. Equation (13) applies to both curves. The
dashed curve represents a calculation with absorptive
parameters Uz—-4.5 MeV and CI=O, and the solid curve
represents a calculation with absorptive parameters U&
=5.5 MeV Rnd CI=—0.7, Both CRlculatlons. yield R totRl
reaction cross section of 86 mb.
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p+a
ume-plus-surface form. Such a form has been
used in previous' ' resonating-group studies of
light systems. For simplicity, we choose the
same radial form for the exchange component as
for the nonexchange component of 8'. Therefore,
we write t

IO ,—

W= (1+C P')U(r),

where

-U, -4U, e~"- ~"
U( ) ~ (r R)/a -I i (r R)/a]2-

(10)

IO-—

I'" is an operator which exchanges the space posi-
tion of the proton with that of the c.m. of the n
particle, and C, is an adjustable parameter whose
value is the strength of the exchange component of
W relative to the nonexchange component. The po-
tential of Eq. (10) results in the absorptive term
in Eq. (1) being given by

W~(r) = W, (r) = [1+C/( 1)']U(-r) . (12)

IV. PROCEDURE AND RESULTS
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FIG. 4. Comparison of the present calculations
(curves):with data (points) of Refs. 17-20 at the indi-
cated c.m. energies. The absorptive parameters are
given in Eq. (13) and Table l.

There are seven constants in the nucleon-nucle-
on potential used in the present resonating-group
calculations. The depth and range parameters of
both the spin-singlet and spin-triplet components
of the potential are chosen to yield correct values
for the nucleon-nucleon effective-range parame-
ters. These depths and range parameters are giv-
en in Eq. (7) of Ref. 1. The remaining three con-
stants, which are the space-exchange parameter,
and the depth and range parameter of the spin-
orbit component of the potential, are chosen to
yield an over-all good fit to p+n and n+n data be-
low the reaction thresholds, with particular em-
phasis being given to the resonance behavior of
the P-wave phase shifts. The values we use' for
these remaining three constants are those from
Set III in Table I of Ref. 1.

With the above-described fixing of the constants
in the nucleon-nucleon potential, the adjustable
parameter s available to fit the P +n data above the
reaction threshold are those of the imaginary po-
tential; i.e., U„, U~, R, a, and C/ of Eqs. (10)
and (11). An extensive study was first undertaken
using the 36.8-MeV differential-cross-section da-
ta of Bunker et al. , ' the 38.2-MeV polarization
data of Craddock et al. ,"and the 38.2-MeV spin-
rotation-parameter data of Griffith et al." The
initial procedure we adopted for fitting this data
was very similar to- that used in previous stud-
ies.' ' That is, U& was set equal to U~, the dif-
fuseness yarameter a was given the value 0.5 F,
and the radius R was taken to yield an rms radius
for the volume part of the absorptive potential
nearly equal to that of the real direct nuclear po-
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tential; that is R =2.25 F. The effects of varying
the two remaining parameters Uv and Cr were
then investigated. With Cr =0 and U„=1.5 MeV,
the differential cross section is reproduced mod-
erately well out to a c.m. angle of 120', and the
calculated total reaction cross section o~ of 97
mb is reasonable. " However, with C, = 0 several
types of discrepancy do exist: The calculated back-
ward-angle differential cross section falls consid-
erably below that found experimentally, the for-

ward-angle polarization is calculated to be too
large, and the 125' zero crossover of the polariz-
ation is calculated to occur at 108 instead. An
adjustment of C, can remove two of these discrep-
ancies. A value C» = -0.7 removes the discrepan-
cies in the backward-angle differential cross sec-
tion and in the 125' zero crossover of the polariza-
tion, while yielding only a small reduction in o~ to
87 mb; however, the forward-angle polarization
is still calculated to be too large. The dashed
curve in Fig. 1 shows the resulting fit to the ex-
perimental differential cross section, polarization,
and spin-rotation parameter. ' We should com-
ment that the sign of Cr is well determined; thus
positive values of C, cause the above-discussed
zero crossover of the polarization to move toward
smaller angles rather than, as needed, toward
larger angles, and such values of Cr do not im-
prove the fit to the backward-angle differential
cross section.

As has been mentioned, the choice of geometry
parameters and the use of equal volume and sur-
face absorption strengths in the above initial pro-
cedure are consistent with methods used previous-
ly in studies of other light systems. ' ' Next, a
procedure was adopted of varying the geometry
parameters and the ratio of volume to surface ab-
sorption in order to determine whether or not sig-
nificant improvements could be made in the fits to
the data of Fig. 1. Particular attention was paid
to the question of an improvement in fit to the for-
ward-angle polarization data. It was found that an
increase in the strength Us of the surface absorp-
tion relative to the strength Uv of volume absorp-
tion and a decrease in diffuseness a accompanied
by an increase in radius 8 could serve to reduce
the calculated forward-angle polarization while,
in addition, marginally improving the over-all
quality of the fit. %e therefore decided to proceed'
with the analysis by using the fixed values

0.6- Uv =0 8=2.6 F, a=0.2 F. (13)
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44.0 MeV TABLE I. Absorptive parameters s and Cr an
calculated total reaction cross sections 0& at c.m. ener-
gies E of the present analysis. The absorptive potential
is given by Eqs. (10) and (11) and the remaining param-
eters are given in Eq. (13).
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FIG. 5. Comparison of the present calculations (curves)
with data (points) of Befs. 11 and 21 at the indicated c.m.
energies. The absorptive parameters are given in Eq.
(13) and Table I.

(MeV)

23.04
24.8
32.0
36.8
38.2
44.0
74.4

trs
(MeV)

1.5
2.5
4.5
5.5
5.5
5.5
5.5

c

+0.20
-0.25
-0.70
-0.70
-0.70
-0.55
+0.20

(mb)

36.7
52.0
72.9
86.0
85.8
88.3
75.7
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The improvement in fit obtained is illustrated by
the solid curve of Fig. 1, which is a curve calcu-
lated using Eq. (13), U~ = 5.5 MeV, and C, = -0.'l.
It is especially notable that the same value of C,
is found here as was found in the initial procedure
in spite of the quite different forms for the imag-
inary potential in the two cases. The total reac-
tion cross section given by the present parame-
ters is 86 mb, which is reasonable. " The results
that the absorption be of pure surface type and
that the diffuseness be small are in agreement
with the conclusions of Thompson et al. ,"who em-
ployed an 11-parameter" optical model to analyze
P+n data at c.m. energies from 24 to 44 MeV. In
the remainder of thy present work, Eq. (13) will
be adhered to, and U~ and CI mill be adjusted at
each energy to produce the best visual fit to the
data.

The next tmo figures serve to indicate explicitly
the need for an absorptive potential having a Ma-
jorana component. Figure 2 is a comparison of
the experimental differential cross section at 36.8
MeV with calculations both with and without an ab-
sorptive potential. The figure presents a striking
illustration of the need for an absorptive potential
above the reaction threshold. Figure 3 compares

experimental data with calculations both with and
without a Majorana component in the absorptive
potential. The removal of the previously noted dis-
crepancies in the differential cross section and
polarization by the addition of a Majorana compo-
nent is clearly demonstrated in the figure. In
Figs. 4 and 5 we illustrate the best visual fits ob-
tained at the remaining energies investigated. The
differential-cross-section data are those of Bunch
et al. ,"Brussel and Williams, ' Hayakawa et aL, '
and Selove and Teem. ' The polarization data are
those of Craddock et al."and Boschitz el al."
Table I lists the absorptive parameters U~ and CI
used in the present analysis and also gives the cal-
culated total reaction cross section. Tables II
and III list, respectively, the real parts and imag-
inary parts of the P+n phase shifts given by our
calculation.

V. DISCUSSION AND CONCLUSIONS

The present fits were obtained with two energy-
dependent parameters U~ and Ci . It is of interest
to compare these fits to those reported by Thomp-
son et al.,"obtained with an 11-parameter" opti-
cal model which contained a purely local imagi-

TABLE II. Real parts 5~&& of the calculated p+ n phase shifts 6&&, in degrees, at c.m. energies E of the present
analysis.

23.04 24.8 32.0
(MeV)
36.8 38.2 44.0 74.4

2

3
2

3
2

7
2

2

9
2

9
2

11
2

1,i
Y
13
2

13

id
2

82.95

45.36

81.94

3.77

15.02

3.50

5.06

0.49

0.63

0.12

0.13

0.02

0.02

80.35

43.69

79.96

4.13

17.00

3.93

5.85

0.62

0.80

0.16

0.17

0.02

0.02

71.36

37.52

72.86

5.14

24.37

5.31

8.99

1.24

1.71

0.37

0.43

0.07

0.08

0.01

0.02

66.50

33.80

68.85

5.36

28.29

5.89

10.97

1.73

2.50

0.57

0.67

0.13

0.14

0.03

0.03

0.01

0.01

65.24

32.76

67.80

5.38

29.25

6.05

11.59

1.87

2.75

0.64

0.75

0.15

0.16

0.03

0.04

0.01

0.01

60.40

28.63

63.72

5.25

32.80

6.74

14.43

2.47

3.88

0.94

1.16

0.25

0.28

0.07

0.07

0.02

0.02

44.32

14.69

49.92

3.48

40.49

7.13

25.64

4.25

10.39

2.70

1.22

1.58

0.49

0.56

0.18

0.19
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nary potential. We have performed no detailed y'
comparison of the two sets of fits; however, vis-
ual comparison of our Figs. 1, 4, and 5 ivith Figs.
1 and 2 of Ref. 15 reveals the following points: (i)
The over-all quality of fit is very similar for the
two sets; (ii) the present analysis, because of the
presence of the exchange parameter CI, yields
better fits to the backward-angle differential-
cross-section and polarization data; and (iii) the
analysis of Ref. 15, because of the use of a small
imaginary diffuseness (a = 0.1 F), yields better
fits to the forward-angle polarization data.

Item (iii) should be explained in more detail. A
better reproduction of the forward-angle polariza-
tion data can be obtained in the present analysis
by reducing the imaginary diffuseness a below our
adopted value of 0.2 F. However, we did not adopt
a smaller value of a, because even the value 0.2 F
is considerably smaller than was found necessary
in previous studies of light systems, "and we
therefore conjecture that in reducing a even fur-
ther we might possibly only be compensating for
deficiencies in our calculated real potential, which
are beginning to make themselves apparent at high-
er energies. For the present we therefore choose
simply to accept the poorer fit to the forward-an-

gle-polarization data.
An alternate description of the forward-angle-

polarization discrepancy can be given in terms of
the scattering amplitudes g(8) and h(8) of Eqs. (2)
and (3). In Fig. 6 complex-plane plots of these am-
plitudes are given for the 38.2-MeV calculation
represented by the solid curve of Fig. 1. It can
be observed from Fig. 6 that at forward angles
the vector representations of g(8) and of h(8) in
the complex plane are nearly perpendicular to
each other. This feature is illustrated in the fig-
ure by the arrows, which represent the ampli-
tudes at 60'. From Eq. (8) it is seen that the po-
larization P(8) is proportional to cosQ, where P
is the phase angle of h(8) with respect to g(8).
Consequently, when P is near 90', P(8) is rather
sensitive to small changes in Q. It is possible,
therefore, that the forward-angle-polarization
discrepancy is caused by a relatively small error
in P, which could perhaps be produced by a defi-
ciency in the calculated real part of the p+n in-
teraction. This possibility is consistent with the
fact that the forward-angle fit to the spin-rotation
parameter p(8) is very good (Fig. 1). This follows
because, from Eq. (9), tanP(8) is proportional to
sing, and thus P(8) will be insensitive to small er-

TABLE III. Imaginary parts 5z, of the calculated P+n phase shifts BJ„ in degrees, at c.m. energies E of the present
analysis.

23.04 24.8 32.0
{MeV)
36.8 38.2 44.0 74.4

1
2

1
2

2-

3

5
Y

2

2

9
2

9
2

11
2

l1
2

L3
2

1,5
T
15

la
2

1.32

0.52

1.59

2.59

0.20

0.26

0.03

0.03

0.56

3.18

1.19

1.83

2.95

0.64

0.83

0.04

0.05

).01

0.01

0.38

5.58

1.86

1.70

2.53

2.86

3.80

0.08

0.09

0.05

0.05

0.43

5.42

1.91

2.26

3.08

4.61

6.22

0.15

0.17

0.11

0.11

0.41

5.07

1.87

2.29

6.68

0.17

0.20

0.12

0.13

0.52

3.50

1.73

3.55

4.10

5.71

7.79

0.39

0.21

0.23

0.01

0.01

0.39

2.17

6.39

3.24

4.58

5.19

3.70

4.65

0.76

0.88

0.26

0.03

0.03

0.01

0.01
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FIG. 6. Comp1ex-plane representation of the calcula-
ted scattering amplitudes of Eqs. (2) and (3) at a c.m.
energy of 38.2 MeV. The absorptive parameters used
are given in Eq. {13)and Table I. The solid curve rep-
resents g(0) and the dashed curve represents h(0). The
dots and crosses occur at c.m. angular intervals of 20'.
The complex values of g(8) and h(8) at 60' are illustrated
by the solid arrow and dashed arrow, respectively.

rors in Q when Q is near 90'.
The values of CI determined from the present

analysis are plotted vs energy in Fig. 7. The ver-
tical bars are centered about the values of Table I;
and the lengths of the bars indicate the range over
which the CI can be varied without causing a sig-
nificant visual worsening of the fit to the data. The
figure shows that, with the possible exceptions of
the lowest-energy and highest-energy determina-
tions, the values of.C, are negative, indicating a
stronger absorption in odd-orbital-angular -mo-
mentum states than in even.

Although we feel that we have established here
the need for a space-exchange term in the imagi-
nary potential for the P+n system, we are pres-
ently not completely sure how to interpret the var-
iation with energy of its relative strength C, as
exhibited in Fig. 7. We are currently studying the

FIG. 7. The exchange parameter Cl of Eq. (10) vs en-
ergy, as determined from the present analysis. The
vertical bars are centered about the values of Table I,
and their lengths indicate the range over which Cl can
be varied without causing the fit to the data to become
visually worsened.

effect of including such an exchange term in the
description of other light systems with the hope
that understandable systematic features of C, will
be revealed.

In summary, we have fitted P+n differential-
cross-section, polarization, and spin-rotation-pa-
rameter data between 23 and 75 MeV by incorpora-
ting a phenomenological imaginary potential into a
treatment of the P+ o. system with the resonating-
group method. In this fitting procedure we have
used no free parameters in the real potential and
two energy-dependent parameters in the imagi-
nary potential. We have found the need for a space-
exchange component in the imaginary potential,
which indicates that at most energies the absorp-
tion is stronger in odd-orbital-angular -momentum
states than in even. Thus it appears that the in-
clusion of a Majorana component in the imaginary
potential may be a good way to account for some
of the nonlocal features of this potential. Other
light systems are currently being investigated
with this in mind.
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'.~ model-independent result for the p-y correlation in aDowed p decay is given, including.".il second-ordex-forbidden cox'rections. A suggested method for measurement of the Qrst-
class contribution to the induced-tensor form factox' is discussed,

I. INTRODUCTION

, Fecently, we have reported predictions for con-
'.xibutions to the induced-tensor term d, in allowed

nuclear P decay which arise from the conventional
(first-class) axial-vector current. ' Of course, if
second-class axial currents contribute to the
semileptonic weak decays, as suggested by one


