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Significant underbinding for the triton of a quantum-chromodynamically motivated realistic NN
potential containing a superdeep short-ranged attraction and a forbidden state in the S waves has
been reported from a previous Faddeev calculation. In the present paper, this feature is reproduced
with a simple S-wave-interaction model of this NN potential, generalized into a wide range in the
form of a short distance node, and explained in terms of short-ranged NN D-wave components
which the nodal S-wave components introduce inevitably through the three-body kinematics. The
strengths of the NN D-wave interactions are estimated to be not sufficient to compensate for the ki-
netic energies arising from these D-wave components, which means a significant loss for 3N bind-
ing. This is in sharp contrast to the strong 3a binding in the forbidden state aa potential model
which is supported by strong D- and G-wave interactions. The present study indicates that a notice-
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able short distance node in the 2N wave function is unlikely.

I. INTRODUCTION

It is well known that the 2N data provide us with limit-
ed information on the NN interaction, i.e., the on-shell
properties. The electron scattering data also cannot deter-
mine the deuteron wave function at relatively small 2N
distances. There are, in principle, various ways to account
for the sign changes of the S-wave phase shifts. Conven-
tional realistic NN potential models exclusively employ a
short ranged repulsive core.! =3 It has been shown that all
of them underbind the triton by 1—2 MeV.* On one
hand, a possible explanation is the neglect of the three-
nucleon interaction.” On the other hand, it is an interest-
ing question how such a few-nucleon quantity is sensitive
to the off-shell properties of the NN interaction. In par-
ticular, one asks to what extent the off-shell variation of
the NN potential can remedy the underbinding for the tri-
ton already. Many investigations have been made in this
direction.®~® Up to now no noticeable gain in the triton
binding energy has emerged. On the contrary, a short dis-
tance node generated by the unitary off-shell transforma-
tion of a conventional repulsive core potential tends to de-
crease the triton binding energy.?

Recently, attempts to understand the NN interaction at
short range from the use of 6-quark degrees of freedom
have been made quite extensively.>'* In this line of study,
a new realistic NN potential model was proposed which
presupposes a short ranged deep attraction with a forbid-
den state, as well as the one pion exchange tail.!' The pa-
rameters of the short ranged attraction (and the forbidden
state) are determined from the 2N data. In its most recent
version,!> which we call the Kukulin-Pomerantsev-
Krasnopol’sky-Sazonov (KPKS) potential in the present
paper, a set of 'Sy and 35,-3D; potentials has been pro-
posed. They reproduce the experimental 'S, 3S,, and D,
phase shifts up to E,;,=400 MeV together with the
deuteron property with an accuracy similar to those of the
conventional realistic NN potentials, but lead to a signifi-
cant short distance node behavior of the 2N wave func-
tion in these partial waves. From the interest in the off-
shell property of this newly proposed NN potential, a
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Faddeev calculation for the triton has been performed,'’
resulting in a significant underbinding, even when com-
pared with the results obtained by the conventional realis-
tic NN potentials. The separable expansions employed for
the potential in this Faddeev calculation are rather com-
plicated, and the reason for the “less” triton binding has
not been studied.

In the present paper we investigate whether we can con-
firm the “less” triton binding of the KPKS potential in a
second triton calculation and can clarify this feature. For
this aim we adopt some simple interaction models. In
Sec. II we derive an effective S, potential from the
KPKS 3S,-*D, ?otentia] and another from the Reid soft
core? (RSC) 35,-3D, potential. These 3S, potentials repro-
duce the deuteron binding energies and the 3S; com-
ponents of the deuteron wave function determined by the
respective exact 3S,-3D; potentials. We call the S; com-
ponent just the deuteron wave function in the present pa-
per. We compare the two 35, potentials in a simple S-
wave interaction model, in how strongly they bind three
nucleons, in order to see whether we can reproduce the
“less” triton binding. In Sec. III we present a variation of
the KPKS S-wave interaction model through a systematic
change in the short distance part of the deuteron wave
function. Thereby, we study the influence of short dis-
tance node, in general, on the triton binding energy. In
Sec. IV we make an additional analysis of previously per-
formed 3a calculations. We will see that strong D- and
G-wave interactions were a necessary condition for the
strong 3a binding achieved in the forbidden state aa po-
tential model. We then consider the NN D-wave interac-
tions in an explicit way, and estimate whether their
strengths are enough to support a “strong” 3N binding.
In Sec. V we give a summary and a conclusion.

II. THE S-WAVE INTERACTION MODEL

The KPKS 3S,-3D, potential generates two bound
states in the free 2N system: the physical deuteron state

303 ©1986 The American Physical Society



304 S. NAKAICHI-MAEDA 34

(ugq,wy) and an unphysical deep lying state (ug,wp),
where the first components in parentheses are the 35,
components. The deep lying state is taken as the forbid-
den state to which all physical 2N states in the many-
nucleon systems should be orthogonal. We define an ef-
fective 3S; potential VX by the local potential which
gives a 2N bound state with the same wave functional
form as ugy, at the energy Eg4, where — E is the deuteron
binding energy the KPKS 3S5,-3D; potential gives. The
construction of this effective S, potential can be done
trivially. Its shape is smooth, owing to the local potential
model adopted for the 35,-3D, central and tensor poten-
tials. Since uy has a node, VX' gives another 2N bound
state u, at a lower energy. We found that its energy and
its wave functional form are essentially identical to the
energy of the coupled deep lying state (uq,wq) and the
functional form of the 3S; component u,, respectively.
We define our S-wave interaction model by approximat-
ing the nucleons as bosons, by assuming that two nucleons
interact by the potential V& in the S wave but do not in-
teract in the other partial waves, and by assuming that
two nucleons in the S wave should not be in the state u;.
We also derive a similar effective S, potential Vi%' from
the RSC 3S-3D, potential, and define a similar S-wave
interaction model by this potential, but without any ortho-
gonality condition. We found that the S-wave phase
shifts calculated from VX and V® simulate the S,
phase shifts calculated from the exact KPKS and RSC
3S,->D, potentials rather accurately up to Ej,=200
MeV, respectively. The effective 3S; potentials and the
deuteron wave functions ui,K ),uém are depicted in Fig. 1.

We use the two simplified S-wave interaction models,
of the KPKS potential and of the RSC potential, to calcu-
late the triton binding energy. Of course, the absolute
values of our triton binding energies will be grossly an
overestimation of a realistic value, because the most at-
tractive 3S,->D, interaction is taken to construct our
(spin-isospin-independent) S-wave potential. However,
our interest lies in whether a comparison between the tri-
ton binding energies resulting from the two S-wave in-
teraction models can confirm the “less” triton binding of
the KPKS potential reported in the previous Faddeev cal-
culation.

To make the three-body calculation simple we adopt
the unitary pole apProximation"" (UPA) of the local po-
tentials ¥V§X and VSR). To get a rough idea of this rank-1
separable approximation, we compared the triton binding
energy — E, ypa obtained by the UPA of VR with the
triton binding energy — E, ., evaluated by the local
form through the optimum choice of the Jastrow test
function. This optimum Jastrow wave function can be
obtained by an integro-differential Euler-Lagrange equa-
tion with iteration. In the case of a simple local potential
active only on the S wave, the Jastrow wave function
gives an accurate estimate for the three-body ground state
energy.'>1® We found that the difference between E, ypa
and E, jo, is within 1%.

The orthogonality condition with respect to u, of all
the 2N states in the triton wave function can be fulfilled
by the use of the orthogonalizing pseudopotential'’ (OPP),
€|us)(uy |, which is also of separable form and can also
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FIG. 1. The effective S, potentials VX and VR derived
from the KPKS and the RSC 3S,-D, potentials, respectively,
and the deuteron wave functions which these 3S; potentials give.
The energy of the deep lying state which VX’ gives is denoted
by a horizontal line.

be handled easily in the Faddeev calculation. The param-
eter € is taken to be positive and sufficiently large in the
final estimate of the triton energy. The behavior of the
triton binding energy with respect to this parameter is
shown in Table L.

The results for the triton binding energy in the S-wave
interaction model presented in this section are listed in
Table II, in comparison with the previous results includ-
ing the 'Sy and 3S,->D; potentials exactly. We see that,

TABLE 1. The behavior of the triton binding energy — E,
with respect to the coefficient € of the orthogonalizing pseudo-
potential.

€ (MeV) —E, (MeV)
10° 10.736
10* 10.536
10° 10.508
106 10.505
107 10.504
108 10.504
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TABLE II. The triton binding energy — E, (in MeV) calcu-
lated from the KPKS and RSC potentials. The previous results,
including the 'So and 3S;-3D, interactions, are from Ref. 13.
The value in parentheses for the RSC potential is from Ref.
4(b). The present calculation employs a simple S-wave interac-
tion model. (See the text.)

Previous Present
KPKS 4.50 10.50
RSC 7.37 17.87
(7.02)
Ratio 0.61 0.59

again in the present S-wave interaction model, the KPKS
potential gives smaller binding for the triton than the
RSC potential gives. The ratio of the triton binding ener-
gy between the KPKS and RSC potentials essentially does
not change from that obtained in the previous calcula-
tions. Thus, the present calculation confirms the “less”
triton binding feature of the KPKS potential. Conversely,
this means that the reason for the “less” triton binding is
preserved in our simplified interaction model. This gives
us a motive for a further detailed study which will be
described in the following sections.

III. VARIATION OF THE SHORT DISTANCE
NODE OF THE KPKS DEUTERON
WAVE FUNCTION

The unitary pole approximation is useful in studying
the correlation between the deuteron wave function and
the triton quantities. In this section we study, in the
framework of the S-wave UPA plus OPP, a relatively
general variation of the short distance behavior of the
KPKS deuteron wave function. Thereby we ask whether
it is a general feature of short distance node to decrease
the triton binding energy. In other words, we are interest-
ed in whether there is a form of short distance node which
gives a noticeably larger triton binding energy than the
RSC value. We make the variation of the deuteron wave
function in two directions. In the first variation we
amplify/reduce the short distance amplitude with the
node radius 7.4 kept fixed. In the second variation we
vary rp.e t00. We do not check explicitly the on-shell
equivalence between the KPKS S-wave interaction model
and its variations. Since we will fix the deuteron binding
energy, we expect an approximate on-shell equivalence for
low energies. On the other hand, it was reported in a pre-
vious triton calculation using rank-2 separable interac-
tions that the dependence of the triton binding energy on
the high energy phase shifts is much weaker than its
dependence on the deuteron wave function.’

We generate the first variation by

uy(r=hruw),

h(r)=14(C —exp[ —(r/r,)"] .

(1a)

We take n=8 and r, =r,y4.. The change of the deuteron
wave function is then essentially restricted to the range
7 <rnode- When C is larger than 1 the inner amplitude is
amplified. When C is smaller than 1 it is reduced. In ac-
cordance with (la), the orthogonality condition with
respect to uy is replaced by the orthogonality to

up(ry=usp(r)/h(r) . (1b)

Some examples of the varied deuteron wave functions are
shown in Fig. 2(a).

In the second variation, we generate the change in 7,4,
by varying the range of the forbidden state. To
parametrize this range, we recall a general tendency of
deep lying ground states to look like a zero point oscilla-
tion. Indeed, we found that the orthogonality condition
with respect to u, can be replaced in a very good approxi-
mation by the orthogonality to a Gaussian function

uf(r)=2(8/m)"*b =*exp[ —(r /b)*] #)

if we take as b =b;=0.617 fm; the values for the deute-
ron and the triton binding energies essentially do not
change from those determined in Sec. II, and the change
in the deuteron wave function cannot be seen in a plot like
Fig. 1. Then we can change r,,4. by varying b. When b
deviates from b,, it is necessary to weaken the local po-
tential V% in order to keep the deuteron binding energy
unchanged. We do this by a multiplication constant. It
should be noted, however, that interaction becomes essen-
tially nonlocal in this case, and VX’ (multiplied by a con-
stant) does not represent an equivalent local potential.
The resulting variation in the deuteron wave function is
such that the inner amplitude increases as 7.4, increases
and vice versa. Some examples of the varied deuteron
wave functions are shown in Fig. 2(b).

Figures 3(a) and 3(b), respectively, show how the differ-
ence of the triton ground state energies,

AE,=E,KPKS)—E (RSC), (3)

changes by the two independent variations of the KPKS
deuteron wave function presented in this section. The
starting point (3) is denoted by crosses. These figures
clearly show that, in order to reduce the loss for the triton
binding energy, we must go in the direction of smaller
node behavior. On the other hand, in the range of varia-
tion adopted in the present study, we could not get a tri-
ton binding energy which is larger than the RSC value.

The present variation for the NN interaction starts
from the KPKS potential (in its simplified S-wave in-
teraction model) for which the deuteron wave function
has already a significant node behavior. To connect these
results to the results of the previous studies which start
from the RSC potential and employ unitary off-shell
transformation, particularly to the results of Ref. 8, we
have performed the same unitary off-shell transformation
as was done in Ref. 8, on our S-wave interaction model of
the RSC potential. To specify the parameters of this off-
shell transformation, we note that the deuteron wave
function u4(r) changes as
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FIG. 2. (a) Examples of varied deuteron wave functions gen-
erated from the KPKS deuteron wave function by the first vari-
ation scheme. The parameter C is defined by Eq. (1). (b) Exam-
ples of varied deuteron wave functions generated from the
KPKS deuteron wave function by the second variation scheme,
with the node at 0.447 fm ( 4), 0.517 fm (B), and 0.750 fm ( C).

agn=uR(n—2g(r) [ “drgru®y,
0 4)
g(r)=C,r(1—priexp(—ar) ,
through this off-shell transformation, where C, is a nor-
malization factor. We fix a=3 fm~!. At a certain value
B, of B, which is 0.93 fm~! for this choice of a, the over-
lap integral of Eq. (4) vanishes and the deuteron wave
function does not change. We have varied B8 around this
value. For smaller values of B than B, the unitary off-
shell transformation (4) induces a node in the deuteron
wave function in such a way that as 8 becomes smaller
the node radius r,,4. becomes larger and the inner ampli-
tude also becomes larger. On the other hand, for larger
values of B than B, %4(r) has no node but has a charac-
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FIG. 3. (a) The behavior of the triton ground state energy
AE, as measured from the RSC value with respect to the varia-
tion of C [Eq. (1)]. (b) The behavior of AE, with respect to the
variation of the node radius r,.q.. The circles are those results
obtained by the unitary off-shell transformation (4).
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teristic inner bump, as can be seen from the figures of
Ref. 8.

For the potential we again employ the UPA form of
VR and make a unitary off-shell transformation of this
rank-1 separable potential. The unitary off-shell transfor-
mation specified by Eq. (4) means addition of two separ-
able terms; thus we have a rank-3 separable potential.
The resulting changes AE, of the triton ground state ener-
gy are 2 MeV (0.3 MeV), 0.6 MeV (0.2 MeV), —0.5 MeV
(—0.2 MeV), and 3 MeV (0.8 MeV) at =0.9, 0.95, 1, and
1.2 fm—}, respectively, where we have shown the results
of Ref. 8 in parentheses. The off-shell effect is enhanced
in the present calculation when compared with the previ-
ous results. This is because in Ref. 8 the triton binding
energy was calculated by employing the RSC 'S, and
3§,-3D, potentials and by performing unitary off-shell
transformation only on the 'S, potential. On the other
hand, we see that the behavior of AE, against the varia-
tion of B is very similar between the present and the previ-
ous calculations. In particular, the additional node gen-
erally brings about a loss of triton binding energy, and
this loss becomes larger for larger node behavior. (It is
also clear that the additional node is not the only origin of
loss of the triton binding energy.) To achieve a connec-
tion with Fig. 3, we have calculated the AE, also at some-
what even smaller values of B, i.e., 0.85, 0.8, and 0.7
fm~!, and plotted them in Fig. 3(b) against o4, by cir-
cles. We see that the correlation between AE; and the
short distance node shows a similar trend, even in a quan-
titative sense, whether we start the off-shell variation
from the KPKS deuteron wave function or from the RSC
deuteron wave function. To summarize, the results of this
section indicate that it is a general feature of the short dis-
tance node to decrease the triton binding energy.

IV. COMPARISON BETWEEN THE 3N
AND 3a SYSTEMS

The off-shell properties of the forbidden state potential
and of the repulsive core potential have already been stud-
ied extensively in the ground state of the 3a system. It
has become clear that the forbidden state potential repre-
sentation for the aa interaction can reproduce a 3a bind-
ing energy comparable to the empirical value,'*—2! or even
tends to overbind the system.22 On the other hand, the
repulsive core potential representation leads to a signifi-
cant underbinding.?® Indeed, this observation and the un-
derbinding for the triton seen among all conventional real-
istic NN potentials was a motive for the proposal of the
forbidden state NN potential.!! The characteristic differ-
ence between the two kinds of aa potentials was explained
in terms of the Hall-Post lower bound.'®* When we go
from the two-body system to the three-body system, the
effect of the two-body interaction becomes more em-
phasized. This is because, in the three-body Hamiltonian,
the interaction appears three times, in contrast to the ki-
netic energy, which appears twice. In the repulsive core
potential model both the repulsion and the attraction are
strengthened, while in the forbidden state potential model
only the attraction is strengthened with the repulsive
orthogonality condition unmodified. The question is why

this energy gain mechanism of the forbidden state poten-
tial is realized in the 3a system and not in the 3N system.
In this section we investigate this question.

The Ali-Bodmer potential® is the most extensively used
repulsive core aa potential, while the FBOM (fishbone
optical model) potential”® and the OCM (orthogonality
condition model) of Ref. 18 serve as typical examples of
the forbidden state aa potentials. Figure 4 shows the
behavior of the 3a ground state energy with respect to the
sequential inclusion of higher partial wave interactions,
obtained in previous calculations. This figure brings out
the characteristic difference between the two kinds of po-
tential models most clearly. (i) When only the S-wave in-
teraction is included, or when only the S- and D-wave in-
teractions are included, the forbidden state potentials give
smaller 3a binding than the on-shell equivalent repulsive
core potential. (ii) When all of the S-, D-, and G-wave in-
teractions are included the situation becomes reversed.
The size of the energy gain brought about by the inclusion
of the G-wave interaction (S +D—S +D +G) in the for-
bidden state potential model is impressively large. On the
other hand, the effect of including the next higher partial

0 Ali-Bodmer FBOM oM
— —S-+D
—S —S+D
5 4
—S+0
—S+D+G6
10t 1
=
Q
z
o]
m
w
5t —S+D+G
-20 —S+D+G 7

FIG. 4. The behavior of the 3a ground state energy E;, with
respect to sequential inclusion of the S-, D-, and G-wave aa in-
teractions. The Coulomb force is not considered. The results
are from Refs. 23, 21, and 18 for the Ali-Bodmer potential, the
FBOM potential, and the orthogonality condition model, respec-
tively.
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wave interaction is negligible.'’

These features suggest that, in the forbidden state po-
tential model, the D- and G-wave interactions play an
essential role even for taking the S-wave interaction prop-
erly into account in the three-body system. Such a strong
interplay between the S-wave and the neighboring higher
partial wave interactions can be understood qualitatively
in terms of the harmonic oscillator states. The forbidden
states for the aa interaction are represented by the lowest
harmonic oscillator states, the (0S) and (1S) states in the
S wave and the (0D) state in the D wave. Embedded in
the 3a system, a 2a pair tends to be in an S state in order
to gain the important S-wave interaction. The lowest pos-
sible state consistent with the orthogonality condition is
the (2S) state with two nodes. If the two a’s occupy this
state, the three a’s as a whole cannot occupy a lower state
than the (2S-2S) state, where the second “2S” refers to
the motion of the third a particle with respect to the c.m.
of the first two. This is because this three-body state is
the lowest possible state consistent with the orthogonality
conditions with respect to all three pairs. Now we change
the Jacobi coordinates to the ones referring to the pair
which consists of the third a particle and one of the first
two. Then this three-body state contains a large ampli-
tude in the (1D-1D) and in the (0G-0G) states as well as
in the (2S-2S) state, according to the Talmi-Moshinsky
transformation coefficients. If the D- or G-wave interac-
tion is missing, this means a loss of three-body binding be-
cause the Kkinetic energy of the three-body state (corre-
sponding to eight quanta) is partly not compensated for
by the interaction in this pair. This energy loss is a rather
significant one since four quanta (to be attributed to the
pair motion) represents the amount of kinetic energy
which almost cancels out the deep S-wave attraction.
This means that, in order to take proper account of the
S-wave interaction in the three-body system, the D- and
G-wave interactions should be present, and that they
should be rather strong.

The above arguments also mean that strong D- and G-
wave interactions are a necessary condition for realization
of the strong 3a coupling by the forbidden state potential.
In terms of the interplay between the S-, D-, and G-wave
interactions, the most ideal situation is, of course, a com-
mon Hooke’s law potential where the (255), (1D), and (0G)
states become degenerate. A close physical situation is,
e.g., a common Gaussian potential, and many forbidden
state aa potential models indeed employ this choice. (See
also Ref. 26.)

In the case of repulsive core potential, the repulsive core
strongly reduces the amplitude of three-body motion at
short two-body distances. This circumstance can be
described by generalizing the exponential part of the har-
monic oscillator functions into another form of Jastrow
function, u(r3)u(ry3)u(ry), where the function u(r) is
small for small values of . We found that, by this exten-
sion for the (0S-0S), (0D-0D), and (0G-0G) states, the 3a
ground state under the Ali-Bodmer potentials can be
solved rather accurately.!® In particular, the (simple) Jas-
trow function space gives an accurate wave function when
only the S-wave interaction is considered, and not when
the D- or G-wave interaction is also included. This is be-

cause a characteristic feature of the (0S-0S) state is
preserved in this function space, namely, to contain a
predominant component only in the S wave in all three
pairs, in favor of taking proper account of the S-wave in-
teraction. Our calculation also reproduced a feature of
the previous results that the effect of including the in-
teraction on the 3a ground state energy gets smaller as we
go from the S- to the D- and to the G-wave interactions.

The important roles of both the D- and G-wave interac-
tions in the forbidden state aa potential model come from
the fact that the 2a wave function has two orthogonality
nodes. They are taken over by the D-wave interaction in
the forbidden state NN potential model. So the question
of whether the forbidden state NN potential model can
give a strong 3N binding concerns the strengths of the
NN D-wave interactions.

To estimate the effect of the D-wave interaction con-
tained in the KPKS 3S,-3D, potential, it is not important
to treat this potential exactly. The 3S,->D, coupling ?o-
tential works mainly in producing a predominant °S,
component in each nucleon pair. If we assume that the
triton is mainly in the zero total orbital angular momen-
tum state, such a nodal S, component (and the 'S, com-
ponent) of a pair inevitably gives rise to a significant
amount of short ranged 3D, and other D-wave com-
ponents in the other nucleon pairs. The question is
whether the strength of the NN attractions is sufficient to
compensate for the kinetic energies coming from these
D-wave components. The contribution to the potential
energy from the 35,->D, coupling potential is incorporat-
ed into our effective >S; potential. What remains to be
considered are the interaction in the D, state and the in-
teractions in the other D-wave states. The attraction in
the D, state is very small. In the case of the KPKS 3S;-
3D, potential, the node required in this state represents
this situation. This seems to be why Hahn et al. obtained
a very similar degree of “less” triton binding to ours (of
Sec. II).

A typical realistic triton calculation includes the 'S,
and the 3S,->D, potentials only. This is connected to the
fact that, in the case of the RSC potential, for instance,
inclusion of all the remaining partial wave interactions
with J <2 (J <4) changes the triton binding energy from
7.02 to 7.23 MeV (7.35 MeV) only.*® But from the argu-
ment above, it is possible that such a feature is charac-
teristic of the repulsive core NN potential model. We can
expect a larger contribution from these “remaining” par-
tial wave interactions in a NN potential model which as-
sumes a forbidden state in the S-wave states. To estimate
an upper bound for the effect of the D-wave interactions
on the triton binding energy, we consider the most attrac-
tive D-wave interaction. This is the interaction in the D,
state. Since KPKS did not determine a potential for this
interaction, we adopt the RSC 3D, potential. We add it in
its UPA to the S-wave interaction models of Sec. II.
Thereby we assume that it acts to all D-wave states state-
independently. Table III shows the results. We see that
the inclusion of this D-wave potential brings about a sig-
nificantly larger gain to the triton binding energy when it
is combined with the KPKS 3§, potential than when it is
combined with the RSC 3S, potential. This shows that
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TABLE III. The triton binding energy — E, (in MeV) calcu-
lated in a simple S + D interaction model. (See the text.)

Potential
S D — E, MeV)
KPKS(S,) RSC(*D,) 14.47
RSC(3S)) RSC(’D,) 18.80

the interplay between the S- and D-wave interactions is
important in the forbidden state NN potential model also.
However, we still do not get a stronger 3N binding with
the KPKS S, potential than with the RSC 38, potential,
in contrast to the situation for the 3a system. The two
values for the triton binding energy are still far away from
each other. Since the RSC D, potential assumes a repul-
sive core at short range, we also examined a purely attrac-
tive °D, potential with the two-range Gaussian form.
With such a potential shape, however, we could not get a
satisfyingly “realistic” fit to the experimental *D, phase
shift. So we made it a rule that the potential gives a
larger phase shift than the experimental one at all energies
below E,, =400 MeV, and searched some best parameter
sets to simulate the experiment. Thus the resulting 3D,
potentials overestimate the effect of the 3D, interaction
rather than underestimate it. However, we could not get a
single result which differs from Table III appreciably.
These results strongly indicate that the strengths of the
NN D-wave interactions are not sufficient to support a
“strong” 3N binding in the forbidden state NN potential
model. On the contrary, they indicate that a realistic NN
potential which induces a considerable short distance node
in the 2N wave function will give a significantly smaller
triton binding than a phase-equivalent repulsive core NN
potential.

V. SUMMARY AND CONCLUSION

The first motivation for the present study was the wish
to confirm a previous Faddeev result that a realistic NN
potential model presupposing a deep short ranged attrac-
tion and a forbidden state leads to a significant under-
binding for the triton, even compared with the results ob-
tained by the conventional repulsive core NN potentials.
The previous Faddeev calculation is rather complicated
due to realistic treatment of the potential and, therefore,
highly ranked separable expansions. For this aim we de-
rived an effective 3S, potential which keeps the deuteron
binding energy and (the 3S,; component of ) the deuteron
wave function which the forbidden state NN potential
(the KPKS potential) determines. We also derived a simi-
lar 3S, potential from the RSC potential, and compared
these two S, potentials in how strongly they bind three
nucleons, in a simple S-wave interaction model. This
comparison reproduced the ‘“less” triton binding feature
of the KPKS potential. In particular, the ratio of the tri-
ton binding energies between the KPKS and the RSC po-

tential (59%) was approximately the same as that ob-
tained in the previous calculation (61%). Thus the previ-
ous calculation is confirmed.

Then, to clarify the reason, we asked whether it is a
general feature of a short distance node required by the
orthogonality condition to decrease the triton binding en-
ergy. We varied the KPKS 3S, potential and the forbid-
den state such that they generate a systematic change in
the short distance behavior of the deuteron wave function
with respect to the node position and the inner amplitude.
We found that the triton binding energy always gets
smaller when we increase the node behavior and vice ver-
sa. On the other hand, we could not obtain a triton bind-
ing energy larger than the RSC value in a rather wide
range of variation. Combined with a similar previous re-
sult obtained through an off-shell variation of the RSC
potential, these results indicated that the ‘“less” triton
binding is essentially connected to the node behavior.

An analysis of previous 3a results indicated that there
exists a strong interplay between the S-wave and the
neighboring higher partial wave interactions in the forbid-
den state potential model. Generally, when a two-body
system is embedded in a three-body system, the two bo-
dies try to gain the two-body interaction and, consequent-
ly, they tend to be in a relative motion state which is not
much different from their free motion state. This is par-
ticularly so at short distances where the two-body correla-
tion is strongest. When the short ranged repulsion in the
S state is represented by orthogonality to a compact state
with small radius, the resulting short distance node in the
two-body wave function is such that it raises a non-
negligible amount of neighboring higher partial wave
components of a similar range. This is due to the three-
body angular momentum coupling kinematics. These
components contribute to the kinetic energy significantly
and, in the absence of the interactions in these partial
waves, decrease the three-body binding energy. To com-
pensate for these kinetic energies, a similar strength of at-
traction as the S-wave one is necessary. We can phrase
such a circumstance as “strong higher partial wave in-
teractions are a promise for forbidden state S-wave poten-
tial.”

The question of whether a forbidden state S-wave po-
tential can give a “strong” 3N binding concerns particu-
larly the strengths of the NN D-wave interactions. To es-
timate an upper bound for the effect of these interactions
on the triton binding energy, we considered the most at-
tractive one, i.e., the °D, interaction. We adopted the
RSC 3D, potential and added it to the S-wave interaction
model with the KPKS S potential and to the S-wave in-
teraction model with the RSC S, potential. Thereby we
assumed that it acts on all the D-wave states state-
independently. As we expected, the inclusion of this D-
wave interaction brought about a significant gain in the
triton binding energy in the case of the KPKS S, poten-
tial (by 40%), while that gain for the RSC S, potential
was much smaller (by 5%). However, the resulting triton
binding energy for the KPKS 38, potential is still below
80% of that for the RSC 3S, potential, showing that the
NN D-wave interactions are much too weak to support a
“strong” 3N binding.
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To conclude, the present results indicate that a forbid-
den state NN potential model which fits the 2N data and
induces a noticeable S-wave short distance node gives a
significantly smaller triton binding energy than an on-
shell equivalent repulsive core NN potential model gives.
In order to explain the experimental triton binding energy
with such a forbidden state NN potential, we must expect
a significant three-body force contribution of the order of

several MeV. In this sense, a noticeable short distance
node for the 2N wave function is unlikely.
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