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The neutron-deuteron wave functions, nd phases, and nd scatter-
ing cross-sections have been calculated for neutron energies be-
low the deuteron breakup threshold. Starting from the modified
Faddeev’s equations which have got in our previous paper, the
most complicated part of the full wave function describing the
three-nucleon motion in the NN interaction region is separated
and expanded into a series in hyperspherical polynomials with
K = 0,1,2. The system of one-dimensional integral equations
for the expansion coefficients has been constructed and solved nu-
merically for incident neutron energies of 2.45, 3, and 3.27 MeV.
The Malfliet—Tjon and the Hulthén local NN potentials were used
in calculations. The calculated nd phases and nd scattering cross-
sections satisfactorily fit the corresponding experimental data.

1. Introduction

The contemporary theory of nuclei has mainly the phe-
nomenological character, and its microscopic substantia-
tion is very poorly developed [1]. Therefore, the impor-
tant step to a better physical comprehension of multi-
particle nucleonic systems and processes with their par-
ticipation is the study of namely three-nucleon systems.
As compared with the binary systems, the description
of three-particle states in the continuous spectrum is a
nontrivial theoretical problem. This is related, first of
all, to the possibility of the processes of redistribution
and fission in a three-particle system in addition to the
elastic scattering. Second, the mentioned systems have
essentially different energy spectra. Whereas the spec-
trum of a binary system is composed separately from
discrete levels and the continuum, a three-particle sys-
tem has a purely degenerate spectrum, i.e. a certain
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value of the total energy can correspond to physically
different states of the system. At the present time, the
well-developed powerful methods of calculation of three-
particle wave functions in the continuum are available.
Among them, the most known methods are one based on
the Faddeev equations [1-3] and the variational method
of Kohn-Hulthén with the use of expansions in a hyper-
spherical basis [4].

The Faddeev method consists in that the Schrodinger
equation for a three-particle wave function is trans-
formed and is reduced to a system of three equations [2]
with boundary conditions, like the Lippmann—Schwinger
equation [1]. Each of the Faddeev equations is a six-
dimensional integral equation, whose solution is firstly
started by its transformation into an infinite system of
coupled integral equations. Then this collection of equa-
tions is truncated and is solved by ordinary numerical
methods [3]. An essential drawback of the method con-
sists in the impossibility to directly use the potentials
with infinite action radius such as, for example, the
Coulomb potential [5]. Within this method, the solution
of the problem on the scattering of a proton by a deutron
is extremely complicated and, in addition, is not strictly
mathematically substantiated [5-7], as distinct from the
formalism of the Faddeev equations themselves.

Another approach to the problem of nd-scattering is
the solution of the input three-nucleon Schrédinger equa-
tion by the variational method of Kohn-Hulthén [8]. The
wave function of the system of nucleons is separated into
two parts — short-range and asymptotic ones [9]. The lat-
ter can be presented in the ordinary way in terms of the
incident and scattered waves and the collision matrix.
The short-range parts is expanded in a series in hyper-
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spherical functions. The coefficients of this expansion
and the scattering phases can be determined after the
application of a variational procedure. Both approaches,
the variational one and the Faddeev method, give very
close results at the fitting of experimental data on the
nd- and pd-scattering [10, 11]. But, in the latter case,
only the variational method can be strictly substanti-
ated at the consideration of the Coulomb interaction of
particles.

The aim of our work is to develop and to use a method
of calculation of the cross-sections of nd-scattering at
energies below the deuteron breakup threshold. Such a
study was begun else in our previous works. Starting
from the well-known Faddeev equations [2] and using
the expansion in hyperspherical functions, we reduced
the problem on the determination of a neutron-deuteron
wave function in the continuum to a system of one-
dimensional integral equations, whose solution requires
a significantly less computer time than the numerical so-
lution of the Faddeev equations. We used simple model
NN potentials with a nonseparable interaction without
spin-isospin dependence. These potentials, as test ones,
are used in similar tasks by many researchers for a long
time [12-18]. Of course, the Faddeev equations contain-
ing only spatial variables can be extended on the case
where the interaction and the wave function depend on
spin and isospin variables [19]. But they will be quite
different complicated equations which are not considered
here. In our case of spinless wave functions and particles
with identical masses, the Faddeev equations themselves
can be considered, in this sense, as model equations.
Moreover, the specific results obtained with their help
for cross-sections indicate that the effect of the spin de-
grees of freedom is quite small at fitting the experiment
at least in some kinematic regions, but in many cases. In
calculations, we also neglect the doublet component of
the scattering amplitude, since it follows from the phase
analysis data [20, 21] that the contribution of the dou-
blet state to the scattering cross-section is about 1%.
Despite the mentioned approximations, we managed to
obtain a satisfactory agreement with experiments on the
cross-sections and on the scattering phases. The present
work is a continuation and a natural development of the
cycle of our works devoted to the study of the scattering
of a particle on a system of two coupled particles which
was started in [22].

2. Formalism

We are based on the well-known Faddeev equations [2]
written for a system of three strongly interacting par-
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ticles with identical masses m, in which one particle is
free, and two ones are bound:

T = &+ Go(2)Tos(2)(T? + ¥,

V3 = Go(2)T(2) (¥ + 0WD);

U3 = Go(2)Tha2(2)(TD) + TP, (1)
Here,
U=00 4+ 9@ 4 g® (2)

is the total three-particle wave function; ® is the asymp-
totic wave function which the product of the plane wave
with a momentum of the relative motion of the 1-st par-
ticle and the coupled system of two other particles and
the wave function of a bound state of particles 2 and 3;
Go(Z) = (Z — Ho)™Y; Z = E +10; E is the total energy
of the system; Hy is the operator of kinetic energy; T;;
are the two-particle transition operators which are con-
nected with the pairwise potentials V;; (ij = 12,23, 31)
by the equations

Tij(Z) = Vij + Vi;Go(2)Ti5(Z) . (3)

Here and below, we use the systems of units, in which =
c=1; all kinematic quantities are referred to the center-
of-mass system (unless otherwise stated). Substituting
(3) in system (1) and adding the equations, we obtain a
single equation for the total wave function

U=0+Go(Z2)(UV—-Vo3®), U=Vio+Vo3+V3, (4
which contains, like the Faddeev equation, the same
boundary conditions and has also a unique solution, be-
cause it was obtained from (1)—(3) with the use of only
the addition without the division by operators.

Let us expand the difference ¥ — & in a series in K-
harmonics:

U — 0= Brn(p)urn(Q). (5)
Kn

Substituting this expansion in (4) and using the condi-
tion of normalization for K-harmonics, we get the system
of coupled integral equations for the functions By, (p)
[23]

™m _ e K’ *
By (p) = o / dp p? P\X) / dQuie,, (Q)x
0
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X {UZ Brn(p)urn(2) + (Viz + V31)<1)} ) (6)
Kn

Ja(gp) J2(qp)

K’ K’ _ 2 7
P = P )(p,p)=—;/dqqq2_k2 —i0 (7)
K/

0

where k2%, = k3 — K'(K' +4)/p?, k3 = 4m(E,, —¢)/3, m
is the nucleon mass, F,, is the kinetic energy of an inci-
dent neutron, ¢ is the binding energy of a deuteron. The
potentials V;; and the function ® on the right-hand side
of Eq. (6) depend on the hyperradius p and five angular
variables (2. We emphasize one more that the bound-
ary conditions for the Faddeev equations are contained
also in Egs. (6), because they are obtained directly from
(1) (see [23]). Since we consider the elastic scattering,

we need only the function Pf{/) defined in (7) for the
subsequent calculations.

In our previous work [24], we restricted ourselves only
by the first term in expansion (5) with K =0 in calcu-
lations of the nd-scattering cross-sections. By using the
formalism developed in [23], we now take else the terms
with K =1 and K = 2 into account. The calculation
of these terms will give us the possibility to establish,
first, that series (5) converges, indeed, rapidly, and, sec-
ond, that the corrections to the scattering amplitude,
which are related to the harmonics K = 1,2, are rela-
tively small.

Let ry, ro, r3 be the radius-vectors of particles 1,2,3.
For each K, we introduce the collection of quantum num-
bers n = {{,,4,, L, M} [23,25], where ¢, is the orbital
moment of the coupled pair of particles 2 and 3, ¢, is
the orbital moment of the 1-st particle relative to the
center of masses of pair (23), x and y are the corre-
sponding Jacobi coordinates: x = (ry — r3)/v/2 and
y = 2/3(r1 — (r2 + r3)/2). The quantum numbers
L and M are, respectively, the total orbital moment and
its projection.

Retaining only the terms with K = 0,1,2 in expan-
sion (5), we have, in the general case, 27 coupled in-
tegral equations for the unknown functions By, (p) (by
the number of collections Kn [26]). We denote each of
the K-harmonics in the following way [23]:

ui?%LM =0;(Q), j=1,2,..2T. (8)

These K-harmonics have a rather simple form [23].
Moreover, what is very important, the system of inte-
gral equations (6) is essentially simplified with their use.
Namely, it becomes a collection of two systems of equa-
tions with two unknowns and 23 uncoupled equations,
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among which 22 equations are homogeneous. Since these
homogeneous equations are Volterra equations of the sec-
ond kind, it follows from the results in [27, 28] that such
equations have only trivial (zero) solutions (which is sup-
ported, by the way, by direct calculations) under the
condition of square integrability of the kernel (it holds
in our case).

Thus, all five inhomogeneous equations, which remain
in (6) and should be solved, are related to the following
K-harmonics [23, 26]:

1 6 .
&, = Q00 = , ®r=uP'’ =,/ —sinfcosd,,
V3 ™

2
Py = u? = —= cos? 0(3cos? 0, — 1),
™

2
7 = uy?? = o sin® 0(3 cos® 0, — 1),
Bog = U™ = —— cos20 9
2 = Uy = \/7?3(:05 . 9)

The corresponding coefficients Bi(p), Br(p), Biz2(p),
Bi7(p), and Bgg(p) in expansion (5) are the solutions
of the integral equations

/2

Bi(p) = %/dﬁﬁ?’ PJ(FO){/ df sin? @ cos? 0 (Bl(p)—l—
0 0

/2
9 3/2
+2B36(p) cos 20> V*+ @ / df sin cos® 0
pp )
d(V2 pcosB) sin(y/3/2p psin ) (V* — 2‘/23)}; (10)
16 [ w/2
Bag(p) = —pgn/dﬁﬁ?’ Pf){/ df sin® 0 cos? 6 cos 20x
0 0

2/3 3/2
x (Bl(ﬁ) + 2Byg(p) cos 29> V* 4 V;p”x

w/2
X /d9 sin 6 cos® @ cos 20¢(v/2 j cos 0) x
0
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x sin(~/3/2p psin 0)(V* —21/23)}; (11)

/2

1
Br(p)= Gm/d’ > P 1){/d9 sin? 0 cos® 0 B7(p) V*+

/2

3/2
—&—17;7 df sin® 0 cos® 0 p(V2 pcos 0)(V* — 2Vaz) x

[sm V3 pp51n9

N wwppsine)]}; (12)

/2

128m [
58;" / dp 5 Pf){ / d6 sin x
0
0

0

Biz(p) =

x cos® 0 By p) df sin 6 cos* 6x

/2
5\/2/3m%/?
(p) vy V2B /
8pp
X (V2 pcos ) sin(y/3/2p psin 6) x
X /d@i sin 0, (3 cos? 0, — 1)(Via + V31)};

(13)

/2

= 128m/d3P2){/d95m 0 x +

3/2
\% 27; 2/d981n 0x

By7(p

x cos® 0 B17(p)

x cos® 0 p(V2 pcos ) (V* — 2Va3) [(\/S/Qpﬁsinﬂ

3 . _
_\/W) sin(+/3/2p psin0)+
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(14)

+3COS(\/%ppsin9)} }

In (10)-(14), the function ¢(v/2p cosf) is the wave func-
tion of a deuteron, and the quantities V*, Va3, V15, and
V31 are defined as follows:

V* =2Vas + /d@I sin 9$(V12 + Vgl),

Vas = V(V2pcosb),

Vie=V (\55\/1—1—2511120— /3 sin 26 cos 0, > ,

Va1 =V (\;5\/1 +251n29+\/§sin290050x ) ,

where V' is the nucleon-nucleon potential.

We note that the used approach possesses, in addition,
the advantage allowing us to numerically solve a system
of integral equations for a small number of functions de-
pending on a single continuous variable.

3. Analysis of the Results of Calculations and
Conclusions

Equations (10)—(14) were solved numerically for several

values of energies of incident neutrons F, (2.45, 3, and

3.27 MeV in the laboratory reference system). In calcu-

lations, we used the following N N interaction potentials:
1) Hulthén potential [12]

AH

_ Ag = 0.177 fm™!
exp (ugr) —1° H mo

Vir)=—

pr = 1.145 fm™!; (15)

2) Malfliet—Tjon triplet potential [13] with a repulsive
soft, core

V(r)=—=Xaexp(—par)/r + Agexp(—ugr)/r,
A =322 fm™t, pa =155 fm™},

A =739 fm™', pup =311 fm*
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Fig. 1. Functions Bj(p) (j = 1,7,12,17,26) calculated for the potentials of Hulthén a) and Malfliet—Tjon b) at energies of an incident
neutron of 2.45 MeV (dotted curves), 3 MeV (dash-dotted), and 3.27 MeV (continuous)

The wave function of a deuteron was chosen in the form

1]
_ af(a+ B) exp(—ar) — exp(—pr)
2m(B — )? r

with the parameters a = /me and 8 ~ 7a.

The calculated functions B;(p) (j = 1,7,12,17,26)
are shown in Fig. 1. The analysis of the curves presented
in this figure implies that, first, B;(p) depend weakly on

o(r) (17)
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the energy of a neutron in the interval E, = 2.45 +
3.27 MeV. Second, the maximum values of By(p) (for
the basic K-harmonic with K = 0) exceed, in modulus,
the maximum values of the functions B;(p) by at least
one order of magnitude for K-harmonics with K = 1
and K = 2.

In Table 1, we present separate contributions of each
of five nonzero partial amplitudes 4; (j = 1,7,12,17, 26)
to the nd-scattering amplitude A calculated for the same
interaction potentials and values of E,. In the last col-
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Fig. 2. Differential nd-scattering cross-sections calculated with the use of the potentials of Hulthén (a, b) and Malfliet—Tjon (¢, d) at the
energies of a neutron E, = 2.45 MeV (a, ¢) and 3.27 MeV (b, d). The explanation of the curves is given in the text. The experimental

data are taken from [29]

T able 1. Contributions of A; to the nd-scattering amplitude from each of five nonzero partial amplitudes
(G =1,7,12,17,26)
Potential E,, MeV Aq Ar Aio Aq7 Aog 6A, %
K 0 1 1 2 2
Hulthén 2.45 —7.019 —0.141 —0.158 —0.003 —0.074 5.1
3 —7.616 —0.174 —0.173 —0.004 —0.076 5.3
3.27 —8.011 —0.190 —0.179 —0.005 —0.077 5.3
Malfliet—Tjon 2.45 25.061 —1.569 -0.025 —0.013 —0.738 8.6
3 23.098 —1.991 —0.018 —0.020 —0.745 13.6
3.27 22.122 —2.212 —0.014 —0.024 —0.749 15.7

umn of Table 1, we give the relative contributions A
(in percents) for higher K-harmonics with K = 1 and
K =2,

A+ A+ Agr + Age
Ay + A7+ Ao+ Air + Agg

SA (18)

Table 1 indicates that the quantity A for the Hulthén
potential almost does not depend on F,, by reaching
5.3%, whereas §A for the Malfliet—-Tjon potential in-
creases significantly even within a short interval in en-
ergies (from 8.6% for E, = 2.45 MeV to 15.7% for
E, = 3.27 MeV).
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In Table 2, we show the calculated nd-scattering
phases for the relative orbital moments ¢ = 0,1,2 for
potentials (15) and (16) and two energies E, = 2.45
and 3.27 MeV, for which the experimental data on the
elastic scattering of neutrons on deuterons are available
[29]. For comparison, Table 2 presents also the phases
obtained by other authors in [18, 20, 30-32] for an anal-
ogous problem on the nd-scattering. The quantities n
are the dimensionless normalizing coefficients [24] for the
internal part of the total wave function of the three-
particle scattering problem.

In Fig. 2,(a—d), we give the angular distributions of
the nd elastic scattering cross-sections which are calcu-
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lated with the use of potentials (15) and (16). The con-
tinuous curves in Fig. 2 are calculated with regard for
all five functions Bj(p), i.e. three K-harmonics with
K = 0,1,2 were taken in expansion (5). The dotted
curves correspond to the case where only By (p) (the term
with K = 0) was taken in (5). The analysis of the curves
presented in Fig. 2 indicates that the contribution of the
higher K-harmonics (K = 1,2) to the cross-section for
the Hulthén potential is at most ~ 5%. But such a
contribution for the Malfliet—Tjon potential can be sig-
nificant (especially at the minima of angular distribu-
tions). The continuous curves describe the experimental
data satisfactorily in all the cases. For comparison, we
give the results of the Pisa group [33] in Fig. 2 (dashed
curves) which fit the experimental data in [29]. Despite
the fact that the calculations of the cross-sections in [33]
involved the realistic NN potential AV18 (moreover, the
three-particle interaction was also taken into account),
the results of our work and work [33] are quite close.
Some difference of the S, P, and D phases calculated by
us from the results of other authors (see Table 2) can
be explained by the approximation used in the solution
of the problem: we considered only those factors which
make the main contribution to the scattering amplitude.

Thus, the method developed here for the calculation
of the elastic nd-scattering cross-sections within simple
models of the NN interaction allows one to satisfacto-
rily describe the relevant experiments at energies of a
neutron below the deuteron breakup threshold. By rep-
resenting the total wave function of the problem ¥ as a
sum of its asymptotic part and a part which describes
the three-nucleon system in the interaction region, we
reduced the problem of the determination of ¥ to the nu-
merical solution of a system of one-dimensional integral
equations. This solution does not require a significant
computer time, as distinct from the traditional meth-
ods of solution of three-nucleon problems in the contin-
uum, which are based on the direct numerical solution
of two-dimensional integral equations in the momentum
representation. We have established, first, that the con-

T able 2. Phases §; (in degrees)

En, MeV | £| Potential type and calculated d, Other data
Hulthén ‘ n ‘ Malfliet—Tjon ‘ n
2.45 0 —-60.8 0.62 —53.3 0.78 —66.7 [18,30]
1 154 16.3 23.1 [31]
2 —4.0 —41 —4.2 [31]
3.27 1 =715 047 —64.3 0.80 —73.6 [20,32]
2 158 17.8 25.6 [32]
0 -75 —-7.9 —4.6 [20]
348

sideration of three first K-harmonics in the expansion of
the internal part of the wave function of a nd-system is
sufficient for the satisfactory description of the relevant
experiments on nd-scattering at subthreshold energies
of a neutron. Second, for such energies and the NN
potentials used in calculations, the contribution of the
basic K-harmonic with K = 0 to the reaction ampli-
tude is dominant. All this confirms the efficiency of the
proposed approach.
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PO3PAXYHKU XBUJIbOBUX ®YHKIIN nd-CUCTEMU,
®A3 I I[TEPEPI3IB nd-PO3CIAHHSA 3 BUKOPUCTAHHAM
MOIUPIKOBAHNX PIBHAHBb ®AIJIEEBA
I METO/JIY I'ITEPCOEPUYHUX OYHKIIN

B.I1. Kosaavuyxk, I.B. Kosaoscvkul, B.K. Tapmaxoscvrul
PezowMme

PospaxoBano xBuiboBi dyHKINT nd-cucreMu, a TakoxK ¢asu i mepe-
pisu nd-po3CisiHHS IpHU €Heprifax, HIKYIUX 3a IOPIr po3Baily Ieii-
Tpona. Buxossuu 3 moaudikoBanux piBHsHb Paiieesa, 110 O1ep-
»KaHl y Hamii monepegHit po6GoOTi a1 MOBHOI XBUIJIBOBOI (DYHKIII,
MU BUJIINIA HafO1IbII CKIIaIHY 11 YaCTHUHY, sIKa OIKUCYE PYX TPbOX
HYKJIOHIB B 00J1acTi B3aeMo/Iil, 1 po3kiau 11y psij 1o rinepcdepu-
qauM noairomam 3 K = 0,1, 2. Jlna xoedinientis poskiany (pa-
niasnbHuX (DYHKIIH BiJi KOJIEKTHBHOI 3MIHHOI) CKJIaJE€HO CUCTEMY
ONHOBUMIDHHX IHTeIpa/JIbHUX PIiBHAHDB, sIKy IIOTIM OyJIO YIHCEIHHO
pO3B’sI3aHO Ji1si eHepriit Heiirpona 2,45, 31 3,27 MeB. VY pospaxyH-
KaX BHKOPHCTOBYBaJsH JioKaiabHi N N-morenriamu Masdii—Trona
i Xronprena. Pesynpraru obuuciens ¢as i nepepisis nd-poscisaus
3aJ0BIIbHO y3rOIKyIOThCA 3 BiIIOBIIHUMY €KCIIEPUMEHTATIbHUMU
JAHUMH.
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