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He D-state effects in the H(d, y) He reaction at low energies
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The H(d, y) He cross section was measured for deuteron laboratory energies between 0.7 and 4.5
MeV. Angular distributions were obtained at laboratory energies of Ed ——1.38, 2.05, 9.6, and 15.0

MeV. These data indicate that the D state of He, which can be populated via S-wave capture in

this reaction, has a large effect on the energy and angle dependence of this low energy capture cross

section. The data are shown to imply an asymptotic D-to-S state ratio p= —0.2+0.05. The impli-

cation of this observation for the absolute cross section below 1.0 MeU is discussed.

1. INTRODUCTION

The energy dependence of the cross section of the
H(d, y) He reaction and its inverse have been studied pre-

viously in the energy range 3.0 MeV & Ed &60 MeV. '

More recently, polarized capture reaction measurements
have been performed by Weller et al. and by Mellema
et al. at deuteron energies of 9.6 MeV and 10.0 MeV,
respectively. The theoretical analysis of the tensor
analyzing power data indicates a strong sensitivity to the
D-state component of ~He.

The identity of the colliding particles (bosons) in the en-
trance channel restricts the scattering states +'I.J to
those for which the channel spin S has the same parity as
the orbital angular momentum I.. With multipoles of or-
der I. & 2 the allowed transitions are therefore (E 1; P& ),
(M 1; Di), (E2 Dp), (E2; S2), (E2; D2), (E2; Gg),
(M2; P2), and (M2; F2). Conservation of isospin in a
self-conjugate nucleus implies that (in the long wavelength
approximation) the El transition is forbidden and that
the M1 transition is suppressed between states with the
same isospin. The E2 transition is therefore expected to
be dominant. In fact, down to an energy of Ed 10 MeV——
the differential cross section has a distinct sin 28 shape
characteristic of an E2 transition from the D2 scattering
state to the 'So component of the He ground state. The
Do component of He, although it has a much smaller

probability, can be populated via E2 transitions from the
initial states S2, D2, and Gz, all with channel spin 2.
As the deuteron incident energy is decreased, the centrifu-
gal barrier will suppress scattering states with l. different
from zero relative to the I.=0 scattering state ( S2).
Thus we expect the effect of the He D state to increase
noticeably at low energy. The present paper reports on

cross section measurements at various scattering angles in
the energy range 0.7 & Ed & 15.0 MeV. The sensitivity of
these results to the He D state will be discussed and the
value of the asymptotic D state to S state ratio p is es-
timated.

II. EXPERIMENTAL

The data to be reported in this paper were obtained us-

ing the TUNI. FN tandem Van de Graaff accelerator to
provide beams of deuterons between 2.5 and 15 MeV.
The y rays were detected using our two anticoincidence
shielded 25.4 cmX25.4 crn detectors, positioned so that
their solid angle of acceptance was 45 msr. Typical spec-
tra, along with "standard" line-shape fits are shown for
two different energies in Fig. l.

The targets used in the present work were of two types.
In the case of the 10 and 15 MeV beams, the target con-
sisted of a liquid nitrogen cooled gas cell having a diame-
ter of 1.9 cm. Entrance and exit windows consisted of
0.0064 mm thick tantalum foils. A suppressed Faraday
cup positioned 7 cm in back of the target was used to in-
tegrate the beam. This cooled gas cell was operated at a
pressure of 414 kPa.

A second target arrangement was employed for the
lower energy 130' (H~,b) yield curve (Ed & 5 MeV) and the
low energy angular distributions. This was necessary in
order to achieve accurate beam current integration. This
target consisted of a thin walled tantalum lined gas cell
having an entrance window of 5.65 mg/cm Havar. In
this case the gas ceH was 2.5 cm long and the beam was
stopped in the cell on a thick 1 mrn Ta disc. The entire
cell, which was isolated from the beam pipe and was
suppressed, served as the Faraday cup.
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This detector was contained in a small chamber which
had a foil entrance window and to which deuterium gas
could be added. The energy of the scattered deuterons
was calculated from the known beam energy and kinemat-
ics and measured without foil and without gas with a cali-
brated solid state detector. Measurements were then made
with foil(s) and gas of varying amounts in the chamber.
It was found, for example, that if a 3.0 MeV beam were
incident on a 5.65 mg/cm Havar foil, a 2.4 MeV beam
emerged. This been was further reduced to 1.7 MeV by
the addition of deuterium gas having a pressure of 193
kPa. Therefore, the mean energy was 2.05 MeV with a
spread of from 1.7 to 2.4 MeV. Table I shows the experi-
mental conditions and the mean energies used for these
measurements. The 10 MeV data corresponded to a
center-of-target energy of 9.6 MeV.

Each spectrum was fitted by our standard line shape to
determine a centroid and a width. A sum was then ob-
tained by integrating the data from a point two widths
below the centroid to a point one width above it. The
summing regions are indicated in Fig. 1. A correction for
cosmic ray background not rejected by the shield was
made by summing the fiat region above the peak and,
after normalizing this sum to correspond to the number of
channels included in summing the data, subtracting this
from the data sum. In all cases this amounted to less than
a 10% correction.

III. THEORY AND RESULTS
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FIG. 1. Spectra at E&——2.0 and 9.6 MeV at 8~,b ——130' along
with the line-shape fits. Summing regions are indicated.

The lower energy measurements were performed using
degrading foils to reduce the beam energy. The energy
loss in the foils as well as that in the gas was measured in
a separate experiment. In this work the direct deuteron
beam was incident on a thin gold foil and the elastically
scattered deuterons were detected in a solid state detector.

In the analysis of the present data it is assumed that the
transition is dominated by E2 radiation. This is likely to
be a very good approximation at energies sufficiently low
so that the d-d fusion in relative P,D, . . . states is strongly
suppressed by centrifugal barrier effects relative to fusion
in an S state. The E 1 transition is expected to be very
weak because it is forbidden by isospin selection rules and
also because it requires an initial Pi state. The I1 tran-
sition requires an initial Di state and therefore is strongly
inhibited as the energy goes below 2 or 3 MeV.

The initial states 'D2, Sz, D2, and Gi for the E2
transition can be mixed by the tensor force part of the nu-
clear interaction since they all have 1=2. However, the
mixing of these J=2 states should become negligible at
energies close to the Coulomb barrier since at these ener-

TABLE I. Energy conditions for various target configurations.

2.5
2.5
3.0
3.85
5.0

10.0

15.0

No. of 0.0064 mm
Havar foils

2
1

1

1

1

Ta f011

(0.0064 mm)
Ta foil

{0.0064 mm)

Gas pressure
(kPa)

145
193
193
290
290
414

cooled
414

cooled

Emin

(MeV)

0.4
0.9
1.7
3.1

4.4
9.3

14.7

Emax

(MeV)

1.0
1.9
2.4
3.5
4.6
9.9

15.0

(MeU)

0.7
1.4
2.05
3.3
4.5
9.6

14.85
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gies nuclear distortions are small. Although we neglect
J=2 mixing in the present calculations, this effect may
be important at higher energies.

Under the above assumptions the differential cross sec-
tion for the radiative capture reaction is, apart from nu-

merical and statistical factors, given by

e(8) ~ T(8), (la)

where Er is the energy of the y ray and p is the incident
deuteron center of mass momentum. The angular depen-
dence is contained in

T(8)= ~ (
I

A
I

'+
7 I

C
I
'»in'28+2

I
B — (3 cos'8 —1)

i
'+ —,',

I
C

I
'(I —cos'8)

2 14

D 2

+ (17+60cos 8—45cos 8)+ — Re(BD')( —35cos48+30cos28 —3)
126 3 14

+ —,', Re(CD )(25cos 8—24cosz8+3),

where in the notation of Ref. 7, A, B, C, and D are the
E2 amplitudes corresponding to the initial states D2,
Sz, Dz, and Gz, respectively. In the absence of He D-

state effects B =C =D =0, and Eqs. (1) give the well-

known sin 28 angular dependence for cr(8). The ampli-
tudes A, B, C, and D were calculated as in Ref. 7 using
scattering wave functions generated with separable poten-
tials constrained to give the energy dependence of the
phase shifts of the wave functions obtained by Chwieroth,
Tang, and Thompson'0 using the resonating group
method. Previous calculations included only nuclear dis-
tortion. However, at the energies of the present experi-
ments, the Coulomb repulsion between the deuterons in
the entrance channel must be taken into account. This ef-
fect was estimated using an energy dependent Coulomb
penetration factor Pc for each E2 amplitude. Pc was as-
sumed to be given as the square of the ratio between the
E2 amplitude calculated with a distorted wave generated
by representing each deuteron as a uniform charge distri-
bution with a radius equal to the deuteron rms radius, and
the E2 amplitude calculated with a plane wave of the
same energy. A point deuteron approximation for the E2
operator was used, as in Ref. 7. With this approximation
the E2 amplitudes depend on the He internal structure
through the overlap with the two deuteron bound state
wave functions (PdPd ~ P ). The S- and D-state radial
wave functions uL (r) of the overlap can be written as

where I'L are the corresponding probabilities and
denotes that the functions uL (r) are normalized to unit
probability. The total probability for fmding two
isospin-zero pairs in He simultaneously in deuteron states
can be written as

P =I'g+I'g) . (3)

By calculating the E2 amplitudes with the radial bound
state wave functions uL (r), it is clear that upon substitut-
ing into Eq. (1) the dominant probability Ps factorizes
and may therefore be determined from a comparison be-
tween experimental and theoretical cross sections. The
spin-isospin configuration of the 'So component of the
He ground state wave function implies that the probabih-

ty of two spin-zero isospin-one n-p pairs is —,, while the
probability of two spin-one isospin-zero n-p pairs is —,.
Note also that the probability of two spin-zero isospin-one
clusters of identical nucleons is —,'. Therefore the total
number of deuterons in He is, to a gmxl approximation,
3P.

Asymptotically

I

ur (r) ~ NL i h—L (iar), (4)

where a=1.072 fm ' is the wave number corresponding
to the separation of two deuterons from He. The asymp-
totic D state to S state ratio is defined as

(5)

The ratio of the asymptotic amplitudes of the normalized
radial wave functions uL (r) is

V Ps
p=~p p (6)

In the present calculations the uL (r) were generated in a
Woods-Saxon potential (ro 1.5 fm, a =——0.5 fm) with a
well depth constrained to give the saine separation energy
for the S and D states. It should be emphasized that in a
low energy experiment we are more likely to obtain a reli-
able estimate of p than of PD This is b. ecause at low en-
ergies the D-state effects are almost entirely determined

by the asymptotic behavior of uL (r) and therefore by p
and a. Equation (6) shows that to estimate PD we also
need to know p', which depends on the unknown short
range behavior of the model dependent wave functions

N( )
Figure 2 shows the measured angular distributions at

Ed ——2.05 and 9.6 MeV along with calculations for dif-
ferent values of p. The calculated curves shown here were
corrected for the finite geometry effects of the experiment
by performing the appropriate integrations on the point
geometry calculated angular distributions. The cross sec-
tion at the lower energy deviates considerably from the
sin 28 shape at 8=m/2. As the deuteron energy is
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FIG. 4. The angle integrated 2H(d, y)4He cross sections are
shown as a function of energy for the present work (4), the
data of Ref. 1 ( X ), the data of Ref. 2 (~), the data of Ref. 3
(8), and the data of Ref. 16 (o ). Statistical uncertainties are
indicated. Absolute cross sections are uncertain to 215% for
the present work. Theoretical predictions are for a pure S-state
He (broken curve) and for the asymptotic D state to S state pa-

rameter p equal to —0.3, —0.2, and —0.1 (full curves).

4, crT is quite sensitive to the value of p, especially for
deuteron energies below 2 MeV. Calculations of the angle
integrated cross section were performed in the deuteron
energy range 0.2& Ed &20 MeV and normalized so that
the result with p =—0.2 best fit the data in the 1 & Ed & 4
MeV region. The discrepancy between theory and experi-
ment for deuteron energies above 4 MeV is probably due
to contributions from other multipoles besides E2 and
also from the 2+ resonance in He.

Wilkinson and Cecil' have reported measurements of
the I'r/I ~ branching ratio for the d+ d reaction for

deuteron bombarding energies ranging from 50 to 150
keV. They find that the branching ratio I ~lI ~ is surpris-
ingly large and almost independent of energy for deuteron
energies below 2 MeV. This result was interpreted as an
indication of a strong Ml transition. ' However, it is
more likely that at these low energies both the H(d, p) H
and the H(d, y) He reactions proceed predominantly from
an initial continuum 5 state. For the radiative capture re-
action this means that the transition is E2 from an initial

S2 state going to the D state in He.
The M1 transition should not be important at these

very low energies since it requires an initial D
&

state. The
experimental results of Ref. 16, converted to or using
Ref. 17, are shown in Fig. 4. Although the present model
calculations have not been extended to the energy region
of these results, it seems likely that E2 capture to the D
state of He is a key to understanding this low energy
cross section. For deuteron energies below 0.2 MeV, ef-
fects such as those which could arise from including an
extended deuteron form in the E2 operator and deuteron
polarizability in the Coulomb field should be taken into
account before quantitative comparisons with experiment
are attempted.

The present results indicate the presence of large He
D-state effects in the ~H(d, y) He reaction at low energies.
The analysis of the data gives an asymptotic D state to 5
state ratio p in the range —0.25 ~pg —0.15. These re-
sults indicate that the D state of He can enhance the cal-
culated cross section for the H(d, y) He reaction by an
order of magnitude near Ez 1.0 MeV. ——Although it may
be expected that these low energy data provide a rather re-
liable estimate of p, further efforts should be made to im-
prove the theory describing the reaction.
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