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The complex angular momentum technique is applied to the study of nucleon-nucleus elastic
scattering. Regge-type representations are developed for the scattering amplitude, taking the
spin of the incident nucleon into account. The pole parameters are determined using the opti-
cal-potential parameters as input. With these pole parameters, the differential cross sections
for elastic nucleon-nucleus scattering are calculated using an appropriate Regge~-type repre~
sentation for the partial-wave amplitudes. These studies give insight into the applicability of
complex angular momentum methods to the optical model of elastic scattering of nucleons

from nuclei.

I. INTRODUCTION

Recently the Regge-pole theory! has found much
application in the analysis of nuclear scattering
and reactions.?™5 The analytical properties of the
S matrix or partial-wave amplitude in the complex
X (=1+13) plane are utilized for the investigation of
these problems. It has been shown® that it is pos-
sible, in principle, to formulate Regge-type rep-
resentations for the partial-wave amplitudes such
that they not only exhibit the correct physical fea-
tures of the S matrix, namely, correct threshold
behavior in momentum, asymptotic behavior in
angular momentum, and unitarity, but can also
make the effect of the background integral small.
Representations of this type for the S matrix, hav-
ing all the necessary physical features and small
background effects, have been used in the analysis
of elastic scattering of « particles by spinless
charged target nuclei.*

Most of the earlier works®~* on the application
of complex angular-momentum methods to nuclear
scattering deal with the analysis of elastic scatter-
ing of spinless charged particles. In a recent
work,5 the effect of spin-orbit interaction has been
investigated. It has been shown, by considering a
complex optical potential with a spin-orbit part,
that the Regge poles corresponding to the physical
states of the interacting system appear not only
along the positive real axis and the upper right
half of the X plane, but also in the fourth quadrant
of the complex A plane.

In the present paper, we consider the scattering
of protons and neutrons from spinless charged tar-
get nuclei such as C'?, 0! and Ca*. Here we
take into account the spin of the incident particles
in deriving the Regge-type representations. Usual-
ly the optical potential is quite successful in re-
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producing the experimental scattering data for
heavy- and medium-weight nuclei. So for most
cases for which experimental phase-shift data are
not available, the optical potential is utilized for
obtaining the pole parameters for a given nucleon-
nucleus scattering. These pole parameters togeth-
er with an appropriate Regge-type representation
for the S matrix are used for calculating the differ-
ential cross sections. This analysis helps us to
investigate the validity of the Regge-pole approach
to the optical model of elastic scattering of nucle-
ons from nuclei.

II. COMPLEX OPTICAL POTENTIAL

It is known that the complex optical potential is
quite capable of explaining the experimental scat-
tering data for medium-weight nuclei. The elastic
scattering depends essentially on both the real and
imaginary parts of the potential. The imaginary
part of the optical potential takes care of the ab-
sorption processes which include all inelastic pro-
cesses. When we consider the scattering of nucle-
ons from nuclei, it is observed that the scattered
particles are polarized. This can be explained by
an optical potential only if it contains a spin-de-
pendent part. The generalized optical potential
may be written as

Vope () = =U,0(7) =i W, f,(7)
+ (U + W B/ m e Pf ()1 &,
(2.1)
where

v(r)=[1+e(m-70/24)]-1 (2.2)
is the radial variation of the real part, and U, the
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corresponding strength; f,(#) is the radial varia-
tion of the imaginary part, and W, the correspond-
ing strength of the potential. U, and W are the
real and imaginary parts of the spin-dependent po-
tential, f,(#) is their radial variation, o is the
Pauli spin operator, 7, the radius of the nucleus,
and a, the corresponding diffuseness parameter.

The spin of the incident particle can couple in
two ways to the orbital angular momentum l to
give the total angular momentum j=1+3 2, and the
eigenvalues of 1.5 corresponding to these two spin
orientations are ! and —(/+1).

In this case, the S matrix not only depends upon
the momentum %, and the angular momentum X but
also on the complex strength V, of the optical po-
tential and hence is denoted by S(\, %, V,). The uni-
tarity relation obeyed by the S matrix S(\, %, V,) is
given by®

SN, B, Vo)S*(A*, k*, VH=1. (2.3)

III. REGGE-TYPE REPRESENTATIONS FOR
CHARGED-PARTICLE PARTIAL-WAVE
AMPLITUDES WHEN A SPIN-ORBIT
FORCE IS PRESENT

The elastic scattering of nucleons from spin-
zero nuclei is conveniently described” in terms of
the two amplitudes A, (k, cosf) and A,(k, cos6)
where

A,(k, cosb) =(1/2k)[-ncsc?360 exp(2io, - 2inln sin3 6)
+2 )5 (j+3)e? %(e?i“1 —U,)P,(cosb)]
1.
(3.1)

and

Ak, cos9)=2—;e ) (=1)9= 1=t 219 (p2iw; o U,)P }cos#),

1.d

(3.2)
in which
1
w, =(0, = 0,) = 25 tan~Y(n/m),
m =1
0, is the Coulomb phase shift for the Ith partial
wave, k is the wave number, and 7 is the usual

Coulomb parameter, while U, is the collision ma-
trix defined by Lane and Thomas.® U, is given by

Ul=6'2i°081(k)=62i(°l'°°)§,(k), (3.3)

where S, is the full S matrix, S, is the nuclear.S
matrix. From the above equations we obtain

2
A, (%, cosb) = ﬁ csc? 38 exp(2i0, ~ 2inln sinz)
+Z)e2’ 1[(2+1)a*(7,k)~1a"(1,k)]P,(cos6)
(3.4)
and

Ak, cosb) =2 e*'%a*(1, k) —a~(l,k) P} (cosb) ,
1l
(3.5)

where a*(7,k) =[S#(k) - 1]/2ik, corresponding to
the total angular momentum j =1+ 3.

The Regge, Khuri, and modified Regge repre-
sentations of Ref. 6 may be easily obtained for the
partial-wave amplitudes a*(X, k) as shown in the
Appendix. We find that the Regge representation
for the partial-wave amplitudes is given by

Q2P 0,0 Z g gl (3.6)

where the symbols A} and 8. denote the pole posi-

tions and residues of a*(), k) in the right half of

the X plane, and N* denotes the number of poles of

a*(\, %) in this domain. X takes half-integral values.
For the Khuri representation we obtain

A&

U‘n
Aza*()«k Zﬂ"(h £ 5o 3.7)

For the modified Regge representation of Ref. 8,
we may write

1
Fa*(),k)

Z b Gy 7

exp(ie=%) -1 < 21 )’"
A* exp(ie M%) =1 \x+2% /)’

(3.8)

where m is a suitable positive integer. In our cal-
culations we consider only the values m =0 and 1.

The above representation for a*(, k) has cor-
rect threshold behavior in 2 and asymptotic be-
havior in A, and the factor [20/(x+2%)]" is ex-
pected to reduce the effect of the background inte-
gral., However, when we consider charged-parti-
cle scattering, for instance proton scattering, it
is desirable to incorporate the Coulomb threshold
factor?*®

—ra T+ 3 +in)T(A+§ ~ i)

[T+ )2 . (3.9
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It is easily seen that when we consider neutron
scattering =0, and hence 3_;=1. The repre-
sentations (3.6) to (3.8) are modified by incorpo-
rating the factor

83.4/8% . (3.10)

In order to bring out the asymptotic behavior of
the partial-wave amplitude explicitly, we proceed
as follows. The asymptotic behavior of a*(}, k)
for large A along the real axis is determined by
the integral®

1= f VR (er)dr . (3.11)
(]

Using the Woods-Saxon form (2.2) for V(7) and

using the method of Ref. 4, we obtain for large A

I=(e-x/kao+e-r/ao)-10(h,1/ze-xE)’ (3.12)
where
£ =cosh™ (1+1/2a%k?). (3.13)

In Eq. (3.12) it must be noted that A/ka, =\ in
the range of energies that we have considered.

We further modify the Khuri and modified Regge-
type representations by incorporating the factor

7\(6')\5 §+e—7'/a0)
)\:(e—)\i_*_e-r/ao) ’

(3.14)

as in Ref. 4.

After incorporating the factor given by Eq. (3.10)
in the Regge case, and both the factors given by
Eqgs. (3.10) and (3.14) in the case of other repre-
sentations, the final form of the representations
(3.6) to (3.8) are written as follows:

A ?\ 82,
O22P 121 1) ZB;; futl 7” =

-2
n=1

(3.15)

Let us designate this representation as R1. The
second representation, given by (3.7), has the fi-
nal form

e =N

261 t, k)= Zﬁn 02 - )\t

! 7\ e )‘"5+e r/ag
2)\£ L)\i -)\§+e-77a0

(3.16)

We shall designate this representation as R2.
Similarly, the final form of (3.8) is

1 _f L1 1 ()
RSN v Py <x+x:>
n=1

exp(ie™™) -1 &4 e~ atrer/n )
— T —r o -
exp(ie-Mt) -1 8li-y e Ay gmr/ao )

(3.17)

We shall designate the above representation for m
=0 by R3, and for m=1 by R4.

In all these representations given by Egs. (3.15)
to (3.17), the left-hand sides are calculated from
known data. In most cases of elastic scattering of
nucleons by nuclei, optical-potential parameters
which give a good fit with experiment are available.
The Schrddinger equation is numerically solved by
using known optical-potential parameters, and
thereby the partial-wave amplitudes a*(, k) are
calculated. In cases where experimental phase
shifts are known, a*(:, k) may be directly evaluat-
ed. The right-hand sides of these equations rep-
resent sums over poles. It is assumed that only
two poles contribute significantly to the partial
wave amplitude. A two-pole approximation formu-
1a for the partial-wave amplitude has four un-
knowns, viz., two pole parameters and correspond-
ingly two residue parameters. So with the known
input data, a*(:, k) are computed for x=3, 3, 3,
and I, thus giving four equations. These four equa-
tions are now solved to obtain the poles and resi-
dues. With this set of poles and residues the dif-
ferential cross sections are computed correspond-
ing to the different Regge-type representations for
the partial-wave amplitudes. In these representa-
tions the factor ¢ is calculated from Eq. (A.4) us-

ing po=ag™.
IV. RESULTS AND DISCUSSIONS

It is well known that the optical potential gives
quite a satisfactory fit to experimental data for the
elastic scattering of nucleons from nuclei. These
fits are obtained by arbitrarily varying the optical-
model parameters at each energy for the different
nuclei. There is no consistency in the values. of
these parameters. However, these inconsistent
optical-model parameters may be used to derive
consistent and physically meaningful Regge-pole
parameters. The main purpose of the present cal-
culations is to investigate the validity of the com-
plex angular-momentum approach to the optical
model of elastic scattering of nucleons from spin-
zero nuclei. We studied the elastic scattering of
protons from C'? at the incident energies E,=4.613
and 4.964 MeV. For these cases experimental
phase shifts'! are available. For the elastic scat-
tering of neutrons from C'? and Ca*, and of pro-
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TABLE I. Poles of a*(\, k) corresponding to the pole representation R4 for different elastic scattering
processes.
E (lab) Scattering
(MeV) ReAf ImA{ ReAr ImA§ ReAs ImAS ReAy ImA; process
14.0 2.351 0.037 2.376 —0.025 3.5 0.121x10~%  3.499 0.789x10™%  C%2(,n)C!?
2.06 0.437 —0.0089 0.437 —0.0089 2.211 —0.168 2.211 —0.168 Ca*l(n,n)Cal?
3.29 0.425 0.04 0.437  —0.028 1.900 0.088 2.522 —0.521
5.3 0.539 0.062 0.463  —0.0095 1.449 1.072 3.342 —0.163
5.88 0.563 0.0018  0.457 —0.017 4.317 2.332 3.44 —0.146
6.52 0,499  —0.0005  0.470  —0.0044  3.958 0.726 3.475 —0.171
7.91 0.492  —0.018 0.477 —0,0049 3.69 —0.928 3.466 —0.169
4,613 0.499 —0.0056  0.497 —0,0098  3.216 —0.287 2.169 0.172 Cc2(p,p)ct
4.964  0.500 —0.0048  0.498  —0.010 2.980 —0.253 2.283 0.171
8.5 0.507 0.259 0.793 0.356 3.449 0.037 3.007 0.510
11.85 1.272 0.702 1.432 0.488 3.502 0.039 3.512 0.134
13.06 1.806 0.677 1.847 0.478 3.508 0.024 3.52 0.062
14.0 2.292 0.440 2.207 0.230 3.508 0.011 3.531 0.039
8.495 0.501  —0.0031  0.504  —0.0063 2,951 0.171 2.595 0.294 0% (p,p)01®
12.597  0.503  —0.0055  0.509 -0.013 3.315 0.233 3.147 0.693
14.1 0.506 —~0.0059 0.513 ~0.015 3.818 0.544 3.409 1.326

tons from C!? (at higher energies) and O, the
complex optical potential'?~® of the Woods-Saxon
radial form containing a spin-orbit term is seen
to reproduce the experimental data very well.
Using the experimental phase shifts or the opti-
cal-potential parameters as input, the exact par-
tial-wave amplitudes are calculated. These are
used for determining the Regge-pole parameters
as explained in Sec. III. The Regge-pole and resi-
due parameters corresponding to the representa-
tion R4 for the different elastic scattering process-
es at different energies are tabulated in Tables I

and II. An examination of these parameters shows
that at very low incident energies the spin-orbit
interaction is hardly effective. For instance for
Ca®(n, n)Ca’ scattering at E, =2.06 MeV, the posi-
tions of the poles \{ and \; coincide, and likewise
for the case with AJ and ;. Similar results follow
for the residue parameters also. As E increases
these quantities become appreciably different.
Table I shows that for the scattering of the spin
3-spin zero system, the Regge poles can occur in
both quadrants of the right half of the A plane in
conformity with the proof given in Ref. 5. The pole

TABLE II. Residues of a*(\, ) corresponding to the pole representation R4 for different elastic
scattering processes.

E(lab) Scattering
(MeV)  Reg{ ImBy Repy Imgy ReB; ImgBf Refy Imgy process
14.0 —0.088 0.176 —0.109 0.141  0.32x10~% —0.43x10~% 2.9x10~% _0.46x10™® C2@,n)Cl2
2.06  —0.031 0.055 —0.031 0.055 2.211 —-0.168 2.211 —-0.168  Ca%(z,n)Ca0
3.29  —0.020 0.071 —0.039 0.050 0.432 0.788 ~0.453 —0.185
5.3 0.161  —0.0017 -0.019 0.042 —15.74 -5.704 —0.054 -0.052
5.88 0.016 —0.1217 —0.023  —0.047  ~0.0021 —0.046  —0.026 —0.043
6.52  —0.0009  0.0013 —0.0087  0.032  —0.0529 0.005 —0.015 —0.049
7.91  —=0.0205  0.0144 —0.0026  0.0255  0.0813 —0.014 —0.017 —0.051
4,613 —0.012 0.002 ~0.021 0.008 0.038 —0.0046  0.302 —0.249 CY(p,p)Ct
4,964 —0,011 —0.0006 —0.021 0.0094  0.077 —0.023 0.268 —0.252
8.5 0.311 0.457 4,324 -0.459 0.015 -0.0081 -0.187 ~0.111
11.85  12.81 39.82 0.0052 —0.0086 —7.945 10.5 —0.0026 —0.011
13.06 4.7317 2.461 0.0021 —0.0062  2.353 2.321  —0.0007 —-0.0063
14.0 0.535 0.069 0.0046  0.278 =—0.502x107™* ~0.0032 —0.0012 —0.0022
8.495 =0,0040  0.0009 —0.0088  0.0014  0.196 ~0.074 0.328 -0.184 O%(p,p)0t
12,597 =0.0057  0.0040 —0.011 0.0054  0.164 —0.106  —0.0041 —0.636
14.1 —0.0051 —0.368x10~% —0.012 0.0022  0.010 —0.416 —2.796 -1.029
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FIG. 1. (a) The real parts of A} and (b) the real parts of A} versus the incident energy in lab units for C'2(p,p)C'2.
(c) The real parts of Af and (d) the real parts of 7\2* versus the incident energy in lab units for ol( D, p)O";. (e) The real
parts of Af and A versus the incident energy in lab units for Ca’®(n,n)Ca’®. Solid circles indicate resonances.
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TABLE III. Levels in N'® obtained from the Regge
trajectory for c(p, 1))012 compared with experimental

data.

E(lab) E, (Calc) E, (Expt)
Trajectory (MeV) I, J" (MeV) (MeV)
ReA} vs E 50 0 ¥ 6.556 6.60
12.37 1§ 13.36 13.52
ReAfvsE 12056 1 & 13.06
ReA; vsE 9.5 3 £ 1071 10.36
ReA; vs E 57 2 £ 7.2 6.908
11.75 3 ¥ 12.78 12.08*

38pin and parity not assigned.

parameters are more or less consistent in accor-
dance with the general behavior of Regge trajec-
tories connecting the physical state of the interact-
ing system. The leading or resonating trajectories
corresponding to j =1+ 3 in the case of Ca®(n, #)Ca®,
C(p,p)C'2, and O¥%(p, p)O* connect different reso-
nances and possess the other essential features of
Regge trajectories. Some of these trajectories,
which indicate excited states in N'3, F!7, and Ca*
compound nuclei, are illustrated in Figs. 1(a)-1(e),
and their level parameters are tabulated in Tables
III, IV, and V, respectively. In order to draw a
fairly smooth trajectory, the graphical method pre-
scribed in Ref. 4 of assuming a polynomial depen-
dence with respect to energy is followed.

In Fig. 1(a), Rexf (real parts of the poles 1}) are
plotted versus the incident laboratory energy E (lab)
for the C'3(p, p)C!? system. The trajectory Rex;
indicates a 3* resonance at E(lab)=5.0 MeV, which
is an excited level in N*2 at 6.556 MeV. This cor-
responds to the 3* level at £=5.05 MeV (excitation
energy E, =6.6 MeV) observed in C2(p, p)C'? elas-
tic scattering studies.'” The Re); trajectory indi-

TABLE IV, Levels in F!7 obtained from the Regge
trajectory for 0'%(p,»)0'® compared with experimental
data,

E(lab) E,(Calc) E, (Expt)
Trajectory (MeV) 1, J"  (MeV) (MeV)
ReAfvsE  6.35 0 4+ 6,564 6.56
ReAf vsE 183 3 & 1311 18.08°
ReA;vs B 775 2§ 129 7.44

4.6 3 £ 14,337 14.3

28pin and parity not assigned.
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TABLE V. Levels in Ca*! obtained from the Regge
trajectory for Ca?0(z,n)Ca??,

E(MeV) E, (Calc) E,(Expt)
Trajectory  (lab) 1, J™ (MeV) (MeV)
ReMf vs E 4.6 0o ¥ 12.85 ves
ReA; vs E 3.22 2 ¥ 11.48 oo

cates another resonance at E=12.37 MeV, which
is the 37 level of N'3 at E,=13.36 MeV. This may
correspond to the level®® of N'3 at E,=13.5 MeV
whose spin and parity are not known. The Rex,
trajectory passes through a resonance of C2(p,p)-
C'2 at E=12.05 MeV, giving indication of a 3~ lev-
el of N*® at 13.06 MeV. Figure 1(b) shows the tra-
jectories Rex; plotted versus E(lab). The Rex; tra-
jectory passes through a %~ level (see Table III) of
excitation energy 10.71 MeV. Experimental ener-
gy-level data'™'® show that there is a 1~ level of
N3 at 10.36 MeV. The Re); trajectory is seen to
pass through 2* and £~ levels of excitation ener-
gies 7.2 and 12.78 MeV, respectively. Energy-
level data'® show that there is a 5" level of N3 at
7.42 MeV and an excited state at 12.08 MeV whose
spin and parity are not specified.

Figure 1(c) shows a plot of Re)x; versus E(lab)
for the O(p, p)O'® system. This trajectory, on
extrapolation to lower energies, passes through a
resonance at £=6.35 MeV, giving a 3" level of F7
at 6.564 MeV. This obviously corresponds to the
experimentally observed® 3" level in F!7 at 6.56
MeV (see Table IV). The Rex? trajectories are
shown in Fig. 1(d). The Re)} trajectory indicates
a level in F'7 at 13.11-MeV excitation energy.
Energy-level data'® show that there is an excited
state of F!7 at 13.03 MeV with unassigned spin and
parity. The Rex, trajectory passes through two
levels at excitation energies 7.29 and 14.337 MeV
of spin and parity 3* and 3~, respectively. Experi-
mentally®® a 7 level is observed at 7.44 MeV in
F7 and another level at 14.3 MeV whose quantum
numbers are not specified.

Figure 1(e) illustrates the Rex; and Rex; trajec-
tories of the Ca*'(n, n)Ca*® system. They indicate
the presence of two levels in Ca*! at excitation en-
ergies 11.48 and 12.85 MeV of spin and parity 3"
and 3%, respectively. These do not correspond to
any of the experimentally observed levels'® in Ca*!,
all of which have excitation energies less than 9
MeV.

The differential cross section for the elastic scat-
tering of nucelons by spin-zero nuclei is given by

do/dQ=|A,(k, cos8) |+ | A,(k, cost)|?.

The Regge-pole and residue parameters corres-



I

103

T TTrrry

-
o

T TTT77T

R2,R3,R4

”
vz
V.

mb/sr)

(

do
dn

oM

-
o_a

T rvrrrg

1 1 1 1 1
0° 30° 60° 90° 120°
8 (c.m)

(-]

1
150° 180

FIG. 2. C%(,n)C" angular distribution at E, =14.0
MeV. The solid line corresponds to the angular distri-
bution obtained from the optical model and the dashed
line indicates the same from A-plane pole representa-
tion. The symbols designating the various representa-
tions are described in Sec. III.

ponding to the different Regge-type representations
are used for calculating the partial-wave ampli-
tudes a* (7, £) and hence the differential cross sec-
tions. In all the cases considered, the representa-
tions R2, R3, and R4 for the partial-wave ampli-
tudes yield equally good results.

In Fig. 2 the angular distributions for C'?(n, #)C'?
corresponding to the optical model (OM), and the
representations R2, R3, and R4 at the incident lab
energy E,=14.0 MeV are plotted. It is seen that
R2, R3, and R4 are almost identical and give quan-
titative agreement with OM. The angular distribu-
tions for Ca*(n, n)Ca® at the incident lab energies
E,=2.06, 3.29, 5.3, 5.88, 6.52, and 7.91 MeV are
illustrated in Figs. 3(a)-3(f). At E,=2.06 MeV the
angular distributions corresponding to the repre-
sentations R2, R3, and R4 exactly fit with that of
OM. At E,=3.29 MeV, there is almost quantita-
tive agreement between OM, R2, R3, and R4. As
we proceed to higher energies, such as E,=5.3
and 5.88 MeV, we find that there is fair agreement
between R2, R3, and R4 and OM. At still higher
energies, for instance, E£,=6.52 and 7.91 MeV, the
fit is only qualitative for large angles, but there
is almost quantitative agreement for small angles.
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Figures 4(a) to 4(f) illustrate the angular distri-
butions for C'*(p,p)C*? at the incident energies E,
=4,613, 4.964, 8.5, 11.85, 13.06, and 14.0 MeV.
At E,=4.613 and 4.964 MeV the angular distribu-
tions corresponding to R2, R3, and R4 are com-
pared with the exact curves obtained from experi-
mental phase shifts.!! At these two energies, it is
seen that there is good agreement between R2, R3,
R4, and the exact curve for backward angles, but
only qualitative agreement exists for forward an-
gles. Again at the higher incident energies E,=8.5
and 11.85 MeV there is only an over-all qualitative
agreement between R2, R3, R4, and OM at all an-
gles, and at £,=13.06 and 14.0 MeV there is al-
most quantitative agreement between the two
curves at backward angles.

The angular distributions for O'(p, p)O' at E,
=8.495, 12.597, and 14.1 MeV are illustrated in
Figs. 5(a)-5(c). In all these three cases it is seen
that the fit between R2, R3, R4, and OM is only
qualitative.

R3 represents the modified Regge-type represen-
tation without the damping factor, and R4 repre-
sents the same including the damping factor [2x/
(x +x%)] in order to damp out the effects of the back-
ground integral. The equivalence of the results
for R3 and R4 only shows that the damping factor
is practically ineffective in these cases.

In the present work we have used a two-pole ap-
proximation for the partial-wave amplitudes. The
fits to the experimental cross sections could per-
haps be improved by using three or more poles.
But then the simplicity of this approach would be
lost. Since the damping factor of the background
integral in the representation R4 is proved to be
ineffective, it is necessary that we improve the
representations for the partial-wave amplitudes
such that the contribution from the background inte-
gral becomes negligible.

What we have achieved in the present investiga-
tions may be briefly stated as follows. Starting
from a complex optical potential with an1-S force
which has arbitrary parameters varying from en-
ergy to energy for the same nuclear scattering,
we have obtained Regge trajectories which smooth-
ly increase with energy connecting resonances of
different I values. Some of these resonances cor-
respond to actually observed ones, while others
indicate the presence of new levels in N3, F17,
and Ca*! compound nuclei. It may also be possible
to predict the quantum numbers of existing nuclear
levels of unassigned spin and parity. In addition,
if the correct functional dependence of the residues
with respect to energy were also known, then it
would become possible to obtain the pole as well
as the residue parameters at any intermediate en-
ergy in the range of the trajectories. These param-
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FIG. 3. Ca®(,n)Ca% angular distribution at different incident energies. Conventions similar to those of Fig. 2 are
followed.

eters could be used for calculating the differential
cross sections through appropriate Regge-type rep-
resentation for the partial-wave amplitude. A
knowledge of the optical-potential data at that en-
ergy is not necessary.
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APPENDIX. REGGE-TYPE REPRESENTATIONS
FOR PARTIAL-WAVE AMPLITUDES WHEN A
SPIN-ORBIT FORCE IS PRESENT

The elastic scattering of nucleons by a spin-zero
target may be described in terms of the two ampli-
tudes A, (%, z) and A, (%, z) which have the partial-
wave expansions

Al(ky Z)
=Ac (k, 2)+ 25 e (I +1)a*(l, k) +1a™ (1, k)P, (2)

(A.1)
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and

A,k 2)=25 e*°1[a* (1, k) - a~(, k)| P}(2),
1
(A.2)

where A (%, z) is the Coulomb amplitude, a*(, %)
=[S# (k) - 1] /2ik, Si(k) being the nuclear S matrix
corresponding to the total angular momentum j =1
+% and z = cosé.

Let us assume a Yukawa-type potential for the
radial dependence of both the spin-independent and
the spin-orbit interactions. It can be shown that
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the analytically continued Si (%) in the x (=1+3)
plane] is given by®°

|S*(x, &) = 1| = O(|x~12 g=Rert]) (A.3)

where

£=cosh™(1+u2/2r?), (A.4)
and pu;' is the highest value of the range appearing
in a superposition of Yukawa potentials. The Le-
gendre function has the asymptotic behavior?!

Py_4(2) l Ig (2m)-Y21-12(g2 = 1)~V X | (A.5)
. . = . A=
£
for £>0, the asymptotic behavior of S*(p, k) [i.e., ReA=0
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FIG. 4. C®(p, p)C! angular distributions. The conventions of Figs. 2 and 3 are followed. In (a) and (b), the solid line
corresponds to the results obtained from experimental phase shifts, and in (c)~(f) to the results from optical model.
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where Therefore, the function
X=2|Iml|tan™'{(1 - 2)/(1+2)]"/?, [+ 2)a*(, k) + (A = 32)a”(n, B)] P -y (2)
=|Iml|6 for z%<1. (A.6)
J

has the asymptotic behavior O(e~®™) in the right-half x plane. Using this asymptotic property, one may
perform the Sommerfeld-Watson (SW) transformation on the function

Ay(k, 2) =3[+ 1)a* (1, k) +1a™(1, k)] P,(2)
1
and obtain the representation

W +3)ath, R+ =3)a” (),

cos mn’

A, (R, 2)= (Zi)'lf. ar’

In the above expression A% and g denote the pole
positions and residues of a*(p, k), respectively, in
the right half of the ) plane, and N* denotes the
corresponding number of poles in this domain.

In (A.8), neglecting the background integral and
splitting 4, into two terms

Zl =Zl+ +Z; ’
we have
N\ il

A== Pri_y(-2). (A.9)

Ak, 2)=
ik, 2)=m " COSTAE

n=1

Taking the partial-wave projection of both sides of
Eq. (A.9), using the formula

sinT o

1 +1 =
H Cae PP (-2 gy, (A10)
we obtain
)\iz at R
(A, %) ZB,, O (A.11)

Similarly, using the asymptotic behavior?! of
PYz) in I for 2% <1, one performs the SW transfor-
mation on the amplitude

Ak, 2)= Z)[ H1,k) —a=(1,k)]P(2) (A.12)
and obtains the Regge representation
’ a+(Ayk) —a"()\,k)
Ak, 2) = (20) f_m ax SR Py (-2)
+P)\+ 1(~2) - 1(—2)]
o [Z By — s COSTA Zﬁ COSTA~
(A.13)

(A7)

P)\_L (—Z)

MDD
[ p cosn)x*P)\ 3 (=2) B cosm- cosvm

e z)]

(A.8)

In (A.13), neglecting the background integral and
splitting A, into two terms

A, 1,
we have
P}, _i(-2)
Ai(k,z)=m) B: *Ciosw . (A.14)

Taking the partial-wave projection of both sides
of (A.14), using the formula?

. _ sinta T(a+m+1)
z| dzPy(z)Pm(-z)= 1T (@ -m+1)(a-Da+i+1)’

-1

(A.15)

we obtain

(A.16)

Equations (A.11) and (A.16) represent Regge rep-
resentations for a*(}, k) obtained from the ampli-
tudes A,(k, z) and 4,(k, z), respectively. Since a
correct representation for a*(}, 2) should have con-
tributions from both the amplitudes 4, and 4,, we
combine the two forms given by Eqgs. (A.11) and
(A.16) and get the following Regge representation
for a*(x, R):

(Aiz) 2t (A2 12)
()‘ k ZBn (){1)2 *

Khuri Representation

(A.17)

The Khuri representation?® is obtained by ex-
pressing a part of the background integral of the
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Regge representation in terms of the poles in the L
right half of the X plane.

The background integral I, of the Regge repre-
sentation for 4,(k, z) is given by

heis ' e 107000 00 Bty

T T T T TTT7

cosmx’
XPy.-y(-2). (A.18) ~ L
g
The Legendre function may be written as?* b"q‘OZ:
o|T -
TP y(=2) _ e N dx ) -
“cosmx’ f coshx (coshx —z)¥2’ IRex <. L
(A.19)
104 - 1 1 1 1 1 o
: : 0 30°  60° 90° 120° 150° 180
Integrating (A.19) partially twice, we obtain , 8(c.m.)
10
TPy_y(~2z) _ 1 1 f“ x . E
: === g(x,z)dx, |Rex'|<3 -
COSmA 2V2 27 ’ ’ ’ F '|| Ep =12.597 MeV
(A.20) |
where 5 ";
o 1
d _ sinhx £ \
=4 ___=Iax b
8, 2) dx (coshx —z)¥2° (a.21) oIS |

Substituting for P, _4(~2z) from (A.20) in the back-
ground integral I;,, we have

= i ) I B0,k 0 - D, R)

xf eN*g(x, z)dxdx’, Fo
- 00 F 1
1
[ ]
(A.22) o
- I ! =14
If the nucleon-nuclear potential has a Woods- L '-l Epx1dMev
Saxon radial dependence, the asymptotic behavior 3 4
of a*(\, k) is given by B\
bg f \
+ = 1/2 -)\E,) (A 23) o L
lat (2, %) | e o([\2e . . PR
Re A= 0 i
| oM
\. VA
Therefore the function ol . ey
X'z[(M-%)a *(A,k)+()\ _ %)a'(x,k)] 0° 30° 60 90 120°  150° 180

6 (c.m)

has the asymptotic behavior given by FIG. 5. O%(p,p)O8 angular distributions, The con-

o( h-uze-)\g ') (A.24) ventions of Figs. 2 and 3 are followed.

in the right half of the A plane. Following Khuri’s procedure we write
1 L _ £,
11=m{f_iw X2\ +3)at (A, k) + (N = 3)a” (N, k)]f et gy, z)dx d)’

f AW +5)at (VL R)+ (M - 3)a ‘(A’,k)]f:ew"g(x,z)dxd)\'}
(A.25)
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which gives, after interchanging the x and A’ integrations in the first term and then integrating over 1/,
Tamod :’
_n___._. + Anx Ln — 2 Ay ¥
11 2‘/—1. dxg(x z)[z B +i ()\;)2 Bne "
n=1

fi A2+ 1)a (O, B) + (0 = Ba- (0, k)}f Mgl 2)dxd)’ .

4\/_171
(A.26)

The Khuri representation for Zl(k, z) is obtained by including the first term of I, in the contribution of
the pole terms of the Regge representation, while the second term represents the background integral Ii.
We therefore obtain

Nt
At +2
= + 1{—
W[Z cosanB Pg-1(=2) Z cosm ﬁ Pl z]

n=1
A} A ts ,
2{2* dxg(x Z)[E 0 :)23 e "+E —“————B et :’+Il.

n=

(A.27)

The Legendre function given by (A.20) has the inverse representation
-2

glx, z)m/”f AN ARy (—2) S (A.28)

cosm’

Neglecting I in (A.27) and substituting (A.28) for g(x, z), we obtain

Ak, 2)= T’[Z c)(\)s;:)\z*f'8 Pri-al= Z)+Z cos m'B Piaz-i(= z)]

i £ i e—k’x At
- ’ (- .~ ’ n + k,,x
2[m dx( _MA Py-y(=2) cosmn/ 2 >[Z o ﬁ +Z ; )2 ]

a=1
(A.29)
We first carry out the x integration which yields
1. i e Py -1(=2) [i + O +3) +1) e”ﬂ ne ) -1 PEEMESNY-
9t e A cosm)* dx Br e () (p ZB e (A Y (A.30)

n=1

The first integrand has poles at A=A and poles at the zeros of cosm with residues (-1)*'/r. After carry-
ing out the integration and substituting in (A.29), we have

+e(x+ NeE N PACERST }

A,k,2) [pr_x( -2) 7 (x*)z 03 +H8 55 pr 4 (~2) )2 0; - HE ST — (A.31)
As before, splitting the amplitude Zl into two terms Z;' and X{, we have
-, N JRO-EINYS
Al(kyz)=z (Xi)z (Xt Z)Bi A — Ki P)\—%(“Z). (A32)
n=1
Taking the partial-wave projection of both sides of (A.32) gives
+

Axd ST L
( z)a*()\,k)= Ants 4 € (A.33)

A2 (Az)2 Mmox -t

n=1
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Following a similar procedure, we can deduce the Khuri representation for Zz(k,z) and the correspond-

ing partial-wave amplitude.

Starting from the integral representation (A.19) for the Legendre function P,-;(-2), we can easily find

the integral representation for P} ,(-z) as given by

e ginhx

3 (1-2z2)/2 cosrr)\f""
1 (=z)=
Piaa =gy x

-« (coshx —z)5/2

Substituting (A.34) in the background integral of the Regge representation (A.13) gives

gy L =22 i:x-l[afa,k)—a-(x,k)] [ :e*x

The function A~}a* (A, #) —a~(%, k)] has the asymptotic behavior O(|]x"/2 ¢~ f|).
Now, proceeding as before, we obtain for the partial-wave amplitude

A e(ATNE
at (k)= ZB")\* Pt

n*®1 f

(A.34)
___§El_h_’_‘__d dr (A.35)
(coshx — z)7/2 X 4%+ ’

(A.36)

Equations (A.33) and (A.36) are Khuri representations for a*(), k) obtained from the amplitudes Zl(k, z)
and A, (%, z), respectively. These two forms can be readily combined to yield the following Khuri represen-

tation for a* (1, k)

1 e(M-ne
a(>\ k) ZBn (Aiz X - X.f: *

n=1

(A.37)

The general Khuri-type representation for the partial-wave amplitudes a*(\, k) may be written as

Nt
1 => g 1_FQg,2)
@ WE= 2 By X r

n=1

where F(A,2)=1.

(A.38)

In the above equation, F(x*, 1) may be appropriately chosen to satisfy all the necessary physical features
such as correct threshold behavior in &, asymptotic behavior in A, correct Coulomb threshold behavior,
and to have provision for damping the background-integral effects.
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Measurements of neutron spectra from the reaction O¥(Ni,x») and O'%(Ag, xn) with 160~MeV
0% jons and natural targets were made. Neutrons were detected at 15° intervals from 15 to
165°., Detection was accomplished with nuclear emulsions, using the internal-radiator method.
The most striking feature of the spectra is the pronounced backward peaking in the c.m. sys-
tem with ratios of 0(180°)/5(0°) as high as 2.0. We interpret this peaking to be caused by trans-
fer reactions. Following the transfer reaction, a part of the incoming ion travels forward with
its initial velocity, while the remaining partially fused system is traveling backward in the
c.m. system. Evaporated particles from the partially fused system are thus backward peaked
in the c.m. system. The charged-particle spectra for these same reactions, as measured by
other investigators, are also analyzed in terms of transfer reactions. Qualitative agreement
with some unusual aspects of the measured spectra is obtained.

I. INTRODUCTION

The use of heavy ions allows one to study com-
pound-nuclear reactions at high excitations and
high values of angular momentum. It is well known
that protons or other light particles with energies
as high as 100 MeV produce spectra that are inter-
pretable in part by “cascade mechanisms,” in
which high-energy particles described as result-
ing from one or a few nucleon-nucleon collisions
are observed. Eventually, the energy is shared by
sufficient numbers of nucleons for the remainder
of the deexcitation process to be described by the
statistical model. If heavy ions are used, the ini-
tial energy is already shared by many nucleons,
and it can be expected that cascade effects are
small and that the entire deexcitation process is
adequately described by the statistical model. It is
therefore expected that heavy ions will allow a
more simple and unambiguous test of the com-
pound-statistical model at high excitation energies.
Charged-particle emission is sensitive to the pene-
tration of the Coulomb barrier, and uncertainties
in the calculation of these effects make comparison
with experiment difficult. A further effect of the
Coulomb barrier is that only neutrons occur at low

energies, where competition from nonstatistical
processes is expected to be minimal. It appears,
however, that it is a great advantage to have avail-
able data on all particles emitted copiously; this
includes neutrons, protons, « particles and, to a
lesser extent, deuterons.

Several measurements of the spectra of charged
particles emitted in heavy-ion interactions have
been reported.!”* Measurements of the total neu-
tron yield from heavy-ion reactions have been
given by Hubbard, Main, and Pyle,” and some re-
coil-technique experiments give neutron yields for
reactions of the type (heavy-ion,xn).® Measure-
ments of the spectra of neutrons have been made
by Broek,” but detailed information on the angular
distributions was not obtained.

In Sec. II, we give the results of the measure-
ments of neutron spectra at 11 laboratory angles
from the bombardment of natural nickel by 157-
MeV O ions, and the bombardment of natural
silver by 160-MeV O ions. The results show a
backward peaking in the c.m. system, which we
interpret in Sec. III to be a result of the transfer
of part of the incoming ion to the target nucleus
and subsequent evaporation from the resulting ex-
cited nucleus, which moves backward in the c.m.
system.



