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Using a three-dimensional reduction of the Bethe-Salpeter equation, we calculate the nucleon-
nucleon phase parameters in the energy range of 0—1 GeV of incident laboratory energy. In the
elastic energy region the generalized one-boson-exchange potential is assumed for driving
terms and in the inelastic energy region an imaginary potential is added. Ingredients of the
one-boson-exchange potential are m, p, w, 1, 6, and S* mesons. The dipole form factor is
adopted for all the interactions of mesons with nucleons. The broad mass distribution is also
taken into account for the p and S* resonances. Our imaginary potential which is given by a
superposition of regularized Yukawa potentials which have an attractive long-range part and a
repulsive core, can describe the peripheral nature of the absorption found in phase-shift analy-
ses. Comparisons of our theoretical phase shifts with those derived by the phase-shift analyses,
and of our theoretical observables with experiments at 660 and 970 MeV are made in detail and

physical implications are discusssed.

NUCLEAR REACTIONS N -N interaction, 0-1000 MeV; calculated phase pa-
' rameters, observables.

1. INTRODUCTION

For the past decade it has been shown that the
N-N interaction in the elastic energy region can
be well described in terms of the one-boson-ex-
change model.! An early finding of the validity of
the model in the intermediate region of the nuclear
force? and subsequent development with introduc-
tion of the form factor by Ueda and Green,® or the
regularization by Green and Sawada* founded on
the generalized meson theory of Green® permitted
the model to describe the whole elastic N-N data
very successfully. Furthermore Gersten, Thomp-
son, and Green presented a relativistic version of
the generalized one-boson-exchange potential,®
using a three-dimensional reduction of the Bethe-
Salpeter (BS) equation.” (This work will be re-
ferred to as GTG.)

With such a background it would appear worth-
while to attempt to extend this relativistic version
of the model to the inelastic energy region. Thus,
a K-matrix unitarization method® ® and a disper-
sion-relation calculation!® have been applied by
Ueda to the 0—1-GeV region. In these works in-
elastic effects are treated within a framework of
the one-boson-exchange model and a good descrip-
tion of the elastic N-N data is achieved.

In this paper we extend the GTG approach to the
inelastic energy region up to 1 GeV by utilizing a
complex potential. In the GTG treatment the BS
equation is solved in momentum space with a rela-
tivistic two-nucleon propagator derived by Thomp-
son'! in which the two nucleons are in a positive
energy state and the relative energy part is equal
to zero. The same propagator is used also in this
work. The real part of our potential is the general-

2

ized one-boson-exchange potential (OBEP) whose
ingredients are w, 1, p, w, S*, and 6 mesons in-
teracting with nucleons having a dipole form fac-
tor. We allow for the broad mass distributions of
the p and S* resonances with the help of represen-
tations recently obtained by Nack, Ueda, and
Green.!?

In the inelastic energy region we add a phenome-
nological imaginary potential which (in configura-
tion space language) consists of a long-range at-
tractive-regularized Yukawa potential and a short-
range repulsive-regularized Yukawa potential.

The spin dependence of the imaginary potential is
assumed to be L=0 and even-parity exchange type,
i.e., analogous to scalar meson exchange. With
this phenomenological augmentation we achieve a
satisfactory description of the N-N data in the
0-1-GeV energy range.

2. FORMALISM

Our three-dimensional equation with the complex
potential can be derived from the original Bethe-
Salpeter equation with a complex interaction ker-
nel by an analogous procedure to that workéd out
by Thompson!! for the elastic case. We obtain
(suppressing spin indices)

KG,D-VE,E)+ [ §48V6, 066 DKG D, (1)
0

where p and & are the final and initial c.m. momen-

tum of the scattered nucleon, respectively, and

V(D, §) is now a complex potential,

VB, @) = Ve, @) +iV,(®,9). (2)
G(@Q, K) is a two-nucleon propagator given by
64, k) =P{arn*/E>@EQ) -E®)]}, ®3)

2061



2062

where E(K) = (K2+m2)Y2, m is the nucleon mass,
and P denotes the principal value. This propaga-
tor can be derived by considering only contribu-
tions of two intermediate nucleons which are in
positive energy states and have zero relative en-
ergy.

K({,K) which is determined by Eq. (1) is obvious-
ly a complex quantity and related to the S matrix
in an operator form by means of

1+iK/mp
1-iK/mp’ )

where p=E(K)/k.

The real part Vj of the complex potential is as-
sumed to be the generalized one-boson-exchange
potential, or the one-boson-exchange potential
modified by the form factor. For the pseudo-
scalar, scalar, and vector meson, respective-
ly, they are derived from the interaction Hamil-
tonian densities,

« = F(&?) g, 9By (@) s (K)
Hg= F(kZ)gs O ¢s(K),
H,=F{&? g zm )iy, 9@y (K)

S=

Zl)(p)%ulp @[k, d5(K) - Ry @),
(5)

where E=I3 "a, Uuu‘: (7;171/—7117/“)/22‘; and

P - (12’1:—21@)2 . (6)

The imaginary part V; of the complex potential
is assumed to be L=0 and an even-parity exchange

type given by
Vi(B, 4) = 3(@) w(k) &(~8) w(-K)
@ 5], (M

where w’s are the Dirac spinors whose explicit
definition is given in Ref. 11. v, and v, represent
components of /=0 and /=1 exchange, respectively,
and are independent of the spin state. We paramet
rize these functions using
(g1)? 1 °

v (1 + (ﬁ - E)Z/Azz >
T R @)

A \T+@-FP/a¢ )

By choosing A;<A,, we achieve a shape which
characterizes the peripheral nature of the absorp-
tion. In calculations for the 0-450-MeV energy
range this imaginary potential is deleted. How-
ever, it is included in calculations at 660 and 970
MeV where inelastic effects are important and its
parameters are adjusted at both energies. In the

x [v,(d,k)+F, - T,0,

4,k)

v;(@,k)=
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actual calculation the factor of [ F(k?)]? from Eq.
(6), appearing in V from using Eq. (5) and in V,
from using Eq. (8), is replaced by II} ., [A,%/(k?
+A;%)], where A;=[1+(i~-1)/100]A and = (4, 5)
for (Vg, V), respectively.

Partial-wave expansions of the component one-
boson-exchange potentials have been given by
Ueda?' *° for the on-mass-shell case and by GTG®
for off-mass-~shell cases. Since the partial-wave
expansion of the imaginary potential parametrized
by Eq. (8) may be obtained from similar formulas
as the real potential, we will not repeat them here.

The S matrix given by Eq. (4) is expanded into
partial wave components and in the case of spin-
uncoupled scattering it is represented by

Sy=r, e, 9)

where 6, and 7, are a real phase shift and a re-
flection parameter associated with a partial wave
of total angular momentum J. The corresponding
representation for spin-coupled scattering and a
relation of #; to the inelastic cross section are
given in the Appendix.

3. MODEL PARAMETERS

The ingredients of the real potential are 7, p, w,
n, 0, and S* mesons. The masses of 7, w, 7, and
0 are fixed at the experimentally observed reso-
nance values. Special attention, however, is given
to the p and S* mass distributions. The mass of
the p is taken as 840 MeV with zero width which
is approximately equivalent in effect to the actual
p contribution with the mass distribution.!? The
I=0 S-wave phase shfit of the -7 scattering shows
a broad mass distribution of the n-7 system. The
present data have some ambiguity in the 700-1000-
MeV region, however, we adopt the S* solution
which seems at this time to have the most experi-
mental support. We represent the effect of the
broad mass distribution of the S* solution by two
I=0 scalar mesons 0, and 0,.!2 These, in effect,
correspond to ¢ and 7, in the Ueda-Green I model.?
However, in this case the masses of ¢, and 0, are
constrained to be consistent with the S* solution.
The form-factor parameter A is taken in common
for all mesons. Adjustable parameters are m(0,),
the coupling constants and the form-factor parame-
ter A. As in our previous works we assumed sim-
ply (f/€) =0 in accord with the isoscalar part of
the electromagnetic form factor. However, a
small value for this ratio can be allowed as used
in a recent work by Ueda,!® Furuichi, Suemitsu,
Yonezawa, and Watari,' and Bryan and Gersten.'®
The coupling constants and A are adjusted so as
to secure fits to the Livermore phase shifts (the
energy-independent solution) at 25, 50, 95, 142,
210, and 330 MeV.1'®
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After determining the real potential the parame-
ters of the imaginary potential are adjusted to
achieve a fit to the reflection parameters of pp
scattering obtained by the phase-shift analyses!’
or by some theoretical models,* % 1® and also to
yield the inelastic cross sections of pp and np
scattering at 660 and 970 MeV. As seen in Eq.

(8) the imaginary potential has a set of parameters
of g9, £%; g}, £}; A,, A,. We determined A; and
A, by using the pheripheral-type-reflection param-
eters and took them in common at 660 and 970
MeV. g9 g%; gt and g} are chosen to yield fits

to the pp and np inelastic cross sections as well

as the reflection parameters. Care has been taken
not to violate the unitarity limit, since too large a
value for the repulsive part would create such a
problem.

4. DATA FOR COMPARISONS

For experimental data we use the phase parame-
ters obtained by the Livermore group through en-
ergy-independent analyses at 25, 50, 95, 142, 210,
330, 425, and 630 MeV.'® For the €, parameter
which has a large ambiguity in the phase-shift
analysis solutions we also take the energy-depen-
dent solution of the Livermore group obtained in
the 0-750-MeV energy range. Comparisons are
also made with the Yale phase parameters in the
0-350-MeV energy range.’® At 660 MeV we use
phase parameters obtained by the Kyoto group,’?
and at 970 MeV we take those obtained by the
Kyoto group,'” although error bars are not avail-
able at this energy.

The reflection parameters to be compared with
our theoretical results are of two kinds. The first
ones are those obtained by the phase-shift analyses
of pp scattering at 660 and 970 MeV by the Kyoto
group.!” In their analyses at 660-MeV peripheral
absorption is assumed according to the Mandel-
stam model.?* Thus the 'S, reflection parameter
is fixed .to unity and the reflection parameters of
P, D, and F waves were searched as well as the
real phase shifts to make a fit to the elastic and
inelastic cross sections. At 970 MeV too, similar
analyses as well as analyses not constrained by
the Mandelstam model have been presented. The
latter are predictions of theoretical models.
Amaldi® calculated reflection parameters in the
600-1400-MeV energy range, using the one-pion-
exchange model modified by the form factor for
the one-pion production process which is dominant
in the inelastic processes of the energy range. The
K-matrix unitarization model given by Ueda and
others also provides the reflection parameters.®®
In this model the one-boson-exchange amplitudes
for pp scattering and pp—~ NN* reaction are simul-

taneously unitarized by the damping relation and
the reflection parameters are obtained by fitting
the model to both elastic and inelastic data. Un-
fortunately, the reflection parameters obtained by
these various methods show considerable ambigui-
ties at 660 and 970 MeV.

Inelastic cross sections were evaluated from ex-
perimental total cross sections and elastic total
cross sections at 660 and 970 MeV, except for the
pn inelastic cross section at 660 MeV.?"2® To ob-
tain the pn inelastic cross section at 660 MeV, we
used a value derived by integrating the elastic dif-
ferential cross section at 660 MeV.

The data for the pp and np observables, as de-
fined in the review article by Hoshizaki,?" are tak-
en from the NN scattering data compilation by
Bystricky, Lehar, and Janout at Saclay (1972).2
We use their tabulated data which are at times
only graphically represented in the 34 original
articles cited under Ref. 28 using their reference
code.

5. NUMERICAL RESULTS AND COMPARISON
WITH DATA

Numerical results of the phase parameters and
reflection coefficients and inelastic cross sections
are shown in Figs. 1 and 2, and in Tables I-IV.

A. Real Phase Parameters

We present two solutions of our search proce-
dure for the real potential. The No. 1 solution re-
sembles the U-G model of Ref. 3 in each contribu-
tion of its ingredients, and solution No. 2 resem-
bles the GTG model. The x? test per 103 phase
parameters with J <5, using the Livermore ener-
gy-independent solution'® at 25, 50, 95, 142, 210,
and 330 MeV, produced results of 4.5 and 3.9 for
the No. 1 and 2 solutions, respectively. Thus, the
No. 2 solution gives a little better fit in the elas-
tic energy region, and the No. 1 solution gives bet-
ter fits in D, and €, at 660 and 970 MeV and also
has (f/g), =4.96, which is nearer the electromag-
netic form-factor value of (f/g)p ~ 4 than No. 2.

At 660 MeV the phase-shift analysis solutions
have large error bars. Our result for the 12
phase parameters shows that deviations are less
than about 3 standard deviation except for the D,
phase shift. The phase-shift analyses give con-
siderable ambiguity for the €, parameter at this
energy. In particular it is noted that the energy-
dependent analyses yield values of opposite sign
from those of energy-independent analyses. Our
theoretical prediction is nearer to the energy-de-
pendent results.

At 970 MeV the phase-shift analyses by the Kyoto
group give two sets of solutions for pp scattering
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phase parameters and no error bar is available.
Our theoretical values of the six phase parameters
for the pp scattering are consistent qualitatively
with those of the phase-shift analyses, except in
the case of the 'D, state where a rather large dif-
ference develops.

B. Low-Energy and Deuteron Parameters

We constrained our solutions to fit the (%, p) en-
ergy-dependent phase shifts, 'S, and %S,, of Table
VII of Ref. 16 at 1, 2, 3, and 10 MeV. Using ef-
fective range theory?*3° the singlet and triplet
scattering lengths (a,, a,) and the effective ranges
(7,,7,) are calculated by using

kcotd = -le- +3 vE2+ O(k%)

at 1 and 2 MeV, where £ is the c.m. momentum of
the nucleon of mass m. The minus root of the re-
lated quadratic equation

1
% =(mEd)”2/ﬁc=Z—+ 1 7ry?
t

gives the deuteron radius y ~* and binding energy
E,;. The quadrupole moment of the deuteron @ is
obtained at 2 MeV using our values of 7, and v,
and

tane, = [V2 (1 —-y7,)Q1R%+ O(F?) .

The values of a,, 7, a;, 7y, E;, and @ are shown

2065

TABLE I. Parameters of the generalized OBEP,

Mass

No. 1 No. 2
Meson (MeV) g? gt
T 138.7 14.600 14.200
o 960.0 1.345 0.369
P 840.0 0.751 0.500
(f/8)p 4,963 6.376
w 782.8 8.800 9.917
0y, 790.0 8.814 10.960
0, 352.0 0.738 0.700
7 548.8 2.486 3.091
A(MeV) 2075.0 1860.0
x*/data 4.5 3.9

in Table V as determined by 6(1S,), 6(3S,), and ¢,
of Ref. 16 and our solutions 1 and 2, and they can
be compared with the experimental values. A bet-
ter experimental determination of the low-energy
behavior of €, is necessary for an improved pre-
diction of @ from these values as k%~ 0, and for a
means of properly constraining theoretical calcu-
lations of €, for k-~ 0. A more direct method of
examining the nonrelativistic deuteron low-energy
parameters for generalized OBEP models has been
given by Gersten and Green.*!

C. Imaginary Phase Parameters or Reflection
Parameters

At 660 MeV our imaginary potential gives quanti-
tative agreements with the experimental values of
the inelastic cross sections of both of pp and np
scattering. In addition the peripheral nature of
the absorption is consistent with results of the
phase-shift analyses or the predictions of theoreti-
cal models. At this energy we need both compo-
nents of the /=0 and I =1 exchange and both with
attractive long-range and repulsive short-range
potentials. Figure 3 presents a Fourier trans-

form of the imaginary potential into configuration
space illustrating these features of the potential

10 T T T — T T T T
e -~ 7
\ 7 7
\ 1A
N \ |
\ %
A\ Z,
= - £
0.8 \\ ’_ -
4
w t 4
4
n
X
06} — N 4
o
x &
o v
———- SOL. | ——=-==SO0L. |
04 — —-soL.2 — —s0L.2
L 660 MeV J 970 MeV
4
0.2 1 1 | | I | | 1
0 | 2 3 4 5 0 1 2 3 4 5
L L

FIG. 2. The pp reflection parameters 7, of fixed L
averaged over J at 660 and 970 MeV, where 7, =N~1
X334 727;- The solid lines go through past phase-shift
analyses [Ref. 17a (cross) at 660 MeV, and Ref. 17b
(cross and plus at 970 MeV)] and also past-averaged
theoretical predictions [Ref. 8 (up~triangle), Ref. 9
(down-triangle), and Ref. 18 (circle)], and the dashed
(sol. 1) and broken (sol. 2) lines go through our theoret-
ical predictions. Only one dashed curve indicates our
solutions coincide at these points.

shape.

At 970 MeV the imaginary potential leads to in-

TABLE II, Parameters of the imaginary potential,
660 MeV 970 MeV
No.1 No, 2 No.1 No. 2
g9H? 11.50 11.02 18.70  18.40
(g)? 31.82 43.10
(gh? 2.31 0.00
gh? 8.16 3.00
A, (MeV) 1100.0 1100.0
Aj (MeV) 1980.0 1980.0
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elastic cross sections which are fairly good. To
match the observed I dependence of the reflection
parameters our imaginary potential has been made
to be of peripheral type. At this energy the /=0
exchange part dominates and the /=1 part is very
small.

D. Observables

To deal with the ambiguity of the phase-shift
analysis solutions we have made direct compari-
sons with experimental observables at 660 and
970 MeV. In Fig. 4 we show the theoretical pre-
dictions of solutions 1 and 2 for the pp and np ob-
servables which are the differential cross section
do/dS: (mb/sr), polarization P, depolarization D,
the spin rotations R, A, and the spin correlation
parameters Cyy, Cxp compared with the data.®

6. DISCUSSION AND CONCLUSION
A. Comparison with Result of the Dispersion
Relation Calculation

First we compare the present calculation with
the result given by Ueda, using the dispersion

UEDA, NACK, AND GREEN 8

relation with inelastic effects in the 0-3-GeV en-
ergy range.'> Comparisons of the 'S, 3P, ,, and
'D, phase shifts in the 0-1-GeV energy range show
that both calculations give qualitatively similar re-
sults. However, an appreciable difference is noted
in the D, phase parameter where the present one
decreases with increase of energy more rapidly
than that of the dispersion relation calculation in
the 400-1000-MeV energy range.

The present calculation shows that the inelastic
effect on the real phase shifts are not so large and
in most cases makes the real phase shifts go down-
ward, i.e., it acts repulsively. However, the dis-
persion relation calculation indicated that the in-
elastic effect on the real phase shifts are more ap-
preciable and act attractively in the sub-GeV re-
gion, although at very high energy it acts repul-
sively. These basic differences must be resolved
by future study.

B. Energy Dependent Parameters
of the Imaginary Potential
We have chosen the strength parameters g, and
&y of the imaginary potential at each energy and

TABLE III, Real phase parameters (6 or €) in degrees for solutions 1 and 2 computed using
V=Vg+iV,; at 660 and 970 MeV compared with computation using only V to show the quan-

titative effect of adding V, at these energies.

660 MeV 970 MeV

No. 1 No. 2 No. 1 No. 2
6ore \4 Vg |4 Vg |4 Vg |4 Vg
1s, -38.9 -37.1 —41.9 -39.7 -57.6 —56.1 —61.0 —58.9
P, -39.3 -38.7 —41.0 -40.4 -57.1 —56.2 —58.3 —57.2
p, —34.4 -22,3 -38.6 -35.8 -31.9 -39 -41.9 -36.7
38, -39.1 -39.7 -33.8 -34.2 -57.2 —52.4 = —52.0 —51.8
P, —41.0 -40.5 -39.1 —38.7 -49,3 —48.8 —46.8 —46.6
D, 21.7  19.8 3.0 3.0 40.5  31.8 11.4 11.3
€ 4.7 6.5 -1.9 -15 -1.7  -1.4 -4,7  -6.3
p, 5.4 5.9 4.3 4.6 -0.4  —=0.2 -2.5 -2.4
3p, 11.4 14.8 10.5 13.6 5.0 9.1 3.1 6.5
D, 20.9  21.0 14.9 14.9 7.9 8.2 1.1 1.3
F, -5.7 —5.6 -6.9 —6.8 -14.3 -14.3 -16.0 -16.0
€ 0.7 1.0 1.1 1.3 2.1 2.5 2.3 2.7
Fy -9.5 -9.5 -10.2 -10.1 -15.5 -15.3 —16.5 -16.2
D, 3.2 3.1 5.9 6.0 -1.9 -1.9 1.7 1.9
i, -81 -7.9 -8.3  -8.1 -12.0 -11.7 =124 -12.1
3G, -5.0 -~ =5.0 -4.8 -4.9 1.8 1.7 0.0 -0.1
= 7.2 7.7 5.9 6.2 4.6 5.2 3.2 3.1
¢, 2.6 2.7 2.6 2.6 2.6 2.8 2.4 2.6
F, 3.8 4.0 3.6 3.8 3.1 3.6 2.6 3.0
3G, 12.7  12.7 11.6 11.6 12,0 121 10.0 10.1
*H, 0.7 0.7 0.5 0.5 -0.7  -0.7 -1.3 -1.3
€ -1.9 -2.1 -1.8 =19 -1.5 =17 -1.3 -1.5
p: -2.4 -24 -2.5 -2.5 -3.5  =3.5 -3.9 -3.8
3Gg 0.1 0.1 0.4 0.4 —-0.2 0.0 0.4 0.6
SH, -2.1  -2.1 -2.1 -2.1 -3.0 -3.0 -3.1  -3.1
3, -2.1 -2.1 -2.0 -2.0 -2.4 24 -2.3 -2.3
4.6 4.6 4.4 4.5 4.9 5.2 4.6 4.9
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TABLE IV, Reflection parameters (p,r) for phase shifts 6, and (o, ¢) for mixing parame-
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ters € or p as defined in our Appendix according to the (Livermore, Kyoto) definitions, re-

spectively, and inelastic cross sections.

660 MeV 970 MeV
No.1 No.2 No.1 No. 2 No. 1 No. 2 No.1 No. 2

State p (deg) v p (deg) r
1s, 16.7 8.3 0.96  0.99 25.4  22.7 0.90  0.92
38, 31.1  24.5 0.86  0.91 133.6 141.4 0.69  0.79
P, 42,1  41.6 0.74  0.75 48.8  49.1 0.66  0.65
p, 34.9 29,0 0.82  0.88 63,4  56.7 0.45  0.55
P, 47,7 47.2 0.67  0.68 55.5  55.2 0.57  0.57
P, 8.8 5.8 0.99  0.99 8.1 15.6 0.99 0,96
D, 39,3  28.6 0.78  0.88 56.3  53.0 0.56  0.61
p, 42.9  41.3 0.73  0.75 50.1  48.7 0.64  0.66
’D, 25,1  22.7 0,91  0.92 47,3  45.8 0.68  0.70
%D, 28,5  27.3 0.89  0.89 54.2  54.1 0.60  0.59
i, 20,7  19.9 0.94  0.94 28.1 275 0.88  0.89
r, 14.0 13,1 0.97  0.97 33.7 33.3 0.83  08.4
i, 24.4  23.8 0.91  0.91 34.7 34,2 0.82  0.83
F, 30.9  30.2 0.86  0.86 42,5 41.8 0.74  0.75
3G, 10.1 9.1 0.99  0.99 30.0 26.7 0.87  0.89
1, 16.1  15.8 0.96  0.96 26.0 25.6 0.90  0.90
3G, 9.8 9.0 0.99  0.99 25.8  24.8 0.90  0.91
3G, 10.3 9.8 0.98  0.99 28.8  28.9 0.88  0.88
SH, 6.8 6.6 0.99  0.99 12.2  12.0 0.98  0.98
g, 4.4 4.1 1.00  1.00 14.3 141 0.97 0,97
p: & 7.8 7.4 0.99  0.99 14.2 14,0 0.97  0.97
°1 2.1 2.0 1,00 1,00 7.8 7.7 0.99  0.99
State a (deg) = ¢ (deg) a (deg) = ¢ (deg)

381-*Dy -14.0 14.6 -102.2 -100.9

P,-%F, -3.4 3.6 -4,4 -2.9

3D3-3G, -3.6 —4.2 -28.1 —39.2

-3, -2.0 -2.2 -7.8 -8.6

3G5-%5 -0.1  -0.1 Exp. -1.3 -1.,5 Exp.

off, (mb) 19.4  18.3 18.5+1.1 21.6 21.4 21.7+1.4

of, (mb) 16.2  14.3 13,6+ 3.2 25.7  24.5 23.8+3.5

found that the best values for the parameters dif-

fered at 660 and 970 MeV. The possibility of find-
ing an imaginary potential which describes inelas-
tic effects with a single analytic function (possibly
smoothly energy-dependent) over the entire energy
region of interest also remains for future study.

C. Reflection Parameters

It is noted that the reflection parameter of unity
is obtained for the 'S, state at 660 MeV, though
the imaginary potential produces an appreciable
effect on the real phase shift. This comes obvious-
ly from the following reason. The reflection pa-
rameter results from some averaging over the at-
tractive part and repulsive part of the imaginary
potential and can portend no effect from the imagi-
nary potential. However, the effect of the imagi-
nary potential on the real phase shift originates
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TABLE V. The low-energy and deuteron parameters.

Solution 1 Solution 2 Ref. 186 Experiment

ag (fm)
7 (fm)
a, (fm)
74 (fm)
E; (MeV)
Q (fm% ¢

-25.45
2.65
5.50
1.87
2.23
0.253

—25.05
2.68
5.21
1.82
2.56
0.215

—23.68
2.51
5.40
1.79
2.28
0.053

—23.722
2.732
5.41P
1.71¢
2,224
0.282 9

2 H. P. Noyes and H. M. Lipinski, Phys. Rev. C 4, 995

(1971).

b L. Koester and W, Nistler, Phys. Rev. Lett. 27, 956

(1971),

¢ H. P. Noyes, Phys, Rev. 130, 2025 (1963),

dR, Wilson, The Nucleon-Nucleon Interaction (Inter-
science, New York, 1963).

€ Note that the units of @ are fm?, not fm™ as quoted
in Refs, 31 and 15,
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from some other type of averaging because of a
complicated coupling between the real potential
and imaginary potential. Therefore the reflection
parameter of unity does not necessarily imply that
the imaginary potential has no effect on the real
phase shift.

D. Mass Distributed Propagators of the 7-7 System

It has been shown that the effect of the mass dis-
tribution of p on the N-N phase parameters can be
approximately represented by a renormalization
of the coupling constant®?'®3 or an appropriate dis-
placement of its mass from the observed mean val-
ue with the zero-width approximation.'? In this
paper the mass of p was chosen to be 840 MeV
rather than its usual mean value of 750 MeV in an
effort to allow for,its mass-distribution effect.
The p propagator corresponding to the actual mass
distribution found from the I=1 P-wave 7-7 phase
shift and the one-pole approximation with 840 MeV
are shown in Fig. 5. The comparison shows that
this one-pole approximation is fairly good.

In Fig. 5 the S* propagator corresponding to the

T T
Y(T=0,E=660 MeV)
——-=Y(T=l, E=660 MeV)
— — Y(T=0,E=970 MeV)
————— Y(T=t, E= 970 MeV)

20F

Longliadi

Y(T,E) (fm~1)

16 0.5 10 1.5
r (fm)

FIG. 3. Fourier transforms (F) or ¥ space potentials
(see Ref. 3) of the T=0, 1 parts of Eq. (7), denoted
symbolically by Y(T'=0, E) =F(vy+v;) and Y(T=1, E)
=F (v, — 3v,), where v; are defined by Eq. (8). Only sol. 2
is shown at E =660, 970 MeV as sol. 1 only differs
slightly in g). A (compressed, expanded) scale is used
for (Y >3, Y <3), respectively, to best show the short-
and long-range behavior. '

oo

AND GREEN

broad mass distribution =0 S-wave 7-7 phase-
shift data is shown by the solid line. The compos-
ite propagator used in the present work which is
constructed by the o, and ¢, contributions is shown
by the dashed lines. In fitting the N-N data the
lighter mass component ¢, requires a greater re-
lative coupling constant than is expected from the
m-m data. Possibly this difference may be attribut-
ed to contribution from I=0, L=0 part of the un-
correlated two-pion exchange. This approxima-
tion of identifying the uncorrelated two-pion-ex-
change contribution with a fictitious low mass

I=0 scalar-meson-exchange contribution in the
elastic region has been suggested by Furuichi.®

E. Form-Factor Parameters

Few of the particles listed in standard tables
are elementary—i.e., specified only by the param-
eters of mass and conserved charges or quantum
numbers. For example, resonances require at
least a width parameter I', if not actually the more
detailed phase-shift behavior.? It was noted by
Ueda and Green® that the nucleon is not elemen-
tary, and that its virtual pion cloud structure can
be represented by a form factor whose size and
polarity parameters are (A =7%c/A, N), respective-
ly. The case N =4 of quadrupole regularization or
a dipole nucleon-meson form factor results in an
exponential pion density in x space, and is used to
fit the electromagnetic data as well as the strong
interaction data of this paper. We see different
2’s depending on the interaction we use to probe
the nucleon. The hadrons see the strong A% =7%c/A
=0.095 fm of solution 1 of this work in the elastic
region, and A{=7c/A,=0.179 fm in the inelastic
region at 660 MeV. The larger size parameter at
660 MeV could reflect the excited nature of the nu-
cleon N* at this energy. It is not surprising that
the electromagnetic interaction probes the nucleon
with a different size parameter Agy=7%c/840 MeV
=0.235 fm, as it is a long-range force.

In final conclusion this work indicates that the
generalized one-boson-exchange potential with an
imaginary potential can describe the N-N data in
the 0-1-GeV energy range. It is especially note-
worthy that our S, phase shift, which represents
most sensitively the interaction in the innermost
region, fits the phenomenological phase shifts over
the entire energy range.
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tential. One of us (T.U.) thanks Dr. A. Salam for
his hospitality at the International Center for Theo-
retical Physics, Trieste. A final thanks goes to
the North East Regional Data Processing Center
at the University of Florida, Gainesville, for their
computational support.
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FIG. 4. Observables at (a) 660 MeV and (b) 970 MeV as predicted by sol. 1 (solid curve) and sol. 2 (broken curve).
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20 v —

— A(D)
- =A%
— — A"@

0 0.4 08 1.2 1.6
K (GeV?)

FIG. 5. The distributed S* and p propagators A(T)
(smooth curves) of Ref. 12 compared with their approxi-
mations A* (dashed curves) used in this paper, where
AR,mY = (k2 +m)™, AT)= [AE?, t')p*(t)dt’ for
# =m", and p%(#') is the spectral function of the S* or p.
The approximations are A? =pA (k% mp) + (L — p) A k%, m%)
for sols.1 and 2 of the S*where p=g2(v,)/[£%(0}) + £2(a))l,
p=1 for the p, and m,~ m or the mean mass for both the
S* and p as determined from p¥ (¢').

APPENDIX

For the spin-coupled scattering with the inelastic
effect we used the two following parametrizations
of the S matrix:

sJ—l.. J RJ
S= , (A1)

RJ SJ+1,J'

(K=o

where

Sren s = [1- (res, s/7 151, J)PJZ]UZ".H 1, s8Xp(2i0, 5, ;) ,

(A2)
RI=ip;(yey, sV s, PH2expli(0,my, s+ 8y1r, s+ o1,

(A3)
and

cosp_cos2e e®® - igin2e gt(5-+ 84+
S=

H(8-+8,+ )

isin2ece cosp, cos2e e2¥+

(A4)

In these expressions the sign + denotes a relation
l=Jd+1. Inelastic cross sections are related with
the reflection parameters 7 as follows:

o;g=%{ 3 @I+ [1-(7,)]

J : even

L+1
+ Z Z (27+1[1 "(371,1)2]}’

L:odd J=L~1
(A5)
"3:4‘”55{2,:(&’”)11—(%.,)”}
+Z Z (2J+1)[1-(37LJ)2]},
L J=L=1
(A8)

where k is the c.m. momentum of any nucleon,
and 7, and 37, ; represent the reflection parame-
ters for the singlet and triplet scattering, respec-
tively.
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