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similar form of statistical relation as the prob-
ability of occupation of states, with appropriate pa-
rameters to suit the respective boundary condi-
tions. This gives us the statistical representation
of Fqs. (5) to (10), without the systematic and ir-
regular devlatlons:

~(~ g) 4ho (~)f
(v-&„)/& (yo-&„Veo

—e " (1 —e ')], (15)

cp
= 7.20, y = 5.557, y = 5.846,

y'(e, e; e, o; o, e) = 6.757, y'(o, o) = 6.792,

y ~(e) = 7.Ms, y*(o) = 7.060,
a=0.399, eg= co=0.4642,

e '(e, e; e, o; o, e) = 0.2667, e'(o, o) = 0.2701,

e*(e or o)=0.2646 .
These parameters along with the values for 0~,
n,*. „c(A), and 8'„, as indicated previously, deter-
mine the energies in MeV in a statistical repre-
sentation of the previous set of equations and actu-
ally gives us the underlying principle determining
those equations.
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A previously developed separable expansion fox the two-particle T matrix is applied to cal-
culating the properties of the three-nucleon system, using spin-dependent static central po-
tentials. The force model is identical to one that was previously employed by Brayshaw and
Buck. Results are presented for the triton binding energy, the doublet and quartet scattering
lengths, Rnd for the doublet and quartet s-wave phase shifts below and above the three-body
breRkup threshold. It is found thRt tw'o or three terms of the expansion ln 8Rch bvo-particle
spin state give satisfactory convergence in the doublet state of the three-nucleon system.
Only one term is needed for the quartet state. The over-all agreement with experiment is
good, but some possibly significant discrepancies are found between the theoretical and ex-
perimental quartet phRse shifts Rbove the bl 8Rkup threshold, Also» it is shown that R two-
particle T matrix or an approximation to one which satisGes the off-sheQ unitarity relation
and has the correct behavior at the bound-state poles leads to three-particle scattering am-
plitudes which satisfy the three particle off shell unitarity relRtlons. The proof does not de
pend on the existence of a two-particle energy-independent Hermitian potential.

I. INIODUCTIDN

In recent yeaz s several new t:echniques have
been developed for solving the nonrelativistic

three-body problem with local potentials. Some
of these are based on the Schrodinger equation,
while others take the Faddeev' equations as their
starting point.
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In the method of six-dimensional or K harmon-
ic s2 the orbital par t of the three -body wave func-
tion is expanded as a sum of products of radial
functions and a complete orthogonal set of harmon-
ic functions depending on five angles. Substitution
of the expansion into the Schrodinger equation
leads to a system of coupled differential equations
for the radial functions. This system of equations
is truncated at various stages and solved numeri-
cally. The method has been applied to calcula, ting
the ground-state properties of the three-nucleon
system under the assumption that the potential
acting between each pair of particles is spin de-
pendent, but central. ' ' Of the various potential
shapes considered (Yukawa, exponential, square
well), the square well gives the best agreement
with experiment. A variation of the K-harmonic
method has been introduced by Erens, Visschers,
and van Wageningen, ' who introduce a complete
orthogonal set of radial functions, thereby reduc-
ing the three-body problem to the diagonalization
of a matrix. Their calculations indicate that the
convergence of the K-harmonic method can be ad-
versely effected by potentials with an attractive
1/r singularity at the origin (Yukawa or Hulthen)
as well as by soft-core potentials. It is not yet
known how satisfactory the method will be for scat-
tering problems although there has been some ef-
fort in that direction. '

Most of the other methods recently developed for
dealing with the three-body problem have been
based on the Faddeev' equations. It is now well
known that the Faddeev equations for nonseparable
potentials can in general only be reduced to a sys-
tem of coupled integral equations in two continuous
variables. ' One way to solve these equations is to
use numerical quadrature rules for the two-dimen-
sional integrals and then diagonalize or invert the
resulting matrix. Methods of this type have been
developed by Osborn' and Kim" and applied to the
problem of calculating the bound-state energies of
a system of three identical spinless particles in-
teracting via simple potentials of the exponential
or Yukawa type. Kim's method has also been ap-
plied to such a system assuming hard-core—
square-well potentials acting between each pair
of particles. " An iterative technique for solving
the Faddeev equations has been developed by Mal-
fliet and Tjon" and applied to the problem of find-
ing the ground-state properties of the three-nucle-
on system. Their technique has proved to be quite
successful in that they have been able to treat po-
tentials with soft cores, as well as tensor cou-
pling.

For separable T matrices the Faddeev equations
can be reduced to a system of coupled integral
equations in one continuous variable. The T ma-

trix of a local potential is not separable; however,
it can often be closely approximated by a sum of
separable terms. One way" of doing this is to
make a separable expansion of the two-particle T
matrix in terms of the eigenfunctions of the kernel
of the Lippmann-Schwinger equation. This expan-
sion is often referred to as the Weinberg" series,
since it was proposed by him in his study of the
Born series. The method has been successfully
applied to the bound state and bound-state scatter-
ing problem for a system of three identical spin-
zero particles. " It has also been used to calculate
the binding energy and scattering lengths (doublet
and quartet) of the three-nucleon system assuming
Hulthen' as well as square-well'7 potentials to act
between each pa, ir of particles. The square well
gives good agreement with experiment. It has
been shownis, i9 that the Weinberg series can be
used even with potentials which have hard cores.
A variation on the steinberg series has been de-
veloped by Harms. Its convergence rate has
been studied by Harms' and by Kok2' and found
to be faster than that of the Weinberg series in
certain cases. A rather different approach to sep-
arable approximations has been developed by Bray-
shaw, who has given a two-term separable ap-
proximation which reproduces the exact right-hand
cut of the off-shell T matrix as welI as the exact
behavior at each bound state or resonance pole.

In this paper we consider a, separable expansion
of the T matrix which ha, s been developed by this
author" and independently by Osborn. " The lead-
ing term of the expansion is the separable approx-
imation suggested by Kowalski and Noyes. 4 Trun-
cating the expansion gives an approximation for
the T matrix which is exact half off the energy
shell, exactly satisfies the off-shell unitary rela-
tion, and duplicates the exact T matrix in the
neighborhood of bound-state and resonance poles.
The unphysical poles that can occur in the Kowal-
ski-Noyes approximation" are canceled by other
terms in the expansion. This expansion is more
convenient to use at positive energies than the

steinberg series, since the functions that occur
in it can be obtained by solving nonsingular inte-
gral equations. Use of the Weinberg series at
positive energies necessitates solving singular in-
tegral equations. The rate of convergence of the
series has been investigated" by calculating the
binding energy of a system of three identical spin-
less particles assuming a square-mell potential to
act between each pair of particles. The rate of
convergence was found to be satisfactory.

In this paper we investigate the rate of conver-
gence of the expansion for the three-nucleon sys-
tem, assuming the two-body potentials to be spin
dependent, but central. For the shape of the po-
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II. SEPARABLE EXPANSION

In this section the basic equations for construct-
ing the separable expansion of the T matrix are
summarized. The two-body T matrix is defined
by

T(s) = U+ V(s —IJ) 'V, (2.1)

where V is the two-body potential, IJ is the com-
plete two-body Hamiltonian, and s is a complex
parameter. For a potential without a hard core
the expansion for the lth partial wave is given by

tential we use square wells, since this allows us
to obtain the expansion analytically. Furthermore,
the square we11 appears to be a fairly "realistic"
potential, since previous calculations' ' "have
shown that it gives reasonable results for the tri-
ton binding energy, as well as for the low-energy
doublet and quartet n-d phase shifts below the
three-body breakup threshold. Here we calculate
the above properties, as well as the elastic ampli-
tude for n-d scattering above the threshold for
breakup.

In Sec. II, we summarize the basic equations
that are used for constructing the separable ex-
pansion of the two-partic1e T matrix. The reduc-
tion of the Faddeev equations to coupled one-di-
mensional integral equations is presented in Sec.
III. In Sec. IV we prove that a two-body T matrix,
or an approximation to one, which has the correct
behavior at the bound-state poles and which satis-
fies the two-body off-shell unitarity relations will
lead to three-body transition operators which satis-
fy three-body off-shell unitarity. This proof is
relevant to the expansion being studied, since the
T matrix obtained by truncating the expansion does
not correspond to an energy-independent Hermitian
potential. The proof, while not rigorous, is ex-
tremely straightforward. In Sec. V the results of
the calculations are given and compared with ex-
periment. Section VI is devoted to a summary and
discussion of the results.

&rIklm) = (2v') "'j,(kv)Y, (r). (2.3)

IF(s)) is the ratio of the half-off-shell T matrix to
the on-shell T matrix; i.e.,

IF(s)) = T(s)Iklm)&klmIT(s)Iklm) '. (2.4)

The eigenfunctions IQ, (s)& and the eigenvalues
q, (s) are obtained by solving the Schrodinger equa-
tion

(2.5)

with the requirement that IA, (s)& remain finite
everywhere and become a free wave for large r;
l.e.

~

(rIO, (s)& — [(2 v)"'kr] 'sin(kr —,lv)Y, (r).

(2 6)
In the sum appearing in (2.2) the eigenfunction
Iklm) corresponding to q, —~ [see (2.5)] is not in-
cluded.

This expansion has the advantage that no matter
what order it is truncated at (assuming one keeps
at least the first term), it has the following prop-
erties: It is exact half off the energy shell, it ex-
actly satisfies the off-shell unitarity relation, and
it reproduces the behavior of the exact T matrix
when s is near a bound state or resonance energy.
Furthermore, it is shown in Ref. 19 that the eigen-
functions and eigenvalues can be obtained as the
solutions of nonsingular integral equations. Thus
the terms in the expansion can be obtained using
convent. ional numerical methods.

In the next section it is shown that inserting this
expansion into the Faddeev equations leads to a
coupled set of one-dimensional integral equations.

T(s) = IF(s)&&klmlT(s)lklm&&F(s)I

~ VI~ ( ))
&fl, (s)IVlfl. (s)& '&~ ( )IVI/ 1 ( )

P

v=1
(2.2)

In configuration space, the free wave Iklm) is rep-
resented by

III. THREE-BODY EQUATIONS

The formulation of the three-body equations that is most convenient for our purposes is that of Alt,
Grassberger, and Sandhas. Their transition operators are defined by

Y 8(s) =(1 —6 z)(s —P, —V8)+ V" + V (s —EI) 'V8. (3.1)

Here IJO is the kinetic energy operator for the three-particle system; H is the complete three-particle
Hamiltonian; V„ for example, is the potential acting between particles 1 and 2; V, is defined to be zero;
and

(3.2)

These transition operators satisfy the equations
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Y„a(s)=(1 —6 q)(s —H )+ Q Ty(s)G (s)Y 8(s),
y 4 GL

=(1 —5„8)(s —H, )+ Q Y «(s)G, (s)T&(s),
y~ 8

where

a, P=0, 1, 2, 3, (3.3)

and

T (s) = V + V G, (s)T (s),
= V + Tz(s)G, (s)V,

G, (s) = (s —H, ) '.

(3.4)

The operator T (s) is not identical to the two-body T matrix, since the particle not acted on by V& makes
its presence felt through the three-particle kinetic energy operator JI,. If py is the relative momentum of
the two particles labeled by y, and q& is the momentum of particle y (we work in the c.m. system), then

2

(i&'„, i»l&„&*&li„,i,&
=

»&W,
- i,&(i&' Ii', (

—
y liiy&.

2p,

The caret denotes a two-body transition operator and p, ', for example, is given by

p'=m, (mm+m~)/(m, +m2+m, ) .
In the three-particle Hilbert space the expansion (2.2) becomes

(3.5)

(3.6)

where

I g,o(s)& = IF,(s)&&k„f,m, l V, IB,&,

v yo(s)=&kylymyITy(s)Ikylym~&/I&ko I m IV IB )I

I g &„(s)&=
V& I

II &„(s)&, v = 1, 2, 3, . . . ,

«,.(s)IV, III,.(s)& '
7'yp S

y
v —1y2y3y ~ ~ ~ ~

y p

(3.7)

(3.6)

(3.9)

(3.10)

We have assumed for the sake of definiteness in writing that each two-body subsystem y has a bound state
IB ) with binding energy B&. Furthermore, we have assumed that only the lth partial wave is being con-
sidered. It is easy to show from (2. 1) and (2.4) that

I g,.(s)& —V,IB,&,
S~-By

1r, (s)
$ s+B

We now introduce a new set of transition operators by the relation

X„8(s)= G, (s) Y„8(s)G,(s), n, P = 0, 1, 2, 3 .

From (3.3) these operators satisfy the equations

X~s(s) = (1 —5„8)GO(s)+ Q Go(s)Ty(s)X 8(s), n, P=0, 1, 2, 3.
y~n

Following Lovelace" we define scattering amplitudes and potentials by the relations
/2 2

X „8„(&„',biz, s)-=&f1'I g „s— „X8(s) gs„s — s Iqs),

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(2 2

g.. Bp(q.', q8, s)=&q.'I g.. s — ". G.(s) gsp s - '8 Iqs&(1-5.8) (3.16)

Inserting the expansion (3.6) in (3.14) and using the definitions (3.15) and (3.16) we find
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X„„s„(q',gs;s)-Z „s„(g„',qs;s)+g QJIZ„, ~,(q„, q~;s)dq~r~, s — '~ X~, 8„(q'~, qs;s). (3.17)
/=1 0=0

Using (3.1), (3.11), (3.13), and (3.15), and the fact that I& z& is a solution of the two-body Schrodinger equa-
tion, it is straightforward to show that

x„,, s.(q.', 4s, s) &0„'I&&.1[v"+ v (s -&) 'v'jl&s&lfis&,
on shell

where on shell means

s = -B„+q „'/2 y. , n = 1, 2, 3 .

(3.18)

(3.19)

Thus, the physical elastic scattering amplitude is obtained directly from the solutions of (3.17). For the
case of three identical particles it is easy to show2' that the properly symmetrized amplitudes are defined
by

Xvp(q'~ ques)
= ZXnu Sp(q iles) (3.20)

(3.21)

From (3.16) and (3.17), it follows that the symmetrized amplitudes satisfy the equation

X,~(g', g;s) =2Z„&(q', gs)+2 g Z„(q', fl"; s)dft" r, ( s——,'q"')X, ~(g", fi;s) .
a=0"

These equations can also be used for spin-dependent forces if .one thinks of the indices v, p, , and a as
cover indices which include spin and isospin indices. Ne do not bother to write out these equations, since
they can easily be obtained following Lovelace. 2'

After a partial-wave analysis of (3.17) or (3.21), we are left with a set of coupled integral equations in
one continuous variable. This infinite set of coupled equations must, of course, in practice be truncated.
%e will show in the next section that the scattering amplitudes obtained from the truncated equations satis-
fy the three-body off-shell unitarity relations.

IV. OFF-SHELL UNITARITY

It is easy to convince oneself that the T matrix obtained by truncating the expansion presented in Sec. II
does not correspond to an energy-independent Hermitian potential. Thus it is not obvious that the three-
particle scattering amplitudes obtained by using the truncated expansions satisfy the three-particle off-
shell unitarity relations. These unitarity relations have their simplest form when expressed in terms of
the transition operators given by (3.1). The relations are"

F„a(s) —Y s(s ) = 2mi Q-Y„z(s)n, z(E)V&z(s*), u, P=O, 1, 2, 3,
y=O

with

(4.1)

8 —E+gC
y C)Oy

(4 2)

2 2

&.(&)= Ilp„q„&df&4,«-2" -2", &P„q,l

= 5(Z - fi,) .

Here p,
&

is the reduced mass of subsystem y, e.g. ,

p, = m, m, /(m, + m, ) .
%'e will now prove the following theorem: If the two-particle T matrix has the properties

vja&&aI v
s+8

T(s) —T(s*)= 2wiT(s)5(E —H—,)T( )s,

2vfT(s*) 5(Z ir, )T-(s), —

(4.3)

(4.4)

(4.5)
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where V is the two-body potential and (B) is the two-body bound state at energy B-then the scattering
amplitudes obtained by solving (3.3) satisfy the off-shell unitarity relations (4.1). In other words, any two-
body T matrix or approximation to a two-body T matrix which has the correct behavior near the bound-
state poles and which satisfies the two-body off-shell unitarity relations will lead to a three-body transi-
tion operator which satisfies the three-body off-shell unitarity relations. The proof foIIows.

Using (4.4) and (4.5), it is easy to show that the three-body transition operator TI(s) that arises from
the two-body operator TI(s) [see (3.5)] satisfies the relations

T,(s) — T, ( s*) = 2~I-(z —ff.)~,(z)(Z —e.) —

2~IT�„(s)~.

(z)T, (s*)
= -2~I(z —e,)~,(Z)(Z fJ.) 2—vI T„(-s*)n,(Z) T,(s) . (4.6)

We will need the discontinuities across the right-hand cuts of the kernels appearing in (3.3). Using the
relation

G, (s) —C,(s*)= -2vf5(Z —e,),
it follows from (4.6) that

T,(s)c,(s) —T„(s')G,(s*)= -2wI'f(Z e,)~ „(Z—)+ T,(s)5(Z —fJ,)[1+7', (s*)c,(s*)]).
FI'0111 (3.3) we Obta1Q

(4.6)

(4. 10)

F.I(s) —I'.8(s")= Z [T„(s)c.(s) —T,(s*)c.(s*)l&,s(s*)+ Z T,(s)c.(s)[I",8(s) —I'„s(s*)]. (4.9)
/WC f W CX

By conlpRI'11lg (3.3) Rnd (4.9) 0116 sees tllRt the dlscontlnulty ln Y 8(s) BRtlsfles BquRtlo118 with 'tile BR1116 ker-
nels as I"„&(s)itself. With this observation, it is easy to show that

I'.,(s) —F„,(s")= Z I .,(s)C,(s)[T,(s)c,(s) —T,(s*)c,(s*)lr„(s*).
)'= l

Using (4.8) this becomes

F s(s) —I'„8(s*)= 2IIi Q-I' I(s)b, I(E)FIB(s~)—2III' QI' I(s)G, (s)TI(s)5(E —BIO)[1+TI(s*)G,(s*)]I'IB(s*).

(4. 11)
From (3.3) it follows that

[1+

TED(s)G,

(s)]F„8(s)= (5, 8
—

5 Is)(s —P,)+ F,a(s), (4.12)

I',.(s) =(1 —5 .)(s —&.)+ ZI' „(s)c.(s)T,(s). (4.13)

Combining (4.12) and (4.13) with (4.11), we finally arrive at (4.1). Since the T matrices obtained by trun-
cating the expansions of Sec. D satisfy (4.4) and (4.5), the three-body amplitudes obtained by solving the
truncated versions of (3.17) or (3.21) satisfy the three-particle off-shell unitarity relations (4.1). This
property is desirable for at least hvo reasons: It makes the definition of phase shifts unambiguous, and
the relations (4.1) give a useful check on numerical work.

We now apply the expansion of Sec. II and the
equations of Sec. III to the problem of calculating
the properties of the three-nucleon system. We
assume the nucleons interact via pairwise sq~are-
well potentials in the singlet and triplet spin
states. We use the same parameters as Bray-
shaw and Buck. For the singlet state the depth
is V, =14.017 MeV and the width is b, =2, 5895 fm,'

for the triplet state we have V, = 34.406 MeV and

5, = 2.0719 fm. We only include the force in rela-
tive two-body s states. The expansion for the
square-well T matrix is given by Eqs. (3.2) of
Ref. 19.

Table I gives the results for the triton binding
energy and the n-d scattering lengths as a function
of the number of terms retained in the separable
expR1181OI1 (2.2). We RlwRyS 1'BtRlll tile SRIQB IluIQ-

ber of terms in each two-body spin state. It is
seen that the results for the triton binding energy
have converged using three terms for each spin
state. Two terms are enough to give accuracies
of the order of 1%. Our final result for the triton
blndlng 61161'gy (9.12 MBV) ls Rllou't 6% 1Rl'gel' 'tllRQ

that of Brayshaw and Buck, ' who find a value of
8.72 MeV. In order to check our program we have
repeated one of Kharchenko and Storozhenko's"
calculations for the triton binding energy. They
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TABLE I. Triton binding energy and n-d scattering
lengths for the square-well potential. N is the number
of terms in the separable expansion of the T matrix for
each two-body spin state (triplet or singlet}.

E
(MeV)

Qg2
(fm)

3l 2

(fm)

8.05
9.05
9.12

1.34
0.52
0.48

6.40
6,89
6.89

use the Weinberg series for the square-well T ma-
trix and consider four different sets of parameters
for the well depths and widths. For their parame-
ter set c they obtain a binding energy of 9.08 MeV.
Using the same parameters we find a value of 9.13
MeV. The two results agree to within about 2k.
Kharchenko and Storozhenko" have compared a
calculation of the triton binding energy using the
K-harmonic method with a calculation using the
Weinberg series. They" find that the Weinberg
series gives a binding energy of 8.84 MeV, where-
as the K-harmonic method' gives a value of 8.43
MeV. The discrepancy of about 5% is comparable
to what we have found. These results indicate bet-
ter convergence for the separable-expansion meth-
ods than for the K-harmonic method. For all of
the methods further corrections to the binding en-
ergy can only increase its value. Our final re-
sults of 9.12 MeV for the triton binding energy is
about 7% greater than the experimental value of
8.49 MeV.

Column 2 of the table illustrates the rate of con-
vergence of the expansion in a calculation of the
doublet scattering length. It appears that three
terms give a satisfactory result; however, it

should be noted that a calculation with four terms
was not attempted, since it would have taken a
prohibitive amount of machine time. Also, some
difficulty was encountered in achieving stability
against mesh variation. We estimate our results
to be accurate to about 5%. Our result of 0.48 fm
for the doublet scattering length is somewhat high-
er than the value of 0.408 fm found by Brayshaw
and Buck. Their calculation includes both s- and
d-wave two-body interactions. The additional at-
traction supplied by the d wave is consistent with
their scattering length being lower than ours. Fur-
thermore, our result is consistent with the results
of Kharchenko and Storozhenko. " For their param-
eter set c they find a triton binding energy of 9.08
MeV and a scattering length of 0.49 fm; for their
parameter set a they find 9,20 MeV and 0.46 fm.
If we assume a linear relation between the doublet
scattering length and the triton binding energy"
and interpolate, using our binding energy of 9 ~ 12
MeV, we find a», = 0.48 fm, which agrees with the
final result in the table. Our calculated value of
0.48 fm agrees better with the older experimental
value of 0.7+0.3 fm, than with the newer value of
0.11+0.07 fm." Column 3 of the table shows that
one term in the separable expansion gives a satis-
factory result for the quartet scattering length.
The theoretical result is in reasonable agreement
with both the older experimental result of asi2
= 6.38+ 0.06 fm ' and the newer one of a», = 6.14
+0.06 fm. '

Figures 1 and 2 present results of calculations
for k cot[Re(5)] for neutron lab energies ranging
from 0 to 14.1 MeV. k is the relative wave num-
ber and is related to the neutron lab energy by k'
= (0.02141 MeV ')E„b fm '. It appears (see Fig. 1)
that it is necessary to retain at least three terms

FIG. 1. Values of
k cotr. Re(6)] for the doublet
n-d scattering states versus
k2, where k is the relative
wave number. The solid
lines are calculated values
for various separable ap-
proximations. Solid circles
are experimental values
taken from van Oers and

Seagrave (Ref. 19).
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in the separable expansion for each two-body spin
state in order to get satisfactory results for
k cot[Re(5)] in the doublet state. The agreement
between theory and experiment is good below the
breakup threshold, but deteriorates somewhat
above the threshold. The theoretical results be-
low threshold are in satisfactory agreement with
those obtained by Brayshaw and Buck. ' Figure 2

gives the results for the quartet state. One term
in the separable expansion gives satisfactory re-
sults. The agreement between theory and experi-
ment is reasonable below threshold, but becomes
progressively poorer above threshold.

VI. SUMMARY AND DISCUSSION

We have found that retaining two to three terms
in the separable expansion of the T matrix for
each two-particle spin state (triplet and singlet)
gives satisfactory convergence in the three-nucle-
on doublet state for the triton binding energy, the
doublet n-d scattering length, and the effective-
range quantityk cot[Re(5)] for neutron lab energies
up to 14.1 MeV. The simple square-well force
model we have employed overbinds the triton by
0.63 MeV. This is no surprise, since we have left
out effects due to short-range repulsion and tensor
coupling in the two-nucleon force. Both of these
effects tend to decrease the binding energy of the
triton. Our final result for the doublet scattering
length (0.48 fm) would be increased by these ef-
fects, thereby pushing the theoretical result even
closer to the old experimental result of 0.7 fm."
The theoretical results for kcot[Re(5)] in the dou-
blet state agree well with those obtained by van
Oers and Seagrave from experiment below the
breakup threshold, as well as with the theoretical

results obtained by Brayshaw and Buck' using a
different calculational technique. Our results for
k cot[Re(5)] are lower than the experimental ones
above the breakup threshold. Using a more repul-
sive force model would lower the phase shifts and
bring the theoretical values of k cot[Re(6)] closer
to the experimental values.

We have found that one term in the separable ex-
pansion gives satisfactory convergence in the three-
nucleon quartet state for the scattering length as
well as for k cot[Re(8)] up to neutron lab energies
of 14.1 MeV. The agreement with experiment is
good below the breakup threshold, but quite poor
above. The theoretical values of k cot[Re(5)] above
threshold are higher than the experimental values;
just the opposite of the situation in the doublet
state. We find that k cot[Re(5)] changes sign from
negative to positive as we go from lower to higher
energies. This feature also appears in the calcu-
lation of Aaron, Amado, and Yam, ' who use a
very different force model; namely, the well-
known Yamaguchi separable potential. " The ex-
perimental values" of k cot[Re(&)] stay negative
for neutron lab energies up to 14.1 MeV. We have
no satisfactory explanation for this discrepancy.

The calculations in this paper have only dealt
with the three-nucleon states of total orbital angu-
lar momentum zero. We are presently extending
the calculations to states of higher angular mo-
mentum. Obtaining the n-d scattering amplitude
in the other partial waves will allow us to make
direct comparisons with the experimental cross
sections. This might help pin down the discrep-
ancies between the theoretical and experimental
s-wave phase shifts. It is expected that the separ-
able expansion will converge faster in the higher
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FIG. 2. Values of
k cot[Re(6)] for the quartet
n-d scattering state versus
k2, where k is the relative
wave number. The solid
line is the calculated val-
ues. Solid circles are ex-
perimental values taken
from van Oers and Sea-
grave E,Ref. 29).
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n-d partial waves, since the centrifugal barrier
should prevent the particles from scattering too
far off the energy shell. Recall that the first term
in the expansion gives the exact half-off-shell two-
particle T matrix.

It is doubtful whether it is worth extending the
simple square-well force model to very high ener-
gies, since the phase parameters of this model are
not realistic at high energies. However, tests of

the separable-expansion method should be carried
out at higher energies. We are planning to do this.
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