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New measurements of the analyzing powersAy andT20 have been obtained for the2Hsd,gd4He reaction at
a laboratory beam energy of 115 keV. A transition matrix element analysis results in a unique solution which
indicates that the reaction proceeds by 55%E2, 29%E1, and 16%M2 radiation. These results are shown to be
in good agreement with the results of a new refined resonating group model calculation. The impact of these
results on the extrapolated value of the astrophysicalS factor for this reaction is discussed.
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I. INTRODUCTION

The deuteron-deuteron radiative capture reaction is one of
the deuterium burning processes for which the cross section
at very low energies, and therefore the astrophysicalS factor,
is not very well known. The “traditional” value of theS
factor for this reaction at zero energy proposed by Fowler,
Caughlan, and Zimmerman[1] was subsequently increased
by a factor of about 30 by Assenbaum and Langanke[2].
This work was motivated by tensor polarized studies of the
d+d capture reaction at energies of several to 50 MeV[3–7]
which firmly established the presence of aD-state compo-
nent in the ground state of4He. The existence of thisD-state
component mades-wave capture to the ground state of4He
via E2 radiation possible and in fact quite dominant at very
low energies, which led to the significant enhancement in the
extrapolated value of theS factor.

This view (the predominance ofs-wave capture to theD

state) of the low energy nature of the2HsdW ,gd4He reaction
was challenged by low energy studies of the capture reaction
with polarized beams[8]. In this work, measurements ofAyy
and Ay at an incident energy of 80 keV were used to show
that 50% or more of the capture strength was due top-wave
capture in the form of eitherE1 or M2 radiation. Unfortu-
nately, the data were not able to distinguish between three
different solutions which gave ap-wave strength ranging
from 50% to 85%, and anE1/M2 ratio ranging from 2 to
0.2. At the time, and with these large uncertainties, a satis-
factory theoretical explanation of these results was not avail-
able.

The 2HsdW ,gd4He reaction has unique features as a result
of the fact that there are identical bosons in the entrance
channel. This requires that the sum of the relative orbital
angular momentum and the total spin in the entrance chan-
nels be an even number(l +s must be even). This condition
restricts the number of partial waves which must be consid-

ered. Of course, the low energy severely limits the number of
partial waves as a result of barrier penetration considerations.
The dominant strength would be expected to bes-wave cap-
ture. This will lead toE2 radiation going to theD-state com-
ponent of the ground state and we label this as the5s2 sE2d
transition amplitudes2s+1l jd. The next transition strength we
would expect would be due top-wave capture. This could
result in eitherE1 or M2 radiation[3p1 sE1d and 3p2 sM2d,
respectively]. Note that theE1 radiation would be isoscalar
DS=1, leading to both theS andD states of the ground state
of 4He. Beyond this,d-waveE2 capture to theSstate of4He
could also contribute, but it will be seen that the data(and
theory) indicate a negligible contribution of this term to the
cross section at the energy of this experiment(a beam energy
of Ec.m.=58 keV).

The intent of the present experimental investigation was
to attempt to uniquely determine the amplitudes and phases
of the contributing transition matrix elements, with the hopes
that this would lead to a deeper understanding and eventually
stimulate a quantitative theoretical explanation of the nature
of this reaction at these very low energies. As will be shown
below, we have been successful in both regards.

II. EXPERIMENT

The vector and tensor analyzing powers for the
2HsdW ,gd4He reaction were measured using a tensor-polarized
deuteron beam from the atomic beam polarized ion source
(ABPIS) at TUNL. The 80-keV deuterons were accelerated
to 115 keV by biasing the target chamber. The target con-
sisted of heavy water which was evaporated onto a liquid
nitrogen cooled Cu disk inside of the target chamber. The
thickness of this ice layer was measured to be more than an
order of magnitude greater than that required to completely
stop the beam. The protons produced via the2Hsd,pd3H re-
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action were detected using a silicon solid-state detector, and
used to monitor the condition of the target. A fresh layer of
ice was created as soon as any sign of target contamination
or deterioration was observed, typically every 4 to 6 h.

The captureg rays were observed by two shielded
1093109 NaIsTld detectors. Passive shielding and plastic
anticoincidence shields[9] were used to reduce the neutron
and cosmic-ray induced background. A typical resulting
spectrum is shown in Fig. 1.

The differential cross section for a reaction initiated by a
beam with tensor componentstkq is given by

s = s0o
k,q

tkqTkq
* , s1d

wheres0 is the cross section for the unpolarized beam and
Tkq are the tensor analyzing powers. The beam polarization
and the analyzing powers can be written as spherical or as
Cartesian tensors, and the tensors are typically considered
with respect to the Madison Convention coordinate system
[10]. It is convenient to express the beam polarization in
terms of the “internal” polarization momentspz and pzz re-
lated to the projectile spin-state occupation numbers, and the
direction of the spin-symmetry axis with respect to the scat-
tering plane.

For the Ay measurements of this work we used a pure
vector-polarized deuteron beam with the spin-symmetry axis
set vertically. In this case the yield observed with a detector
positioned at angleu is

Ysud = Y0sudS1 +
3

2
pzAysudD s2d

whereY0sud is the yield with the unpolarized beam. By using
two polarization states, we can express theAy analyzing
power as an asymmetry

Aysud =
2

3

Y1sud − Y2sud
Y2sudpz1 − Y1sudpz2

. s3d

In our case the beam was switched between states of
pz= +0.53 andpz=−0.53.

For theT20 measurements the spin-symmetry axis was set
along the beam momentum, i.e.,b=0° andf=0°. The ex-
pression for the yield is

Ysud = Y0sudS1 +
1
Î2

pzzT20sudD . s4d

If two states ofpzz are used, the resulting expression for the
tensor analyzing power is

T20sud = Î2
Y1sud − Y2sud

Y2sudpzz1 − Y1sudpzz2
. s5d

The beam polarization was set to switch between
pzz= +0.80 andpzz=−0.80.

The polarization values were determined by the spin filter
polarimeter, and checked with a nuclear polarimeter located
in the beam line 2 m in front of the target chamber. This
polarimeter utilized the known analyzing powers of the
2HsdW ,pd3H reaction, and protons were detected using two
silicon surface barrier detectors located on opposite sides of
the beamline. The values ofpz and pzz were measured both
ways and determined to have 5% uncertainties. The polariza-
tion states were switched at a frequency of 10 Hz. Data tak-
ing was stopped for a period of 7 ms following each switch
to avoid any beams of uncertain polarization.

The final spectra were fitted with a function describing the
background and the previously determined detector response
function [11]. The background was found to be well de-
scribed using an exponential function with an argument qua-
dratic in energy. Care was taken to use the same background
in the two different spin-state spectra since the background
displayed no analyzing power. The areas of the fitted re-
sponse function were used as theg-ray yields. A typical
spectrum and fit are displayed in Fig. 1. The resulting yields
were then inserted into Eqs.(3) and (5) to produce the final
analyzing powers. The resulting data points are displayed in
Fig. 2, along with the previously measured unpolarized cross
section data atEd=80 keV. The data points were corrected
for finite geometry effects, which gave corrections of 10% or
less.

III. DETERMINATION OF THE TRANSITION
MATRIX ELEMENTS

The formalism of Ref.[12] makes is possible to express
the observables[ssud, Aysud, and T20sud] in terms of the
amplitudes and the two relative phases of the three transition
matrix elements[5s2sE2d, 3p1sE1d, and3p2sM2d] expected to
be present.

The observed angular distributions of the unpolarized
cross section at an effective energy(defined to be the energy
at which half of the yield is due to lower energies) of
Ec.m.=33 keV [8], and the present analyzing powersAy and
T20, were simultaneously fitted to determine the TME ampli-

FIG. 1. Energy spectrum produced by a shielded NaIsTld detec-
tor. The spectrum is a sum of the detector response to the 23.8 MeV
captureg rays, along with the cosmic-ray and neutron induced
background. The solid line illustrates the fit used to extract the yield
of the 23.8 MeVg rays from the spectrum, while the dashed line
represents the background.
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tudes and relative phases. The use of the lower energy cross
section angular distribution was necessary since this was not
measured in the present work. This, of course, assumes that

this quantity does not change significantly in the energy re-
gion between 33 and 46 keV, the effective center-of-mass
energies of the previous and present measurements. This as-
sumption is supported by the present theoretical calculations
(see Sec. IV) which indicate that this angular distribution is
essentially constant in this energy region. The results of the
fit are shown along with the data in Fig. 2 and Table I. We
note here that if the previously measured unpolarized cross
section data are not included in the fitting procedure, the
solution obtained agrees with the result presented in Table I,
although there is a significant increase in the errors. A search
for more solutions was performed by changing the initial
values of various parameters. For the amplitudes, the
strength of one transition was varied with 20% steps, while
all the other amplitudes were held unchanged. For the rela-
tive phases, a similar search was performed with 30° steps.
The solution presented above was the only solution having
xv

2 close to unity. This fit producedxv
2=1.2, while the next

“best” solutions were characterized byxv
2 values of 8.8 and

17.3. The results of this search led to the conclusion that the
solution of Table I was a unique solution.

We also investigated the possibility of including different
sets of matrix elements to accommodate our data. Exclusion
of the p waves(E1, or M2, or both) did not produce satis-
factory fits. Inclusion of ad-wave amplitude[the 1d2sE2d
transition being the most logical one, dominating at energies
above 1 MeV] resulted in solutions with a negligibly small
1d2 component(below 3% of the total strength) and the same
angular dependence for the analyzing powers. This indicated
that the choice of matrix elements included in the above
analysis provides an adequate representation of the reaction
at low energies.

IV. THE REFINED RESONATING GROUP
MODEL CALCULATION

We use the refined resonating group model(RRGM)
[13–15] to compute the scattering in the4He system using
the Kohn-Hulthén variational principle[16]. The main tech-
nical problem is the evaluation of the many-body matrix el-
ements in coordinate space. The restriction to a Gaussian
basis for the radial dependencies of the wave function allows
for a fast and efficient calculation of the individual matrix
elements[13,15]. However, to use these techniques the po-
tentials must also be given in terms of Gaussians. In this
work we use suitably parametrized versions of the AV18[17]
NN potential and the UIX[18] three-body force.

In the 4He system we use a model space with six two-
fragment channels, namely, thep-3H, the n-3He, thed-2H,

the d-2HsS=0d, the d̄ resonance, thed̄-d̄, and thesppd-snnd
channels. The last three are an approximation to the three-
and four-body breakup channels that cannot in practice be
treated within the RRGM. The4He is treated as four clusters
in the framework of the RRGM to allow for the required
internal orbital angular momenta of3H, 3He, or 2H.

For the scattering calculation we include alls-, p-, and
d-wave contributions to theJp=0+,1+,2+,0−,1−, and 2−

channels. From theR-matrix analysis these channels are
known to reproduce the low-energy experimental data. The

FIG. 2. TheAysud andT20sud data obtained in the present work
are shown along with the previousssud /A0 data of Ref.[6]. The
data points have been corrected for finite geometry effects. The
error bars represent the statistical uncertainties, as well as spectra
fitting errors and uncertainties in the beam polarization values. The
thick lines are the result of a fit to the three transition matrix ele-
ments described in the text(see Table I). The thin solid lines are the
polarization observables produced by the refined resonating group
model calculation, thin dashed lines represent the same calculation
with the transition matrix element(TME) phase difference set to the
results of TME analysis(see Sec. IV for details).
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full wave function for these channels contains over 100 dif-
ferent spin and orbital angular momentum configurations;
hence it is too complicated to be given in detail. The RRGM
can be considered as a kind of variational calculation; hence,
increasing the model space used usually improves the calcu-
lation. Using a generic algorithm[19] for AV18 and UIX
together and allowing fors, p, andd waves on all internal
coordinates, we found a triton binding energy of
−8.460 MeV for dimension 70. This practically converged
result compares favorably with the numerically exact one of
Nogga[20] of −8.478 MeV. For the deuteron we used five
width parameters for thes wave and three for thed wave,
yielding −2.213 MeV, just 10 keV short of the experimental
value. These binding energies yield relative thresholds which
reproduce the experimental binding energies and thresholds
very well.

This representation of3H/3He, deuteron, and the unbound
NN systems forms the model space of the4He scattering
system. We get for the differentJp values five to ten physical
channels, insufficient to find reasonable results. So-called
distortion or pseudo-inelastic channels[15] without an
asymptotic part have to be added to improve the description
of the wave function within the interaction region. For this
purpose all the configurations calculated for the physical
channels but one per channel can be reused, keeping only
those width parameters which describe the internal region.

We use the full scattering wave functions in calculating
the electromagnetic transition matrix elements, including dis-
tortion channels and the 0+ wave function, omitting the small
width parameters as an approximation for the4He bound-
state wave function. The calculated binding energy of4He is
−28.328 MeV. The transition matrix elements are calculated
in the long-wavelength limit using Siegert’s theorem; for de-
tails of the method see Ref.[21]. The amplitude and phases
of the contributing TMEs are given in Table I. The agree-
ment is quite good, especially for the relative strengths of the
E2, E1, andM2 terms. The observables are plotted and com-
pared to the experimental results in Fig. 2, where the thin
lines are the result of the RRGM calculation. While the po-
larization observables are in reasonable agreement with the
data, the angular distribution of the cross section is predicted
to be isotropic, in contrast to the data. This discrepancy was
found to be due to the difference between the fitted and cal-
culated values of theE1−M2 phase difference(33° vs 70°),
given in Table I. If the calculated phase difference is set to be
equal to 33°, the angular distribution is found to agree much
better with the experimental value. This is illustrated by the
thin dashed line in Fig. 2. We note that this change of phase

has only a very minor effect on the polarization observables.
It is also interesting to compare the solution presented in

Table I to the three solutions presented in Ref. 8. In doing so,
one finds that the present solution does not agree with any of
the solutions presented in Ref. 8, although it does indicate
50% p-wave capture, in agreement with the conclusion of
Ref. 8. A comparison of the present theoretical results with
the data of Ref. 8 shows agreement within error with theAy
data, but predictsAyy values which are somewhat outside of
the error bars. At 45°, for example, the measured value was
−0.33±0.12, while theory predicts a value of −0.135. This
suggests that either theAyy values of Ref. 8 have been over-
estimated by about 2s, or that the energy dependence pre-
dicted by the theory is incorrect. Nevertheless, the evidence
for a largep-wave contribution presented in Ref. 8 remains
intact.

V. ASTROPHYSICAL S FACTOR AND CONCLUSIONS

The accepted value of the astrophysicalS factor, when
extrapolated to zero energy, isSs0d=6.4310−6 keV b. This
is based on the pureE2 semimicroscopic calculation[2],
which fits the world data rather well at energies above

FIG. 3. The astrophysicalS-factor energy dependence calculated
using RRGM (solid line) presented along with world data for
2HsdW ,gd4He absolute cross section measurements and the pureE2
semimicroscopic model calculation(dashed line) [2]. The data
points are[22] (•), [23] (N), [24] (m), [25] (l), [26] (s), [27]
(h), [6] (n).

TABLE I. Results of the TME fit analysis and refined resonating group model(RRGM) calculations for
effectiveEc.m.=46 keV. The column labeled Strength(%) represents the percent contribution of each TME to
the angle integrated cross section.

TME Multipolarity TME Fit RRGM

pL Strength(%) Phase(deg) Strength(%) Phase(deg)

5s2 E2 55±8 0.0 51 0
3p1 E1 29±6 77±3 26 98
3p2 M2 16±3 44±8 23 28
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Ec.m.=100 keV. The present RRGM calculation also agrees
with the higher energy data, and produces anS-factor curve
which has a small positive slope, as opposed to the slightly
negative slope for the pureE2 calculation. This positive
slope is, of course, a result of the strongs<50%d p-wave
contribution that has been confirmed by our experimental
results. These results are illustrated in Fig. 3 along with the
world data set. Note that the theoretical calculations are in
absolute units and have not been normalized to the data.

The RRGM calculation was performed from 6 keV up to
9 MeV. When extrapolated toE=0, the value of theS factor
is found to beSs0d=4.8310−6 keV b, which is 25% lower

than the previously accepted value. We therefore recommend
that this lower value ofSs0d be adopted as the accepted value

of the astrophysicalS factor for the2HsdW ,gd4He reaction.
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