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We report on the sensitivity of the triton binding energy to the D-state probability PD in the deuteron.
Based on a recently proposed energy-dependent separable potential, the S~- D~ interaction is constructed
in such a way that while varying PD, the off-shell and on-shell behavior of the nucleon-nucleon forces em-

ployed (phase shifts are taken directly from experiment) are independent of the choice of PD. The increase
of PD within the experimental bounds from 4% to 7% decreases the triton binding energy by = 0.55-0.60
MeV. These values are in very good agreement with the results obtained for the Reid potential by Harms
et a/. , which differ strongly from the results by Brady et al.

There have been two reports' in the past on the sensi-
tivity of the triton binding energy E~ to the deuteron per-
centage D state PD. Brady et al. ' have calculated E~ vs PD
for separable potentials of Yamaguchi form. For the differ-
ence AE=Es(P=4%) —Es(P=7lo), they obtain 1.1 MeV.
Harms et al. 2 have reported on similar studies using a dif-
ferent order of unitary pole expansion of the Reid potential
and obtain for DE =0.549-0.567 MeV (for unitary pole ap-
proximation DE =0.60 MeV), which is smaller by a factor
of 2 compared with the result by Brady et al.

In both calculations the variation of PD entails variations
of the off-shell behavior and of the phase shifts at medium
energies of the pertinent interaction model. In view of the
fact that we are comparing differences with one another,
and that the discrepancy by a factor of 2 appears to be large,
it seems to be of some importance to assess the model
dependence on 4E and, in particular, the influence of the
changes of the off-shell behavior and of the phase shifts at
medium energies present in the calculations of Refs. l and
2.

Although the D-state probability PD is not a directly
measurable quantity, it can be obtained from experiment
provided that other quantities are known. Information on
PD can be obtained from (i) deuteron tensor polarization
T22 at 22.7 MeV, (ii) cr(8) at 130; this minimum is mainly
filled by the tensor force, (iii) measurement of the deuteron
magnetic form factor, (iv) ed tensor polarization and deu-
teron photodisintegration, and (v) breakup n-d iT~~ and Ay
measurements. For these quantities the integral measure of
the D state is relevant. Moreover, PD is an important con-
straint on the construction of the NN force models. It
would help solve the problem that a strong tensor force is
needed at the bound state pole for a reasonable description
of the deuteron, while the low energy mixing parameter re-
quires rather a weak tensor force. The solution of this
problem would also facilitate a more precise extraction of
neutron-neutron parameters from quasifree scattering data.
In addition, the knowledge of the range of the D wave could
constrain PD withiri a range of one percent and vice versa.

In this work we report on exact triton bound state calcula-
tions using an energy-dependent separable force model.
The SI- D~ interaction is constructed in such a way that
while changing PD the off-shell and on-shell behavior of the
pertinent forces are kept fixed. Moreover, the employed
potentials reproduce exactly the experimental phase shifts.

The use of these potential enables us, in turn, to
obtain a direct —off-shell and phase shift unambiguous—relation between D-state probability and triton binding
energy. We wish also to recall that the assessment of the
quantitative influence of PD by itself on E~, aside from con-
tributions from three-body forces and from the "improper"
off-shell behavior of the nucleon, is important in resolving
the notorious discrepancy between theoretical values for E&
and the experiment.

We use an energy-dependent potential of the following
form:3

V (Ep,p ) = &(E) V(p, p )

where V(p, p') is a Hermitian potential and the construction
of A. (E) at positive and negative energies along the lines of
Ref. 4 is described below. It has been shown that the
method employed for the construction of X(E) at negative
energies reproduces in a qualitative way the constraints im-
posed by the conventional Hermitian potential at negative
energies on the pertinent t matrix, and fulfills the required
unitarity and analyticity conditions. An advantageous
feature of this model is that the same behavior of a t matrix
at negative and positive energies can be used for any
reasonable off-she11 extension. Thus, the off-shell behavior
is decoupled in a clear way from the on-shell behavior at
positive energies and from the behavior of the correspond-
ing t matrix at negative energies as, required by the struc-
ture of the Faddeev equations.

For our subsequent calculations we use the following
energy-dependent separable forces: For 'So interaction
X~(E)gs(p)gs(p') and for S~ Dt interaction also Y-ama-
guchi-type form, where

g(p) =gt(s»+ ~8~ij(p)g2(p)

gs and g~ are of the same form go(p) = (p2+po) ' and
g2(p) = —r (PD)p'(p'+ p2) '.

SIJ (p) = 3ETJ ' pO'I ' p O'& ETg

where p=p& and p=p/~p~. For given inverse force ranges,
given D-state probability PD, and given St phase shifts [by
the effective range quantity p cot5,'„~(p) ], the coupling
strength r(PD) and the potential strength X(E=p'jm, PD)
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are given by

PD SP2(a +P,)'
1 —PD nP, (n+P))'(Sa+P2)

1/2

and

p2 p2 r2{P ) (p6+ 5p4~2+ 15p2~4 5p6) I r2(P )p4

277 2 /( 2+ ) 16P2(P + 2)4 (p2+ 2) (p2+ 2)4

~here a=0.2316 corresponds to the deuteron bound state
pole. The singlet potential strength is given by

1 (p2+ p2)2
X(p2/m ) =

[p cotn', „p(p) —(p' —P,')/(2P, ) ]

The construction of the energy-dependent model from
energy-independent conventional potentials either nonlocal
(separable potentials) or local (square well potentials) has
yielded an energy-dependent X(E), which turned out to be
symmetric with respect to p /m =0. This symmetry defines
then k(E) at negative energies. The nature of basic physics
underlying this finding mill be discussed else~here. Obvi-
ously, X(E) is determined in such a way as to compensate
the deficiencies of V(p, p') at short distances. In any case,
this point is of no importance to the present investigation,
as demonstrated already in Refs. 4-6, and because we are

I

mao ' w+1

I

comparing results with one another for the same force
model changing only PD while keeping all other on-shell and
off-shell quantities fixed. Therefore, the model is adequate
to investigate small differences in binding energy as a func-
tion of small differences in PD.

By the above choice of parameters, the deuteron bound-
state pole, the singlet 5',„„and triplet 5,'„, phase shifts are
reproduced exactly up to 1000 MeV (Ref. 7); the D wave-
phase shifts are chosen in the Yamaguchi tensor approxima-
tion, ' which is reasonable especially at low and medium en-
ergies and has the advantage that it is independent of all the
above parameters and thus remains unaltered for any choice
of PD. This potential enables us for the first time to test the
sensibility of the triton binding energy with respect to PD
while keeping all other two-nucleon off-shell and on-shell
quantities unchanged.

With the aforementioned potential model, we are solving
a Faddeev equation of the following type:

A;(p) = r;(K',p ) X Xli „FI,(K',pp', x) C(i(p p', x) dx p'Ag(p') dp', (4)

where A;(p ) denote the spectator functions, r; the reduced
t matrices for separable potentials, X,& describe the spin cou-
pling coefficients, Fj(K',p,p', x) are the Faddeev kernels,
and C~(p, p', x) describe the angular coupling between dif-
ferent partial waves. K2/m is the negative triton binding en-
ergy, m being the nucleon mass.

The solution of this equation using experimental phase
shifts and low energy parameters r'„~ =1.77 fm, a'„p =5.42
fm, r'„p 2 74 fm, a'„„=—23.71 fm, and PD=0.042 using
the usual ranges of the Yamaguchi tensor force, s yields for
the triton binding energy —7.81 MeV. Using triplet ranges
employed, for example, in Ref. 9 we obtain values between
—7.81 and —7.20 MeV for E~.

This shows that the results obtained with our force model
differ strongly from the results obtained with conventional
separable forces, but are in close agreement with the predic-
tions by realistic local potentials, and therefore do not lead
to the customary overbinding of the triton obtained for
separable potentials.

In Fig. 1 the triton binding energy for fixed on-shell and
off-shell behavior of the two-nucleon force is displayed as a
function of D-state probability PD in the deuteron. With the
increase of PD within the experimental bounds of uncertain-
ty from 0.04 to 0.07, the triton binding energy decreases
considerably by 0.60 MeV. We have evaluated this differ-
ence for other choices of the potential parameter and find
hE to be always in the range 0.55-0.60 MeV. We have
checked the consistency of our model by calculating the tri-
ton binding energy for PD = 0 for comparison with indepen-
dent triton calculation using s-wave interactions only with
the same force ranges, and by reproducing the experimental

I

phase shifts and obtain the same binding energy. It can be
seen that our results obtained with the energy-dependent
separable model reproduce almost exactly the results ob-
tained by Harms et a/. for the Reid potential and differs
strongly from the results by Brady et a/. ,

' who have used
the same Yamaguchi form factors as employed in the
present investigation. The agreement of our results, ob-
tained in an off-shell and on-shell unambiguous model, with
those by Harms et a/. indicates that the relative difference
hE/Es(PD=4%) =0.07—0.077 and also the absolute dif-
ferent 5E = 0.55—0.60 MeV are model independent to
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FIG. 1. Triton binding eneigy E~{3H) as a function of D-state
probability PD for fixed on- and off-shell behavior of the two-
nucleon force.
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1 dt 1 1

t(PD) dPD 2 PD —PD2
(5)

is independent of the details of the separable force
(Pt, Pq, n). Equation (5) explains why the relative change
in the binding energy is independent of the shape of the
form factors of the separable potential. It also explains the
diminishing slope of the curve in Fig. 1 with larger PD.
From this, it follows that also the absolute difference AE is
model independent (within the separable potential models)
to a good approximation once E~ is not too far from the ex-
perimental value. In our case the difference between the

within 8/o, once all quantities are described reasonably, i.e.,
0.50 & bE & 0.64. It can be argued that AE will change if
the experimental triton binding energy E~ is predicted exact-
ly. The change of Es can be due to the 'So force (which
does not affect PD) and due to the S~ Dt -force. We have
investigated the first possibility by changing artificially the
strength or range of the 'So force such as to obtain 8.48
MeV and some binding energies in the vicinity of this value.
For different 'So forces we have calculated AE and obtain
always 0.60 MeV; the corresponding E~ curves are merely
shifted with respect to each other. As to the second possi-
bility, we have to note that the only quantity by which PD
enters the triton bound state calculation is the coupling
strength t as given by Eq. (1). The quantity t, in turn,
enters the three-body calculation linearly via the Faddeev
kernels and also as I, in one Faddeev kernel and via the 7-
matrix [via Eq. (2)] pertinent to the deuteron interaction.
The analysis of the Faddeev kernels sho~s that the contri-
bution of terms (coupling kernels) in which t is linear is
dominant.

From Eq. (1) it can be shown that the relative change
in i:

binding energy of '7.8I MeV and E,„„=8.48 MeV leads to
AE =0.59-0.64 MeV. In addition, it is found that for
separable potentials of Yamaguchi type for different ex-
ponents, the factor in Eq. (1) and containing the potential
parameters is independent of the parameter variation to a
good approximation, once the deuteron properties are
described satisfactorily. The agreement between our results
and those by Harms et al. , who used local potentials, indi-
cates that very probably our finding is not only valid for
separable potentials, but also for local potentials, because
the coupling mechanism between the 'S~ and 'D~ states is
essentially the same.

Therefore, from our analysis and from the comparison
with the results for local potentials, it can be inferred that
our result is model independent to a good approximation.

Since the absolute values for EI3 are also very close to
each other for the local and energy-dependent separable
model, these calculations indicate that the variation of the
off-shell and medium energy phase shift behavior present in
the calculations by Harms et al. do not affect AE signifi-
cantly. Our calculations show also that the sensitivity of Ea
with respect to PD is decreasing with increasing PD, in
agreement with Eq. (5). The sensitivity of Es with respect
to PD in the vicinity of PD =7% is smaller by a factor of 5
compared with the sensitivity in the vicinity of PD = 4%.

Since there are some indications that PD should be closer
to 4% rather than 7%, our results indicate that the binding
energy can serve as a sensitive indicator for this quantity.

In conclusion, we have presented a direct off-shell unam-
biguous relation between the D-state probability and triton
binding energy, and have found in a realistic triton calcula-
tion that the experimental uncertainty in PD of 0.03 ac-
counts for 0.55-0.60 MeV in the triton energy, in complete
agreement with the results by Harms et al. for the Reid
potential.

Present address: Bagatela 13 m 15, 00-585 Warsaw, Poland.
'T. Brady, M. Fuda, E. Harms, J. S. Levinger, and R. Stagat, Phys.

Rev. 186, 1069 (1969); see also the comprehensive review by
J. S. Levinger, in Nuclear Physics, edited by G. Hohler, Springer
Tracts in Modern Physics, Vol. 71 (Springer, Berlin, 1974), p.
122,

E. Harms and L. Laroze, Nucl. Phys. A160, 449 (1970).
3M. Orlowski, Helv. Phys. Acta 56, 1053 (1983).
"M. Orlowski, Nucl. Phys. A440, 493 (1985).

5M. Orlowski, Y. E. Kim, and R. Kircher, Phys. Lett. 1448, 309
(1984).

M. Orlowski and Y. E. Kim, Phys. Rev. C (to be published).
7R. A. Amdt, L. D. Roper, R. A. Bryan, R. B, Clark, and B. J.

Verwest, Phys. Rev. D 28, 97 (1983).
Y. Yamaguchi and Y. Yamaguchi, Phys. Rev. 95, 1635 (1954),
A. G. Sitenko and V. F. Kharchenko, Nucl. Phys. 49, 15 (1963);

Yad. Fiz. 1, 994 (1965) ISov. J. Nucl. Phys. 1, 708 (1965)]; B. F,
Gibson and G. J. Stephenson, Phys. Rev. C 11; (1975) 1448.


