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The ?H(d, v )*He reaction is studied at center-of-mass energies below 500 keV, where it is dom-
inated by the E2 transition from the >S, continuum state to the ground state of the a particle. Both
the S, continuum and the ground states are calculated with the variational Monte Carlo method
using the realistic Argonne-v,, two-nucleon and Urbana model-VII three-nucleon interactions. A
qualitative agreement with the observed cross section is obtained. This reaction can proceed only
through the D states in the deuteron and/or in the « particle. It is found that, depending upon the
continuum wave function, the contributions of the deuteron and a-particle D states can either add
to produce a large cross section, or cancel. The reaction is thus very sensitive to the continuum

wave function.

I. INTRODUCTION

The study of radiative capture reactions has occupied a
privileged place in few-body physics due to our under-
standing of the electromagnetic interaction. Particulary
at low energies, the associated selection rules restrict the
number of relevant partial waves, thus scaling down the
computational effort and permitting a clearer interpreta-
tion of the physical processes involved. Another impor-
tant feature of these reactions is that some of them occur
due to the D-state components in the nuclear wave func-
tions which are generated by the two-nucleon tensor in-
teraction.

Among the radiative capture reactions, the
’H(d,y )*He reaction is especially important due to its
implications in several domains of physics. The radiative
fusion of two low-energy deuterons is important in astro-
physics, since it can influence the predictions for the
abundances of the primordial elements in the Universe.!
The detailed knowledge of the reaction mechanism may
also have applications in fusion reasearch.? Finally, this
reaction can provide information on the D-state com-
ponents of the deuteron and a-particle wave functions, of
interest in nuclear physics.

Since the early 1950s, the cross section of the
2H(d,y )*He reaction has been the object of both theoreti-
cal and experimental studies.>~® More recently, in the
last decade, the access to more sophisticated experimen-
tal apparatus and the possibility of polarizing the ion
beams have produced a renewed interest in the study of
this fusion reaction. Measurements of the cross section
and polarization observables have been carried out at rel-
ative d-d energies ranging from 25 keV up to 47.5
MeV.”" % From the theoretical point of view, more and

8

more elaborate models have been presented in an attempt
to overcome inconsistent interpretations of the experi-
mental data.”!%1114721 gyupstantial progress has been
made with the resonating-group method (RGM) to in-
clude the effects of the coupling of the scattering channel
to the ¢ +p and *He+n channels.?! However, none of
the theories used so far consistently describes the initial
and final states, starting from realistic models of the nu-
clear forces.

We discuss here a calculation of the >H(d,y )*He reac-
tion performed with bound- and continuum-state wave
functions obtained from the Argonne-v,, two-nucleon
and Urbana-VII three-nucleon interactions. We are espe-
cially interested in very low energies, E ., <500 keV,
where the reaction, as mentioned before, seems to have
implications in astrophysics and fusion research, and
where the D-state components of both deuteron and a
particle play a determinant role.

It is known that the symmetry between the two deute-
rons restricts the entrance channels to those in which the
orbital angular momentum and the spin are both even or
odd. The allowed electromagnetic transitions, for mul-
tipoles I <2, are then'®

(E1;°Py), (M1,°D,), (E2;'D,), (E2;°S,),
(E2;°D,), (E2;°G,), (M2;°P,), (M2;°F,) .

At very low energies (E_,, <0.5 MeV), the centrifugal
barrier tends to suppress all transitions except the one
from the %S, channel. Hence, in this work we only con-
sider the E2 transition from this continuum state. Iso-
spin conservation rules imply that the E2 transition from
the 'D, channel dominates in the E,, ~2—5-MeV re-
gion;?® however, it has been shown that both the E1 and
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M2 transitions are important at E, ,, ~0.6 MeV.!%?2!

In Sec. IT we give a short description of the a-particle
wave function calculated by Schiavilla et al.?? with the
variational Monte Carlo (VMC) method and used in the
present work. The initial d-d scattering state wave func-
tion is also calculated using the VMC methods developed
by Carlson et al.?’ as discussed in Sec. III. In Sec. IV we
describe the calculation of the transition matrix element
and, finally, in Sec. V we present and discuss the results
for the astrophysical factor. In the last two sections we
also analyze the contributions of the S- and D-state com-
ponents of the deuteron and a-particle wave functions to
this transition.

II. THE FINAL STATE

A variational calculation of the a particle has been pre-
viously carried out by Schiavilla et al.?? using the follow-

ing ansatz for the wave function

h!]a):SHFij'q)) , (1

i<j

where |®) is an antisymmetric four-nucleon spin-isospin
state and S symmetrizes the product of the correlation
operators F;;. These are given by

F [H r]k] j)ai‘aj
ki, j
+[H ljk]ftT I]STTJ' (2)
ki, j

In the above equation ¢ r,j) Sfo(ry), and f'7(r;;) are, re-
spectively, the central, spin, and tensor correlation func-
tions, S,» is the tensor operator, and f,lk, =0o,tT, are
three-body correlation functions having the following
form:

¥ij “2,p
fz]k Lp R"k exp(—t3,pRijk) ’ 3)
ij
where
Rijk Fii +rk+rk, . (4)
The functions f“(r;), f°(r;;), and f'"(r;) and the param-

eters ¢y ,, t, ,, and 3 werc determmed by minimizing
the energy obtained with the Argonne-v,, two-nucleon
and Urbana-VII three-nucleon interactions. The calcu-
lated a-particle binding energy and D, parameter were
found to be, respectively, E,=—27.8+0.4 MeV and
D,=—0.16 fm?. The D, parameter is defined as

Do—1 1 uy(k)
S RN TN

where u, and u, are the S and D components of the rela-
tive wave function between the two deuteron clusters in
the a particle.

III. THE INITIAL STATE

A. Ansatz for the d-d wave function

Our anstaz for the initial d-d state wave function lies
on the basic assumption that the average d-d interaction
effects can be represented by an effective d-d potential,
and that the effects associated with the strong N-N in-
teraction, important at short distances and not included
in the effective potential, can be taken into account by
means of two- and three-body correlation operators.
Within this approximation, the expression for the d-d
wave function is given by

[aa) =4 W’f‘slj) (5)
with

(rrprsldirs’ ) = 3 (LASG1IM, (10,10 3,/S0)
X [SH'G,.,

X g 1) (13,) (©)

where r,, and ry, are, respectively, the internal coordi-
nates of the deuterons formed by particles 1 and 2, and
by particles 3 and 4, and r is the distance between their
centers of mass

Y a® ) s(r)

r,+r r,+r
=23 4 7
2 2

0, and 0y, are the spin projections of the two deuterons,
coupled to total spin S with projection o, and LA and
JM; denote the relative and total angular momenta. In
Eq. (5), 4 is the full antisymmetrization operator. As the
deuteron wave functions are already antisymmetric, we
have to consider only the permutation of particles be-
tween the two deuterons, hence,

1
—_ 1— P13 P14__P23__P24+ 13P24 . 8
*—\/6( p ) (8)
This operator can be written in a more convenient way as
A=ASy , 9)
where A is given by
1
A=—=(1—PB—pl*) . 10
V3 ( ) (10

and S, ; projects out the states symmetric under the ex-
change of the two identical deuterons:

1
S4q=—=(1+P13pP%) 11
W= ( ) 1y
It is obvious that S;;=V"2 when L +S is even and zero
otherwise, and therefore

g ) =V2A 008’ ) (12)

with L +S =even as a constraint.
The symmetrized product STI'G;; of the four pair-
correlation operators between nucleons belonging to
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different deuterons is meant to take into account the
short-range effects of the N-N interaction not included in
the effective deuteron-deuteron potential used to calcu-
late the relative wave function ¥, 5(r). The G;; operators
are taken as

=gry)+ 2 g7(r;)Of Z {ngk ] (r;; )0k
p=4 |\k#ij
(13)
with
T;),8,SyTiT; (14)

of~ Yo=r1..1.,0,; 0,000, o

J? j
The g“(r;;) and g”(r ) are obtamed from the solutions of
N-N Schrodmger 11ke equations®* and satisfy the bound-
ary conditions

gir)=1 for r=d, , (15a)

0 for r=2d, and p =71,0,07, (15b)

8°(N=10 for r>d, and p=1,¢7 . (15¢)
As a consequence, G;; has the property

G;=1 for r; Zmax(d,,d,) (16)

lj -
In principle, d, and d, should be treated as variational
parameters. However, we have used the values d,=1.4
fm and d,=1.9 fm from Ref. 24. In previous studies the
energies were not found to be very sensitive to variations
of d, and d, around these values. gf, for S;; and S;; 7,7,
correlations are taken to be f/7 in the wave function ¢,
while gf for the (o;-0;)(7;-7;) correlation is f% of the
same wave function.
1/:3’7 is the deuteron wave function, generated with the
Argonne-v 4 two-body potential. For an isolated deute-
ron it can be written as

where f;(r;)=u

firp)=w(r;)/V8,

@ (r,)= y16a” (17

(r;;) and

and ¢Z‘7 is a two-nucleon spin-isospin state having isospin
T'=0, spin §=1, and projection 0. In the present
work, the 1/13‘7' in the d-d state is taken as

Yol(ry)= [fﬁ(rij)-F [ IT fi ]fd i) J¢Z“’ . (18)

ki, j

When the deuterons are far apart, f/} [Eq. (3)] tend to
unity and the above ¢d” becomes the wave function of an
isolated deuteron [Eq. (17)].

Finally, the wave function ¥, ¢(7) describes the relative
motion of the two deuterons and is generated from an
effective deuteron-deuteron potential containing two
terms:

Vg (P) =V (r)+Veom(r) . (19)
The effective Coulomb potential ¥V, (r) is obtained from
the charge density of the deuterons:

V cou(r) V(K)YdK ,  (20)

)3 f —iK- r[F ]
where F,(K) is the Fourier transform of the deuteron
charge density and ¥(K) the Fourier transform of the
Coulomb potential between point charges. V,(r)
represents the average strong interaction between the
deuterons. We neglected its tensor and spin-orbit terms
based on the experimental observation that the vector
and tensor analyzing powers for d-d scattering are small?’
at low energies. This approximation implies that the rel-
ative wave function does not depend upon J and that
there is no coupling between channels with different or-
bital angular momenta.

The present model also neglects the coupling of the d-d
channel to the on-shell *H+p and 3He+n channels. This
approximation is supported by the fact that the S, par-
tial wave, the only initial state we are considering, has
spin 2 and therefore the coupling to these reaction chan-
nels can only proceed via the tensor force. Furthermore,
the conservation of J and parity implies that the lowest
orbital angular momentum of the (3+1) channels is 2,
and, at low energies, the D waves are suppressed by the
centrifugal barrier. Thus, coupling to the on-shell (3+1)
channels is expected to play a minor role. The effects of
the coupling to the virtual (3+ 1) partitions are, to some
extent, taken into account by means of the G;; correlation
operators.

B. The variational calculation

The main aim of the variational calculation is to deter-
mine the relative wave function in the S, channel from
the realistic nuclear forces. It is strongly distorted by the
Pauli repulsion due to which all the theoretical phase
shifts, generated mainly with RGM calculations?¢ ™% are
negative. Since all these calculations give very similar re-
sults, we assume in the present work that the correct
asymptotic behavior of this partial wave is known and
use it to simplify our calculation. The consistency of this
assumption is verified in the calculation.

The possible existence of inner oscillations, almost in-
dependent of energy, in the relative wave functions of
clusters of nucleons was pointed out by Tamagaki and
Tanaka?® and by Okai and Park,’® as a consequence of
the Pauli principle. Analyzing the effective equation that
determines the relative wave function within the RGM
formalism, these authors observed that those Pauli oscil-
lations were determined by the exchange kernels.

Under these circumstances, we consider V,(r) as a sum
of two Woods-Saxon potentials, one of them attractive
and the other repulsive. The parameters of these poten-
tials are chosen so as to reproduce the phase shifts ob-
tained by the RGM calculation of Ref. 28 up to 4 MeV,
and to generate wave functions with different short-range
behaviors, namely, with Pauli oscillations having
different characteristics or even without Pauli oscilla-
tions. In Fig. 1 we show the five trial relative wave func-
tions Ug,(r) defined by

Yool V=N exp(i84y) Ugy (7) 1)
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FIG. 1.
effective d-d potentials, for a kinetic energy of 100 keV. All the

Relative d-d wave functions generated with the

wave functions have the same phase shift:  8(100

keV)=—2.8518".

that have been considered in this work. In the above
equation N is a normalization constant chosen such that,
in the absence of the effective potential, the scattering
wave function becomes the incident plane wave. The
wave functions in Fig. 1 are obtained for E_, =100 keV,
from potentials whose parameters are given in Table I.
For convenience, the wave functions and the potentials
are labeled F-1, FO, F1, F2 F3,and V,—1, V.0, V,1, V.2,
V3.

The expectation value of the Hamiltonian ( H ) is then
calculated from the variational wave function [Eq. (6)]
containing these relative wave functions. We confine the
system in a box with a radius of 9 fm, where the wave
functions are in the asymptotic regime, and therefore the
boundary condition is clearly imposed. The best d-d
wave function is the one that gives the lowest value for
(H ), which is calculated from 48 000 Monte Carlo sam-
ples, using the same Argonne-v;, two-nucleon and
Urbana-VII three-nucleon interactions used in the varia-
tional calculation of the a particle. If the assumed phase
shift is consistent with the microscopic Hamiltonian,
then the minimum value { H ), should satisfy

(H)y=2E;+100 keV (22)
with E; = —2.225 MeV the deuteron binding energy.

TABLE 1. Woods-Saxon well parameters of the five different
effective d-d potentials, labeled V;—1, V0, V1, V2, and V3.
The subscripts r and a refer to the repulsive and attractive po-
tentials, respectively.

Woods-Saxon well parameters

Potential label (MeV) (fm) (fm)

V1 V., =0.845 R, —7.556 a,=0.299

s Vo, =0.0
Vo Vo, =75.369 R, =1.874 a,=0.743

s Vo, =0.0
V1 Vo, =27.670 Ry, =1.610 a,=0.150
§ Voa=32.349 R,,=3.254 a,=0.150
v V,,=11.842 R, =1.539 a,=0.249
s Voa =26.162 R,,=3.015 a,=0.539
V3 V,, =8.355 Ry, =1.855 a,=1.373
$ Voa =27.595 Ry, =2.643 a,=1.084

In Table II we present the results for (H ) obtained
with the various trial functions for 48 000 configurations
with and without the three-body correlations gf; and
fi%- The Monte Carlo sampling error is estimated from
average values ( H ), of either 1000 or 2000 samples, so
that

Bas= 718—21(<H>,)2 Z%I%(H),TJI/Z/\/%,
(23)
1 1 21
By —zzigl((H),)z —zzz,lm),] ] /\/24
(24)

These two estimates of the standard deviation give simi-
lar results.

From the results presented in Table II, we see that the
estimated standard deviation & is quite small and that the
(H ) is well determined so that we can clearly locate the
minimum. As a matter of fact, the minimum of the ener-
gy is achieved with the wave function FO, and when the
three-body correlations are included. The minimum
(H)y=—4.32 MeV is very close to the physically
correct energy of —4.35 MeV from Eq. (22).

TABLE II. Results of (H ), 8,5, and 8,4 (in MeV) for the trial wave functions F — 1, FO, F1, F2, and
F3 with and without the three-body correlations g% and f/}.

Without With
d-d-wave three-body correlation three-body correlation
function (H) 824 (H) 824 81
F—1 —4.029 0.045 0.040 —4.152 0.027 0.024
FO —4.263 0.029 0.025 —4.323 0.038 0.041
F1 —4.075 0.042 0.027 —4.028 0.035 0.035
F2 —3.672 0.059 0.062 —3.899 0.067 0.069
F3 —2.865 0.144 0.144 —3.189 0.097 0.078
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IV. THE MATRIX ELEMENTS
AND THE Y (> *!L,,r) FUNCTIONS

The transition amplitude between an initial state |4; )
and a final state |4/, ) is given, in first order, by

ay=2mi8(E,—E;—E,)V (2r#ic) /kQ
x<¢f’HI(k’en)|¢i> ’ (25)

where E;, E ', and Ey are, respectively, the energies of
the initial and final nuclear states, and of the emitted
gamma. () is the quantization volume and H;(k,€,) is
the Hamiltonian that describes the emission of a photon
with a linear momentum k and a polarization €,
(n=1,2). In the present case, it/},) and |y, ) are given,
respectively, by Egs. (1)-(4) and (5)-(16) and Eq. (18).
Since the operator H,(k,€,) is fully symmetric, it com-
mutes with the antisymmetrization operator, and there-
fore we can write

(Y H (k€19 =P, | H (K, €,) 40
=Ve{ Y lH,(k,e,)|Y1e) . (26)

We use the standard multipole expansion'”3! of
H;(k,e,) and the Wigner-Eckart theorem to obtain for
the above matrix element,

(Bl Thy (B gra)

1
== 55 Oubmn, (Wl T BNYLs) . 27)

where T;R,(B) are the multipolar operators and 8=0,1,

respectively, for electric and magnetic transitions. This
equation shows that the amplitude vanishes unless J =/
and M;=M, and it may be evaluated for the most con-

venient value of M.
In the long-wavelength approximation (LWA) the elec-

tric operators have the form?°

Th(0)=a}(0)e 3 Var /I + De;r[Y5,(7)  (28)
j

with a,(0) a constant given in Ref. 17, e; the proton pro-
jection operator, e;=3[1+7,(j)] [7,(j) is the z com-
ponent of the isospin operator for the jth nucleon]. In
the long-wavelength limit, meson-exchange currents are
taken into account for the electric transitions, if the
operators are expressed as in Eq. (28), by Siegert’s
theorem, and the spin terms are negligible.’!

The matrix elements of Eq. (27) were calculated in two
steps. We first calculate the functions

YOSHIL, = (Y T} (BF DY | (29)

where |¢ f_g’ ) is obtained from }:/;%) by replacing the
relative wave function ¥,¢(#’) by &(r—r'). The
Y(®*!L,,r) functions are calculated on a grid of points
spaced by 0.2-fm intervals, by sampling 800000
configurations with the Monte Carlo method. These
functions are independent of ¥,4(r) and thusof E_, . In
the present work we give only the results for Y (°S,,7);
the Y functions for the remaining channels *P,, °D,, 'D,,
’D,, 5G,, 3P,, and °F,, are tabulated in Ref. 32.

The matrix elements are then obtained by integrating

0.4
o0
°
© 2
0,2 — Q
(o]
o
- o
m& o &
w o ?
3 e L
o q&% 3 %Q"
P - §
%Q ﬁ@ 4
-0.2f ﬁd@m@
0 28 56 8.4 11.2 14.0

FIG. 2. The Y (°S,,r) function. The error bars correspond to the statistical errors associated with the Monte Carlo integrations.

r(fm)
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FIG. 3. The Y(°S,,r) function without the inclusion of the a-particle D state. The error bars correspond to the statistical errors

associated with the Monte Carlo integrations.

Y(***1L;,r) with the corresponding 1, ¢(7) function:
Wl Th(BIs) = [ Y CSHIL r)ys(ndr .

Following Eq. (29), the Y function for the E2 transi-
tion from the S, continuum state is defined by the equa-

tion
20
02/ >

where we used Eq. (28) for / =2 and M =0, and ignored
the 7, term in e; since T=0. [The constant involved in
Eq. (28) was included in the integration of Eq. (32).] The
Y (°S,,r) function is shown in Fig. 2, and clearly exhibits
a positive and a negative region. This function is zero if
only the spin-symmetric S waves are retained in the
deuteron and ca-particle wave functions. Therefore, it
gets contributions from either or both of the D-state com-

(30)

Y(SSZ,r)=<¢a (31)

4

2vt (s
E%G Yzo("j)
j=1

ponents in these wave functions. We can represent the
a-particle wave function as a sum of a 'S, state with no
D wave, and a 5D0 state. Essentially, the positive and
negative regions of Y( 5S:,_,r) are determined, respectively,
by the

E2
5S2‘—>1S0

transition, which proceeds only through the deuteron D
state, and by the

E2
SSZ‘*’>5D0

transition. To illustrate this fact, we present in Fig. 3 the
Y(°S,,r) function calculated without the inclusion of the
a-particle D state, which is positive everywhere, and in
Fig. 4 that obtained without the inclusion of the deuteron
D state, which is essentially negative.

0.1
%

~ K %0

P, \S S e s @
m"’N @ Wmﬁ
~ @
> 01t L
B " *
~N
>t o ot

ws  Bd®
oo o]
-03 1 1 1 1
0 2.8 5.6 84 1.2

14.0
r(fm)

FIG. 4. The Y(°S,,r) function withou the inclusion of the deuteron D state. The error bars correspond to the statistical errors as-

sociated with the Monte Carlo integrations.
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It is known that the deuteron has a prolate shape (cigar
shape), hence, its S and D radial wave functions, u and w,
have the same sign, generally taken to be positive. On
the contrary, some components of the a-particle D state
are out of phase, i.e., negative with respect to the positive
S state. For this same reason the D, and 7 parameters of
the {dd|a) overlap function are also negative.!>2%2%33
This can be easily understood if we consider the a parti-
cle as formed by two deuterons with antiparallel spins.
The tensor force between them is repulsive when the rela-
tive coordinate is along the spin direction, and is attrac-
tive when is orthogonal to it. In order to make the latter
configuration favorable, the S- and D-state amplitudes of
the overlap must interfere destructively. As a conse-
quence, the corresponding radial functions have opposite
signs, and the intrinsic deformation of the a particle is
oblate.

Finally, for the sake of completeness, the reduced ma-
trix element of the E2 transition from the 3S, state is
given by

(Yol T 0)]193,)
) i 0
:—@(k)wr/z,ﬁ—ze 5°2f0 Y(3S,,nUg(r)dr  (32)
with

C(k)= —4mek . (33)

V. RESULTS AND DISCUSSION

In the present work we consider only very low energies
where the E2 transition dominates. In this case, it can be
shown that the total cross section is given by*?

[0 Jeap= F(EI6|| | T (0|43 ) (34)
with
1 mc2 E'y
HE)y=F——FF5—— (35)
37 (#ic)® p
and the astrophysical factor by
S(E, , )=c"™E_, exp(2my), (36)

where 7 is the Sommerfeld parameter.

In Figs. 5 and 6 we present the results for the astro-
physical factor, respectively, without and with the in-
clusion of three-body correlation in the 5S2 channel, for
the F —1, FO, F1, F2, and F3 continuum wave functions.
We point out that our results are not meaningful for ener-
gies higher than 500 keV, where the contributions of the
P waves, associated with E1 and M2 transitions, as well
as that due to the E2 transition involving the !D, chan-
nel, become important. Furthermore, the coupling of
these continuum states to the *H~+p and *He+ n channels
may also become important at higher energies.

Figures 5 and 6 indicate that the best agreement with
the data is obtained with the F1 wave function when
three-body correlation operators are included in the

989
S(E)
keV bl
L Fy
10—5_— F
F F
L %
o
10751
- Fa
10—75'
1 lJlLLllJ 1 llllllll 1
10 102 103
E..m(keV)

FIG. 5. The astrophysical S factor obtained with the in-
clusion of three-body correlations in the trial scattering wave
functions. The experimental data are from Ref. 8 (full circles)
Ref. 13 (open circles), and from Ref. 35 (full triangles).

scattering state, despite the fact that, in the variational
calculation, the minimum of the energy is obtained with
the FO wave function.

In Figs. 7 and 8 we show the sensitivity of the astro-
physical factor to the D states. Results obtained without
the inclusion of the a-particle D state, without the in-
clusion of the deuteron D state, and including both D

S(B)t
keVb} F3
N .
10-55 Fy
2 H
0% ————— &,
2 .

T

107

T lllllll

T

1 Liity II 1
10’ 102 10°
E e (keV)

1 teanl 1

FIG. 6. The astrophysical S factor obtained without the in-
clusion of three-body correlations in the trial scattering wave
functions. The experimental data are from the same references
as in Fig. §.
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FIG. 7. The astrophysical S factor obtained with the FO
wave function when (1) both D states are included (full line), (2)
without the D state in the a particle (dash-dotted line), and (3)
without the D state in the deuterons (dotted line). The experi-
mental data are from the same references as in Fig. 5.

states are shown by dash-dotted, dotted, and full lines, re-
spectively. It is evident that both a-particle and deuteron
D states contribute to this transition at these very low en-
ergies, although the D state in the a particle seems to
have a larger contribution. With the wave function FO,
the two D-state contributions cancel and the result is
below the experimental data (Fig. 7). On the other hand,
due to the node in the wave function F1, the D-state con-
tributions obtained with it add and the total is close to
the observed cross section (Fig. 8). We conclude that cal-
culations neglecting either of these two D states in the
wave functions are not meaningful.

Since the optimum variational wave function does not
explain the data, it is obvious that the present calculation
needs to be improved. Firstly, we can use a more recent
and accurate a-particle wave function, obtained by Wi-
ringa.’* Secondly, we can consider the parameters of the
two- and three-body correlations in the continuum state
as variational parameters in the scattering calculation.
Finally, we can change the ansatz of the scattering state
[Eq. (6)] by introducing suitable distortions of the deute-
rons at small . Nevertheless, the present results are en-
couraging enough to indicate that the Monte Carlo
methods could be used to study the >H(d,y )*He reaction

S(E)}
keVb}

107

T T T T

T

107 -

T

L1l 1ol 1
10' 102 10°
E.n(keV) Fee

FIG. 8. The astrophysical S factor obtained with the F1
wave functions when (1) both D states are included (full line), (2)
without the D state in the a particle (dash-dotted line), and (3)
without the D states in the deuteron (dotted line). The experi-
mental data are from the same references as in Fig. 5.

at low energies with bound and continuum wave func-
tions generated from realistic nuclear forces, and that this
reaction shows an interesting interplay among the D
states of the deuteron and «a particle, both determined by
the tensor force, and the d-d continuum wave function.
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