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We update the relativistic version of the generalized one-boson-exchange potentials on the basis of the
recent accumulation of experimental data. We introduce into the vector-meson potentials a damping factor
decreasing with energy as well as an enhancing factor in the scalar-meson potential increasing with energy in
accord with the asymptotic power-law energy dependence of the potentials required in high-energy physics.
With these factors we obtain a markedly improved fit to all phase parameters. Thus, with 11 adjusted
parameters we obtain a satisfactory description of the N-N interaction for the 0-515 MeV energy range.

asymptotic power-law energy dependence. Theoretical fits to phase shifts and

E\IUCLEAR STRUCTURE Relativistic one-boson-exchange potentials with

observables.

I. INTRODUCTION

Recently considerable progress has been made in
experimental measurements of the nucleon-nucleon
system in the 0-50 MeV region as well as in the
200-500 MeV region.!"* These data have reduced
the error bars of the phase parameters*® to ap-
proximately one-half of those obtained 10 years
ago.”8 ,

Using this new experimental information, this
paper presents an updated version of our relativ-
istic generalized one-boson-exchange potential
(OBEP) for the energy range of 0-515 MeV. The
generalized meson field theory work®!° by one of
us (A.G.) embodying what has subsequently been
referred to as “regularization” and containing a
combination of vector, scalar, and pseudoscalar
meson fields is one basis of our approach. The ap-
proximate cancellation of the large static interac-
tions generated by vector- and scalar-meson fields

gives major importance to the residual relativistic -

terms which are tractable with regularization.
These physical features are maintained in current
models.

The early one-boson-exchange model studies'!-?
for the intermediate and outer region of the force
range by one of us (T.U.) and others is the other
initial basis of our OBEP approach. Subsequent
developments of the OBEP with regularization or
the use of meson form factors have led to realistic
nonrelativistic'~!® and relativistic models'?'*® in-
cluding one by Ueda, Nack, and Green (UNG)'®
which covers the energy region of 0-1000 MeV us-
ing a complex potential. These together with the
dispersion theoretical*® and the K-matrix ap-
proach® for the 0-3 GeV energy range by one of us
(T.U.) are our basis for the inelastic region. In ad-
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dition to the work at Florida and Osaka, groups at
Texas A & M, M.I.T., Nijmegen, Beer-sheva,
Bonn, Paris, and Stony Brook have also pursued
similar boson exchange models. For reviews of
these works we refer the reader to the Proceedings
of the First and Second International Conferences
on the Nucleon-Nucleon Interaction?+?? as well as
Refs. 12 and 13.

In addition to updating earlier models in UNG,!3
we here introduce (i) a damping factor decreasing
with energy which multiplies the vector-meson-
exchange potentials and (ii) an enhancement factor
increasing with energy which multiplies the scalar-
meson-exchange potentials. The first modification
is based on our view that the vector-meson-ex-
change amplitude should tend to the Reggeized vec-
tor-meson-exchange amplitude at very high ener-
gies. Actually one of us (T.U.) showed already that
the one-boson-exchange amplitude with a similar
modification works well at very high energies® and
interpreted this modification in terms of the bilo-
cal-field exchange® or equivalently the exchange of
an infinite series of mesons between the two nu-
cleons. The second modification is based on the
following view and is intended to improve fits of
the model to data. The I=0 scalar-meson exchange
can be interpreted as the I'=J =0 part of the two-
pion exchange with a nucleon and a A in the inter-
mediate states.?® Therefore, there is a possibility
that at energies beyond the one pion production
threshold, the A production increasing with energy
produces some enhanced correction in the scalar-
meson-exchange amplitude. Secondly, we have a
possibility that tensor-meson-exchange contribu-
tions, which are in part similar to the scalar-
meson contribution,'® may be incorporated by this
enhancement factor, because the tensor-meson-
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exchange amplitude increases with energy with a
factor proportional to the square of the laboratory
energy relative to the scalar-meson-exchange am-
plitude.

These two modifications produce remarkable im-
provements in fits of our model to the data. With
the introduction of only one additional parameter
to describe these factors, we reduce the x2 value
to £ of that of the unmodified model.

Perhaps it should also be mentioned at the onset
that recent data have exposed some defects of the
old phase parameters. For example, the D, para-
meter from np scattering data at 325 MeV, pro-
vided by recent measurements at TRIUMPH,* de-
viate considerably from the predictions of the
Livermore X solution.” In addition, a new mea-
surement of the A, parameter from np scattering
data at 50 MeV has led to the conclusion that the €,
parameter given in the Livermore analyses has
been persistently too negative. Since most poten-
tials, either theoretical or phenomenological, have
been constructed referring to the old phase para-
meters, especially the Livermore X solution, we
believe that it is worthwhile to present new poten-
tials based on the new data. The new potentials -
have manifest improvements over the last relativ-
istic potentials having x? values of $—% of the old
ones.'®

In Sec. II we describe definitions and basic equa-
tions. In Sec. III our models are explained. In Sec.
IV the data for the x® test are given. Numerical re-
sults are given in Sec. V. We give also some vari-
ations of our models in Sec. VI and results on ob-
servables in Sec. VII. In Sec. VIII we compare our
work with other recent potentials, discuss related
problems, and present our conclusions.

II. FORMALISM

The basic equations used in this paper are de-
scribed in our previous papers.!”!® For definite-
ness for the spin singlet case the basic equation is

K@D =70+ f " PagV(E, 6, DEE,B)
(1)

where P and K are the final and initial c.m. momen-
tum of the scattered nucleon, respectively, V(p,9)

is the OBEP in the momentum space, and G(§,K) is
a two-nucleon propagator given by

G(q, k) =P{4mr*m?/EAQ)[E@Q) - EK)]}, (2)

where E(K) = (k2+m?2)'/2, m is the nucleon mass,
and P denotes the principal value. K({,K) which is

» determined by Eq. (1) is related to the S matrix by
means of

S=(1+iK/mp)/(1 - iK/7p) , _ (3)

where p=E(E)/ k. The partial wave projéction of
Eq. (1) gives
Kb, W)=V (p,0)+ [ qdaV (p,a)Gla, K (a,R)
0
(4)

where ! denotes the orbital angular momentum and
P, k, and g represent the magnitudes of P, k, and
4, respectively. K ; 1s now related to the phase
shift § as follows:

K,(p,p)=tand,(p)/mp(p). (5)

The OBEP V (#;q) have been derived in Refs. 11
and 12 on the nucleon mass shell and are repre-
sented for the scalar and pseudoscalar potentials,
respectively, as follows:

VSN p,k)=q2C(B. - 2)Q,(2), (6.1)
VPN p,k)=£2C(Z - B,)Q,(2) . (6.2)

In Egs. (6.1) and (6.2) @, is the second kind of Le-
gendre function and C, B8,, and Z are defined by

c=1/[2(2m)*m?],

E(p)+m k  E(k)xm )3
E(R)zm 2p TE(p)+m 2k’
Z =(R*+p*+ p2)/(2kp) ,

where u is the meson mass. The vector-meson-
exchange potential is complicated and only the ex-
pression on the nucleon mass shell (p=2) is shown
as follows:

VD)= g+ ) g (1466 +€9Q,2) 208+ 27)

B.=

X fy S[2E - m +26Z -G +m)e?]Q,

C

fy m2e

(3p?+2m?Z)(1+€2 - 2¢2)Q,,
(6.3)

where € =p?/(E+m)?. In Egs. (6.1), (6.2), and (6.3)
we ignored the terms with §,, which disappear after
the regularization described later.

The interaction Hamiltonian densities leading to
these potentials are as follows:

Hp=8B(p)iy(Q) o=k ,
Hg +gs @)@ o5 (K) ,
Hy =g, 3®)iv, v@e) k)

+iLET@)0, 0@k, 61 - £,01B)]

where K=0-1, 0,,=0,7,-7,7,)/2.

The potentials of Egs. (6.1), (6.2), and (6.3) are
for the case without form factors at the meson-nu-
cleon vertices. In this paper we assume the fol-
lowing form factor:
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)= (o) | ™

which gives in turn the quadrupole regularization
of the potentials. This procedure of the regulari-
zation is described in one of our previous papers.'®
For numerical calculations we use the regularized
potential represented by the sum of the expressions
of Egs. (6.1) to (6.2) as follows:

1 ¢ A2
veaeyy i) v ©

where 7’ denotes the product except i=7, Aj=u, A
=[1+(j-1)/100] A with j=1,..., 4, V,(A,) is re-
presented by Egs. (6.1) to (6.3) with u replaced by
A, :

lWe note here for later use the high-energy beha-
vior of the potentials in Eq. (1). The scalar poten-
tial behaves with a fixed ¢ and s approaching infin-
ity as

V¢)(s,t) - constant , (9.1)

i

where s =(2E)? and ¢ =2p*(1 — cosf); 6 is the c.m.
scattering angle, while the vector potential behaves
as

Vs, ) ~s. (9.2)

On the other hand, the Reggeized vector and the
Reggeized tensor potentials behave with £=0 as

T (s, 1) ~s2v @ =5, (9.3)
P (s, ) = s¥HO /5 . (9.4)

These features, i.e., the power-law behavior, are
taken into account in the next section.

III. MODELS

The mesons used in this paper are the same as
those of UNG,'® i.e., the 7, p, w, &, S*, ¢, and 7.
The observed mass values are used for these
mesons except the ¢. The mass of ¢ is assumed to
be 352 MeV, the same value as that of UNG.

Model 1. This model is an updated version of that
of UNG which is made by fitting the new data de-
scribed in Sec. IV. Ten parameters are used: the
seven coupling constants of the mesons, the tensor
to vector coupling constant ratio for p, the 7 regu-
lator A,, and the regulator A common to the resid-
ual mesons. In Sec. VI two variations of this mod-
el are discussed.

Model II. In this model we introduce the damping
factor decreasing with energy by which the w and p
exchange potentials V{"’(p,q) are multiplied. The
factor is assumed to be

D(p,q)=1/[(1+p/Q,)(1+q/Q,)]'2, (10)

with a parameter Q.

As seen from the argument in Sec. II, the regu-
larized V$")(p, q), multiplied by this factor, satis-
fies the power-law behavior of the w and p Regge-
trajectory exchange amplitudes which are now es-
tablished at high energies. This model has 11
parameters including Q..

Model III, In this model we introduce the en-
hancement factor increasing with energy which
multiplies the S*, o, and 6 exchange potentials
V$SNp,q),

E(p,q)=[(1+p/Qs)1+q/Q5)]/? (11)

with a parameter Qg. This factor may be inter-
preted as a correction from the tensor-meson-ex-
change contribution as stated in Sec. I; or the V{5’
(p,p) multiplied by this factor corresponds cor-
rectly to the power-law behavior of the £, and A4,
Regge-trajectory exchange amplitudes which are
well established at high energies. This model also
has 11 parameters including Q.

Model IV. This model is a combination of mod-
el IT with model III. D(p,q) and E(p, q) simulta-
neously multiply the vector-meson and the scalar-
meson exchange potentials, respectively, with Q,
=Qg. This model again has 11 parameters. A va-
riation of this model is discussed in Sec. VI.

IV. PHASE PARAMETERS FOR COMPARISON

Fits of our models to data are judged on the
three points: the low energy parameters, the x?2
test described below for the 25-35 MeV energy
range and the comparisons in phase parameters
and some observables at 425 and 515 MeV.

The x2 of the models are determined using 72

-phase parameters with J=0, 1, and 2 at 25, 50,

100, 150, 200, and 325 MeV. The x® value is de-
fined by

i=l

where 5{, 5}  and Al are the theoretical and ex-
perimental phase parameters and the experimental
error bar, respectively. We use the most recent
available results of phase shift analyses for the x?
test. At 50 MeV, we use the phase parameters by
Arndt except €, and 5(*P,). For these two we com-
bine Arndt’s phase parameters® with Singnell’s,®
both involving the recent experimental results on
A,, by the Davis group.®* The combination proced-
ure is as follows. Suppose two phase parameters
are X, +4, and X, +4,, then the combined X and A
are defined by

X =3(Max{X,+A,,X,+4,} +Min{X, - &, X, - A,}),

(13)
A =%(M3X{X1 +4, ,Xz'*Az} - Min{Xl =ALX,- Az}) :
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At 325 MeV we combine Arndt’s phase parameters®
" with Edgington’s,' both involving recent experimen-
tal results on the triple scattering parameters in
TRIUMPH.! For Edgington's I=0 phase parame-
ters we use the number 1 solution as this set is in
better accord with OBEP predictions for 3G waves.
For these high partial waves OBEP predictions
should be reliable. At other energies we use the
energy-independent solution of the phase parame-
ters by Arndt, Hackman, and Roper (AHR).? The
phase parameters for the x2 test are given in an
appendix.

We use combinations of phase parameters by the
different authors for the following reasons. The
two sets of phase parameters are only a little dif-
ferent from each other. Thus their error bars
overlap except for 6(*P,) at 325 MeV. Both sets
involve the recent experimental results and equally
well reproduce all available data. At present it is
difficult to decide which is more likely to be cor-
rect.

At 425 and 515 MeV we use Edgington’s” result
for the I=1 phase parameters and the energy-de-
pendent solution of AHR® for the I=0 phase para-
meters.

In the present calculation we ignore all the elec-
tromagnetic corrections. Since the I=1 phase pa-
rameters described above are obtained for proton-
proton scattering, we subtract the electromagnetic
contributions from the I'=1 phase parameters for
comparison with our calculation. These contribu-
tions are assumed to be the difference between the
proton-proton and neutron-proton phase parame-
ters given by the energy-dependent solution in
AHR A

The models in this paper are intended to fit data
over the entire energy region from 0 to 515 MeV,
including the deuteron binding energy. In view of
the great importance of the three phase parame-
ters, 6('S,), 8(°S,), and €, for problems of nuclear

binding, we emphasize the fits of these parameters
with a technique described in an appendix. We
make no explicit calculation of the deuteron quad-
rupole moment in this paper; however, we impli-
citly have a fit to the quadrupole moment by fitting
€, and 8(%S,) parameters at very low energies. The
searches on the model parameters were first made
at energies of 1, 25, 150, and 325 MeV. However,
to obtain good fits over the entire energy range, we
use a technique described in the appendix.

V. NUMERICAL RESULTS

The model parameters are shown in Table I. The
xZ test results, the low energy parameters, and the
deuteron binding energy are given in Table II. The
deuteron binding energy is estimated from the val-
ues of the scattering length and the effective range
in the 39, state. Fits in models II, III, and IV are
quite similar in all respects. Thus we chose mod-
el IV as the representative of the three models,
since model IV has features averaged over models
II and III. We compare our results for models IV
and I with the phase shift analysis results at 0-515
MeV for Fig. 1, and show numerical values of the
phase parameters in models IV up to 970 MeV in
Table ITI. In the inelastic energy region we ignored
the imaginary component of the potentials. In
UNG*® we calculated the effect of the imaginary
component on the phase parameters at 660 and 970
MeV and the effects are found to be rather small in
states where no inelastic resonance exists. Thus
the present theoretical predictions for the inelastic
energy region are expected to serve as a good ap-
proximation except for the 'D, and °F, states where
resonances may exist,26-28

In UNG the x? values for solutions 1 and 2 are
1434 and 1101, respectively. Therefore model I
with x#=530 is a considerable improvement over
the UNG models. Furthermore, as seen in Fig. 1,

TABLE I. Model parameters.

Mass ) I i 1 v

Meson (MeV) g? g? £ g?
m ) 138.7 14.17 14 .83 14.85 14 .86
P 759.1 0.4555 0.2611 0.2672 0.2425
(f/g),J 6.104 8.978 8.592 9.155
w 782.8 9.342 11.92 12.15 12.05
6 970.0 1.466 1.037 1.276 1.075
S* 993.0 14.67 15.87 15.28 15.60
o 352.0 0.8566 1.097 1.111 1.109
n 548.8 4.512 4.389 4.618 4.452
A, (MeV) 3601.9 4075.9 8185.6 4874.8
A (MeV) 1698.4 1834.8 1847.5 1861.7
Q (MeV) 3279.7 3207.0 6567.3
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TABLE II. The test of models. The scattering length a and the effective range 7 are given
in units of fm for the cases of the spin singlet s and the spin triplet ¢£. E; is the deuteron

binding energy in units of MeV.

Model x? (x*/data)!/? ag 7 a; 7, E,

I 530 2.7 ~23.6 2.68 5.47 1.80 2.2

II 327 2.1 —-24.3 2.57 5.47 1.79 2.2

I 359 2.2 —-23.7 2.44 5.45 1.79 2.2

v 328 2.1 -23.9 2.51 5.48 1.79 2.2
Experiment -23.7 2.73 5.41 1.71 2.22

the fits of model IV are quite satisfactory up to 325
MeV with x=328 and the improvements of the fits
in model IV, compared with those in model I, are
apparent. The deviations in model I in the D, and
3D, states at 325 MeV are greatly reduced in mod-
el 1v.

At 515 MeV we recognize considerable discrep-
ancies between our prediction in model IV and the
data for the 'D,, 'F,, €,, and °F, phase parame-
ters. The discrepancies in the D, and 3F, phase
parameters may be connected with a possible
quasibound state in the D, state®® at about 600 MeV
and an inelastic resonance in the °F, state at about
800 MeV.?” Recently one of us (T.U.) has explained

TABLE III. The phase parameters of model IV.

the existence of the quasibound state and the reso-
nance in terms of TNN dynamics.?® As for the dis-
crepancies in the 'F, and €, parameters, it is not
clear whether this really implies something beyond

the OBEP model or uncertainties inherent in the
phase shift analyses, because the experimental in-
formation is insufficient.

At 325 MeV model IV gives quite satisfactory fits

to the newest phase shift parameters of Arndt.?
The parameters use inputs from the most recent
experimental data from meson factories.}’? The
P, phase parameter in model IV at 325 MeV is a
little larger than those of Arndt’s and Edgington’s
data; however, we have a good fit to the data at

515.00

Energy  1.00  5.00 10.00 25.00 50.00 100.00 150.00 200.00 325.00 425.00 660.00 970.00
is, 62.55 64.26 60.58 51.58 41.11 26.95 16.67  8.35 —7.85 -18.08 —26.00 —37.01 —55.87
3p, 0.23 2.05 4.61 10.24 13.36 10.73  5.40 —0.09 —12.15 —-19.91 —25.70 —33.12 —42.79
ip -0.20 -1.59 —3.24 —6.72 -—10.31 —15.53 —20.11 -24.32 —33.10 —38.84 -43.05 —48.33 —55.81
5,  147.42 117.53 101.72 79.45 61.08 40.93 28.06 18.50  0.67 —9.96 —18.04 —29.19 —48.29
3p, -0.12 -1.05 -2.26 -5.23 —8.78 —14.11 -18.53 —22.43 —30.59 -35.93 —40.10 -45.86 —55.72
) —0.01 —0.20 —0.74 —3.01 -6.81 —12.67 —16.69 —19.37 —23.32 —24.50 —24.95 —25.31 —27.03
E, 0.12 074 1.28 1.98 240 296 3.61 452  6.45  8.07  9.32 10.86 12.47
ip, 0.00 0.05 0.19 0.80 1.95 415 5.97 7.34 892 875 7.87 5.6 —1.14.
3p, 0.03 0.31 0.86 296 6.46 11.70 15.16 ' 17.63 21.33 22.51 22.60 21.42 16.10
3D, 0.01 024 0.94 4.20 10.3¢ 19.97 25.26 27.50 26.67 23.35 1971 13.48  0.64
3F, 0.00 000 0.01 0.12 0.40 0.99 1.39 1.53  0.66 —1.05 —3.09 —6.98 —16.16
E, -0.00 -0.068 -0.22 —0.89 -1.89 -3.01 -3.30 —3.14 —1.98 -0.98 -0.24 0.61  1.45
1R —0.44 118 —2.23 -2.89 -—3.43 —4.96 —6.55 -—8.24 -11.26 —18.14
3D, 0.13  0.58 2.06 3.62 4.89 6,52  6.56  5.97 4.26 —0.76
3R, -0.24 -0.70 -1.,51 -2.14 -2.68 —4.01 -5.19 -<6.34 -8.31 —12.71
3G, -0.06 —0.27 -0.98 -1.81 -2.64 -4.29 -507 -5.39 -5.25 -—3.18
E, 0.60 174 378 522  6.17 7.30 7.53 7.49 7.18  5.95
i, 0.04 0.7 048 0.81 1.15 1.94 248 286  3.25  3.19
3F, 0.03 016 064 1.25 1.86 3.07 3.68  3.98  4.11  3.40
3G, 0.18 078 240 4.08 5.63 8.76 10.40 11.26 11.64  9.55
3H, 0.00 003 012 0.26 0.41 076  0.92 0.93  0.66 —1.10
E, -0.05 —0.20 -0.57 -0.91 —1.20 -1.69 -1.91 —2.00 -2.00 -1.64
H, —0.03 017 056 -—0.91 —1.18 -1.60 —1.83 -2.03 -2.46 —3.97
3Gs —-0.01 -0.05 -0.13 -0.16 -—0.13 0.11  0.36 057 0.84  1.03
3H, -0.02 —0.09 -0.31 -0.54 -0.75 —1.13 -1.37 -1.57 -1.91 -2.81
3, —0.00 -0.02 -0.13 —0.29 —0.47 —0.95 -1.29 —1.56 -1.88 —2.06
E; 0.04 022 077 1.36 1.90  2.98  3.61  4.08 450  4.88
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FIG. 1. Fits of models I and IV to the N-N phase parameters over E;;=0, 515 MeV. Model IV (I) with 11 (10) param-
eters corresponds to the solid (broken) curves. Only the solid curves are shown, if the broken curves are not appre-
ciably different from the solid ones. See Sec. IV on the data from the phase shift analyses. A, E, and S denote the data

from Refs. 5, 1, and 6, respectively.

515 MeV.

At 50 MeV the fits of model IV to the combined
phase parameters of Arndt’s® and Signell’s® are
perfect in all states except the 'P, state. For the
'p, state we predict 6(*P,)=-10.3°, compared with
Arndt’s —4.81°+0.64° (Ref. 5) and Signell’s -5.8°
+1.1°36

The coupling constants of p and w in our models
are compared with the predictions from the anal-
yses of the electromagnetic form factor®

822052581, 2,2=4. 6153, g,°=3.04%581,

(f/8),~3.6, f,/g,~0.



The comparison tells us that £, in our models is

considerably larger than that of the electromagnet- -

ic form factor. We interpret this as follows. Our
w represents the total effective =0, J=1 exchange
between two nucleons; that is, it corresponds to
the sum of the uncorrelated 37 exchange, the un-
correlated m-p exchange, and other possible ex-
changes, all having the same quantum number as
the actually observed w meson. Apart from the

. correlated 3m exchange, the mass distributions of
the exchanged system may be broad. However,
what we use is the potential which is derived by
integration over the mass variable. Therefore it
can be a good mathematical approximation to re-
place the broad mass distributions by an appropri-
ate sum of 0-function distributions. We use five 6
functions for w, corresponding to the w pole and
four poles for the regularization. In addition to
this we note the situation that a change of the w
mass (782.8 MeV) to, for example, 700 MeV does
not make an appreciable change in the resulting
phase parameters, if an appropriate renormaliza-
tion of the coupling constant is made.

Returning to the problem of the coupling constant
difference between the electromagnetic form factor
and N-N cases, we note that the values in Eq. (14)
are derived with use of the photon-vector-meson
coupling strengths which are evaluated from the
data of leptonic decays of the actual observed vec-
tor mesons. The observed w corresponds primari-
ly to the correlated 37 exchange. Therefore most
parts of the uncorrelated 37 and m-p exchanges in
the N-N case do not correspond with the ingredients
of the electromagnetic form factor. We think the
coupling constant difference may arise for this rea-
son.

Similarly, the fact that our (f/g), is larger than
those obtained from electromagnetic form factor
analysis should be interpreted to mean that the un-
correlated 27 exchange with I'=J =1 is involved in
our N-N models in a different way from the case
for the electromagnetic form factor. We also find
that our g,% of 4.5-4.6 is larger than the value &,°
<0.002 (Ref. 30) obtained from other reactions. We
point out the possibility that our n represents the
combined effects of the observed 7, the uncorre-
lated 37 with I=J=0, and the n’ with mass 958
MeV.

VI. VARIATIONS OF MODEL I AND IV

Model I'. We studied the same model as model I
except the mass of 6 is assumed to be 560 MeV,
the 47 mass. This model is interesting in that the
two deviations from the data in the 'D, and D,
phase parameters at 325 MeV may be simulta-
neously remedied by the isovector scalar-meson
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exchange contribution with much lighter mass than
the observed mass of 8. If the uncorrelated 47 ex-
change with the same quantum number as 0 is ap-
preciable, the effective mass of 6 can be lighter
than the observed 6 mass, 970 MeV. Therefore,
we take the lowest possible value, 560 MeV, for
the effective 6 mass. Model I’ is found to be a con-
siderable improvement over model I with x?=504
and gives good fits similar to those of model I to
the low energy parameters and the deuteron bind-

- ing energy. Therefore, we suggest here the possi-

bility that uncorrelated 47 exchange with I=1, J=0
may contribute considerably with lighter effective
mass than the observed 8 mass. The following are
the parameters for model 1’;

g,2=14.16, g,2=0.4853, (f/g),=6.109, g,2=9.116,
£,=0.5203, ga®=14.75, g2=0.7782, g2=3.006,
A,=3330.7 MeV, A=1698.0 MeV .

Model I'’. In this model we replace the quadru-
pole regularization in model I by the double-dipole
regularization for 7, p, and w, though the same
quadrupole regularizations are used for the re-
maining mesons. The double-dipole regulariza-
tions are assumed to be

~.F k2) 2_ A12 2 Azz 2 14
[ ( ] ‘<k2+A12) (k2+A22) ’ ( )
where A,’s are fixed to 4m and 2m for 7 and w and
p, respectively and A,’s are searched distinctively
for 7, w, and p. In model 1’’ we find x%=600 with
good fits to the low energy parameters and the
deuteron binding energy. However, we do not find
any advantage of model 1’’ over model I.

Model IV’ . This model is the same as model IV
except that the different functions are assumed for
D and E as follows:

o6 o (1

E(p,q)=1/D(p,q) .

The results in this model are quite similar to
those of model IV with x®=355 and similarly good
fits to the low energy parameters and the deuteron
binding energy. The parameters are as follows:

g.°=14.53, £%=0.2201, (f/g)p=9.222, g 2=11.50
£:2=1.039, gu?=15.35, £2=1.098, g2=4.301,
A,=5539.0 MeV, A=2049.1 MeV, ©2=1343.0 MeV.

VII. OBSERVABLES

Our theoretical results from model IV for ob-
servables are compared with data in Fig. 2. The
pp data at 515 MeV and the np data at 325 MeV are
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FIG. 2. Observables at 515, 490, 325, and 50 MeV as predicted by model IV. The observables illustrated at the in-
dicated energies are polarization, P, depolarization, Dpp, spin rotation, R, and second spin rotation A.
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provided by TRIUMPH." The pp data at 490 MeV
and the np data at 50 MeV are given by the Swiss
Institute for Nuclear Research (SIN)? and by the
Davis group,® respectively. For calculation of

the pp observables we use the inelasticities only in
the 'D, state which are given in AHR.* We find in
the comparison at 515 MeV that consistency be-
tween our prediction and the data is satisfactory
except for the R,, parameter. However, we find in
the comparison of our R,, parameter with those of
the SIN data at 490 MeV that our fits to the data are
satisfactory.

Our fits in the P and D, parameters for the np
scattering at 325 MeV are satisfactory. In particu-
lar we have good fits to the D, parameter, com-
pared with those of the 1969 Livermore X phase
parameters (MAWX) which were difficult to fit.
This obviously suggests that theoretical models
adjusted by fitting to these Livermore phase para-
meters would, at the very least, need some para-
meter readjustments.

We also compare at 50 MeV our result with the
A, data given by the Davis group.® We find that
the gross features of our result are consistent with
their data. )

VIII. DISCUSSION

In the previous sections we have shown that mod-
el I, the updated version of the UNG model, gives
x?=530 [(x?/data)!/2=2.7] with 10 parameters. The
introduction of the energy-damping factor and the
energy-enhancement factor brings a considerable
improvement to model I with x?=328 [(x%/data)*/2
=2.1] in model IV with 11 parameters.

This. x2 value may be compared with that of the
Paris potential® which we estimate approximately
to be x2=554 when tested with the updated phase
parameters. This potential is currently popular
with its dispersion theoretical 27 exchange and its
use of other established mesons. The description
employs 14 parameters for the region of interpar-
ticle distance »<0.8—-1.0 fm as well as two cou-
pling constants. We note that their 27 exchange
calculation leads to considerable uncertainty, de-
pending on the choice of the mN scattering data,
especially in the P, state. Furthermore, the dif-
ferences of results by different authors, for ex-
ample in Ref. 23, from theirs are quite large in
some states. In this respect we think that it is
quite reasonable to replace the 27 exchange con-
tribution by simple poles of ¢ and p. In this treat-
ment the calculation, i.e., the lowest order calcu-
lation, has intrinsically no ambiguity. Further-
more, our OBEP’s with fewer adjusted parameters
produce better fits. We note here also that the
pole description by ¢ and p can be quite a good ap-

proximation to the sum of the uncorrelated (or the
continuum) 27 exchange and the correlated 27 ex-
change as shown by Furuichi.?®* The actual mass
distribution of the uncorrelated 27 exchange should
be broad. However, it can be a good mathematical
approximation to replace the mass distribution by
an appropriate sum of d-function distributions, as
argued for the case of the w. For the I=J=0 ex-
change component we use six 6 functions corres-
ponding to the ¢ and S poles and four poles for the
regularization. However, in our opinion, the real
significance of the OBE model will be understood
in the future in terms of a more fundamental theo-
ry such as quark physics than dispersion theory
based on 7N and 77 dynamics. The one-7, one-p,
and one-w exchanges correspond to one quark-
antiquark pair exchange and the one-o exchange,
presumably to exchange of the quark-antiquark
pair®? in the topological diagram of quark dynam-
ics.

The Bonn group®® has recently modified OBEP
with an eikonal meson form factor to achieve fits
to the 1969 Livermore phase parameters.” Since
the newest phase parameters®*® differ substantially
from the Livermore parameters and have approxi-
mately one-half the error bars, their value, 2.77,
for the x? value/data which was obtained with re-
spect to the Livermore phase parameters is prob-
ably much larger if tested against new data.

As shown by one of us (T.U.),* the damping fac-
tor introduced in this paper can be related to the
structure of the vector mesons. Hé described the
structure by introducing space-time extension into
the vector meson, which is represented by a bilo-
cal field.*® This has two kinds of coordinates, cor-
responding to the barycentric and relative coordi-
nates. Imposing appropriate conditions on the bi-
local field, he showed that the amplitude due to the
exchange of the bilocal vector-meson field gives
the local vector-meson exchange amplitude at low
energies E,,, << m, while that amplitude tends to the
Reggeized vector-meson exchange amplitude at
very high energies E,,, <m. Thus the damping
factor corresponding to the power-law behavior of
the Regge pole amplitude comes out consistent with’
the OBE model at low energies. The calculation of
the nucleon-nucleon interaction using this formal-
ism is complicated. In this paper, therefore, we
have adopted a simple parametrization which satis-
fies the features of this formalism both at low en-
ergies and at high energies, which has experimen-
tal support, that is, the OBE model for low ener-.
gies and the Regge pole model for high energies.

In this connection, it is interesting that Yonezawa
has recently found considerable improvements in
fits to data by introducing the Regge pole behavior
into his OBE model, though his method is quite dif-
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ferent from that presented in this paper.*

As a companion work to this paper, we have de-
veloped an updated verison of the corresponding
nonrelativistic OBEP in 7 space, which has been
made to fit data up to 325 MeV.35*3¢ Though in this
nonrelativistic work we have made considerable
improvement over older models, some deviations
from data at 325 MeV in the 'S, 'D,, and °D, states
are recognized. The main reason for these devia-
tions is apparently in the nonrelativistic approxi-
mation that ignores the terms of the order of
(p/m).* We have no problem with such terms in
this relativistic version since higher order kine-
matics is naturally included. However, we can
show in the nonrelativistic models that a modifica-
tion of the velocity-dependent term by introducing
the phenomenological term of the order of (p/m)?
leads to improvement at 325 MeV.> Perhaps we
should recognize that the significance of the non-
relativistic models is in providing an intuitive pic-
ture of nuclear forces and as a useful tool for nu-
clear problems where the phenomena in the normal
state concern primarily p <300 MeV/c.

In this regard the improvements in this work of
models II, III, and IV with respect to model 1
might have a simple nonrelativistic interpretation.
It would appear that the approximate cancellation
of the static attractive interaction from scalar-
meson exchange by the static repulsive interaction
from vector-meson exchange® becomes less com-
plete at higher energies. Thus at higher energies
the intrinsic strength of the nuclear interaction
implicit in the large coupling constants becomes
more manifest. It is well known that these strong
interactions are more fully manifest in the N-N
interaction where the w meson contributes an at-
tractive interaction (since its G parity is negative).

In final conclusion and summary, this paper has
presented markedly improved descriptions with 10
or 11 parameters of the N-N interactions defined
by most current experimental data up to 325 MeV
in all states and up to 515 MeV in most states ex-
cept a few states mentioned in Sec. V. At present,
it is not clear whether these discrepancies are due
to an insufficiency of our models or due to the
shortage of experimental information for the phase
shift analyses, except the discrepancies in the
8(*D,) and 6(°F,) at 515 MeV. These two may be
connected with mechanisms other than that of
OBEP. The damping factor for the vector meson
and/or the enhancement factor for the scalar me-
son introduced in this paper lead to a remarkable
improvement in fits considering that only one addi-
tional parameter is employed. Therefore, we be-
lieve that this indicates a good direction to pursue
in attempts to unify the models for low energy with
the established high energy theory. Finally, since

recent experimental data have revealed some de-
ficiency in the Livermore X phase parameters, to
which most of the currently available potentials re-
fer, we believe our potentials, referring to the new
data, might be useful in applications to other nu-
clear and particle processes.

We would like to thank Dr. R. A. Arndt, Dr. J. A.
Edgington, Dr. P. Signell, Dr. R. Hess, and Dr. D.
H. Fitzgerald for prepublication copies of their re-
cent data or phase shift analyses, Dr. Fred Riewe
for helpful discussions, and the Research Council
of the University of Florida for computational
funds.

APPENDIX

In Table IV we show the phase parameters for
the x* test and the ones to which we fitted our mod-
el by optimizing the corresponding x* value. The
latter set consists of phase parameters and error
bars at 1, 25, 150, and 325 MeV which are the
same as those for the y® test except for the cases
discussed below. This set is adopted for the fol-
lowing physical and technical reasons. As is well
known, the €¢,, 6(°S,), and 6('S,) parameters are
of particular importance in nuclear binding.
Therefore we emphasize these parameters by
giving smaller error bars at 325 MeV than those
for the x® test. In our models the €, is strongly
correlated with the 5('D,), 5(°P,), and 6(°D,) pa-
rameters. Therefore we use the smaller error
bars also for these phase parameters at 325 MeV
to retain good fits. Another advantage of using
the smaller error bars is that their use leads
to better fits at 420 and 515 MeV without involving
the phase parameters at these energies in the
optimization procedure. A smaller error bar for
5(°P,) at 150 MeV is used to obtain a good fit at
100 MeV without involving the phase parameter
at this energy in the optimization procedure.

In order to get fits of approximately 1% accuracy
to the scattering lengths and the effective ranges
we use also smaller error bars of + and ¢ of
those for the y?* test for the 'S, and ®S, phase shifts,
respectively, at 25 MeV. At 1 MeV we use the
data (the energy-dependent solution) given by AHR
with error bars small enough to provide fits with
1% accuracy to the low energy parameters.

As is stated in Sec. IV we implicitly seek a fit
to the deuteron quadrupole moment by fitting the
€, parameter at 1 MeV. For this parameter at
1 MeV, however, the energy-dependent solution
in AHR® is not reliable because this solution gives
a negative value to the €, parameter at 50 MeV,
though the latest data® require a positive value.

In this situation we use the result of the Ueda-
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TABLE IV. The data for x? test (upper) and X? test (lower). The asterisk indicates the same figure with that in the

upper side.
Energy 1 25 50 100 150 200 325

15, 50.64+0.37 40.37+0.27  25.58 +0.46 . 15.88 +0.49 8.37 £ 0.46  —4.96 +1.04

62.41 +0.06 * * *0.50

3p, 10.36 £0.22  13.48 £0.34  12.28 +1.42 5.43+043 -0.56+0.48 —14.15+1.84
* S 10.14 *

1p, —4.49:0.94 —6.04:1.86 —12.64+1.13 -19.83:1.10 —22.16=1.55 —30.70 +4.80
* * *

35, 79.89+0.88 61722049  42.43:059  27.04:055  16.81+1.11  —0.49 +3.20

147.81 +0.09 * 0.10 * * £0.20

3p, —5.93:0.12 —-9.27+0.15 -14.68:0.26 —18.80+0.14 —22.53+0.28 —31.97 +1.20
* * *

3D, —2.8320.42 —6.51+0.23 —12.18+0.38 —14.95+0.42 —17.64+1.07 —26.50 +1.26
* * *

€ 0.71+0.84  2.90+1.90 0.07 +0.96 4.30 +0.63 5.99 + 0.68 7.80 +1.20

0.127 £ 0.001  2.18 +0.03 * *1£0.20

ip, 0.86£0.03  1.82+0.06 4.06 +0.13 5.68 % 0,08 7.36 £0.13 9.62 +0.64

* * * 10.12

3p, 2.90+0.05  6.54:0.08  11.62:0.18  15.42:0.09  16.91:0.19  18.01 +1.09

* * * 10,50

3D, 429077 10.29:0.30  16.18+0.74  22.46x0.50  25.45:0.76  23.75 +1.05

* * *10.30

3F, 0.11:0.50  0.32 £0.50 0.73 = 0.50 1.11:0.18 1.15 £ 0.26 0.81+0.42
* * *

€, —0.95+0.50 —1.87+0.07 -3.00+0.12 —8.11:0.06 —3.09:0.13 —2.85x0.25

*

*

*

Green 1 potential.’® This potential reproduces well
the deuteron properties (the binding energy, the
quadrupole moment, and the D-state probability)
and the low energy parameters in the 35, state,
which are all closely connected with the €, param-
eter. Therefore, as far as the ¢, parameter at

1 MeV is cohcerned, we think that the result of

the Ueda-Green 1 potential is more reliable than
the energy-dependent solution in AHR which does
not involve an analysis of the deuteron. For sim-

ilar reasons we also use the result of the Ueda-
Green 1 potential at 25 MeV. However, even if
one would use the AHR solution (0.71°+0.84°) at
this energy, one should find no appreciable change
in our result. The error bars of the €, parameter
at 1 and 25 MeV are also chosen to obtain fits to
the deuteron quadrupole moment with 1% accuracy.
The test against this special set of the phase pa-
rameters is called the x® test. The minima of the
x? value are obtained by the method in Ref. 37.
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