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Effects of Non-nucleonic Degrees of Freedom in theDsss $p,gddd3He and psss $d, gddd3He Reactions
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Measurements of theDs $p, gd3He and ps $d, gd3He reactions belowEp,d  80 keV are compared
to the results of calculations based on correlated hyperspherical harmonic wave functions obtained
from realistic interactions with full inclusion of Coulomb distortion in the initial continuum state,
and a nuclear current operator with one- and two-body components. Dramatic effects due to the
tensor force and the associated two-body (meson-exchange) interaction currents are observed in the
vector and, to some extent, tensor analyzing powers for the first time. The extrapolation to zero
energy leads to anS-factor value of SsE  0d  0.165 6 0.014 eV b, in reasonable agreement with
theory. [S0031-9007(96)00008-7]
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Weak and radiative capture reactions on few-nucle
systems at very low energies have great astrophys
importance in relation to studies of stellar structure a
evolution [1]. Two such aspects are as follows: (1) th
mechanism for the energy and neutrino production in ma
sequence stars, in particular, the determination of the so
neutrino flux; and (2) the process of protostellar evolutio
toward the main sequence. A quantity of interest in t
latter area is the zero-energy astrophysicalS factor for
D( p, g)3He, whose currently accepted value was fir
determined over 30 years ago by extrapolating low ene
cross-section data using a direct capture model [2].

Besides their astrophysical relevance, these reacti
are very interesting from the aspect of the many-body th
ory of strongly interacting systems since they are sensit
to ground- and scattering-state wave functions and the
nuclear electroweak transition operators. Indeed, cal
lations of the D(n,g)3H and 3He(n,g)4He capture cross
sections at thermal neutron energies carried out with re
istic wave functions and a single-nucleon electromagne
current, the so-called impulse approximation (IA), predi
only about 50% [3,4] and 10% [5] of the correspondin
empirical values. This is because the IA transition o
erator cannot connect the mainS-state components of the
deuteron and3H, or 3He and4He, wave functions. Hence,
the calculated cross section in IA is small since the rea
tion must proceed through the small components of t
wave functions. Two-body currents, however, can co
nect the dominantS-state components, and the associat
matrix elements are exceptionally large in comparison
those obtained in IA [3–5].
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The data of this paper, some of which were reported
cently [6], were obtained using a polarized proton beam
80 keV in a study of the Ds $p, gd3He reaction, along with a
tensor-polarized deuteron beam at 80 keV to measure
tensor analyzing powerT20sud for the ps $d, gd3He reac-
tion. The polarized beams were produced by the Trian
Universities Nuclear Laboratory (TUNL) atomic beam po
larized ion source, with typical beam currents of 30 m
on target. Fast spin flip (10 Hz) was employed for bo
measurements. In the case of the vector analyzing po
Aysud measurements, the two vector-polarized spin sta
had their axes of symmetry aligned perpendicular to the
action plane. In the case of theT20sud measurements, the
spin-symmetry axis was aligned along the beam axissb 
0d, thus eliminating other beam moments, and the be
was switched between states havingpzz  10.84 6 0.02
and20.86 6 0.02. Beam polarizations were measured b
charge-exchanging these positive-ion beams, then acce
ating them through the TUNL tandem, where standard12C
and 3He polarimeters were used. The deuteron beam
larization was monitored at frequent intervals during th
experiment via the D(d,n)3He reaction at 80 keV, using
a deuterated titanium target in a polarimeter located
the low energy beam line. The targets were frozen D2O
and frozen H2O samples, respectively, which were thic
enough to stop the 80 keV beams in both cases.

The outgoingg rays were detected in a large volum
(130% efficient) high-purity germanium (HPGe) detecto
surrounded by a 5 cm thick NaI annulus, which was ru
in the anticoincidence mode. The high resolution of th
HPGe detector (4.2 keV at 5.5 MeV) made it possible
© 1996 The American Physical Society
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extract the energy dependence of the cross section
analyzing power from the full detector response funct
after removing the intrinsic detector response funct
and the energy-dependent target thickness effects. De
of the deconvolution procedure used to perform this
described in Ref. [6]. This procedure produced the re
shown in Fig. 1 for the magnitude and slope of theSfactor.
In addition to the deconvolution procedure, the data fr
the D(p,g)3He reaction were also analyzed by binning t
full response function of the detector into 10 keV bins [6
The results of this procedure are also shown in Fig
Although these results do not determine theS factor at
E  0 as precisely as the deconvolution method, it
reassuring to see that the two methods are consistent.

The experimental data points and curve presented
Fig. 1 are equivalent to the results presented in Ref.
with the exception that the absolute scale has b
altered. An overall scaling factor of 1.37 has been app
to correct for an error in the values for the detec
efficiency used in Ref. [6]. This error was due to
systematic error in Ref. [7] in the relative intensities f
the lines in 66Ga which were used to extrapolate o
measured efficiencies up to 5.5 MeV. By applying t
appropriate correction factors [8] to the results of Ref. [
we obtain an efficiency value at 5.5 MeV which is
excellent agreement with the results of both a rec
Monte Carlo calculation and an independent calibrat
measurement using the19F(p,ag) reaction [9]. Complete
details of all the procedures which relate to the n
efficiency are forthcoming [10]. However, we quo
here the updated value for theS factor at zero energy
Ss0d  0.165 6 0.014 eV b (including both statistical and
systematic errors), which is 34% lower than the result
Ref. [2].

The binned data were also used to obtain the ve
analyzing powers as a function of energy. Although t

FIG. 1. A comparison between experimental values and
sults of variational calculations for theS factor of D(p, g)3He
with Epslabd  80 0 keV. Note that the experimental resul
presented here differ from those presented in Ref. [6] by
overall scaling factor of 1.37 (see text).
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procedure allowed us to obtainAysud as a function of
energy, the statistical errors on the low energy points a
substantial. This fact, coupled with our observation
very little energy dependence, has led us to present
full energy integrated data in this paper. Accordingly, w
have integrated the theoretical calculations, weighted
the energy dependence of the cross section and the ta
thickness, for the purpose of comparing them with the da

The NaI annulus which surrounded the HPGe detec
was actually a quadrated annulus oriented such that
segments were in the reaction plane, and two were perp
dicular to it. This setup allowed us to measure the line
polarization of theg rays from the D(p,g)3He reaction
by observing the Compton scattered events in the fo
segments. In addition to a coincidence requirement, o
software was constructed to require that the summed
ergy observed in the HPGe detector plus the NaI segm
equaled the full energy of the captureg ray. Thisg-ray
“polarimeter” was calibrated using the 4.4 MeVg rays
from the 12Csp, p0gd12C reaction, and the 1.78 MeV
g rays from the28Sisp, p0gd28Si reaction. These two
points were used to extrapolate the polarization sensitiv
of this polarimeter to 5.5 MeV, using the functional form
obtained from the Klein-Nishina formula (in the poin
detector approximation), and fitting it to the two measur
points. The results indicated a polarization sensitivity
s3.5 6 0.35d% for the 5.5 MeV g rays of the present
experiment. A full presentation of theg-ray polarization
measurements for D(p,g)3He will be included in a future
publication [11].

Friar and collaborators have recently calculated t
S-wave contribution to theS factor of the D(p,g)3He
reaction at zero energy [12]. The calculations were bas
on converged bound- and scattering-state Faddeev w
functions obtained from a realistic Hamiltonian, includin
the Coulomb interaction, and a nuclear current operator
which the two-body part was constrained by reproduci
the measured D(n,g)3He total cross section at therma
neutron energies. The predicted value forSSsE  0d
is 0.108 eV b [12], in excellent agreement with theM1
S factor extracted from the present data:SSsE  0d 
0.109 6 0.010 eV b. The present data also yield a valu
for theE1 S factor:SPsE  0d  0.73 6 0.007 eV b.

An extended account of the calculations carried o
in the present Letter will be published elsewhere [4
Here, we briefly describe the correlated hyperspheri
harmonics (CHH) method used to generate the bound-
scattering-state wave functions, and the general struc
of the nuclear current operator.

The CHH wave function of the trinucleon bound sta
is written as [13]

c3 
NcX

a1

KMX
KK0

uaK srd
r5y2

3
X

ijk cyclic

fasrjkd s2dPK sfidYas jk, id , (1)
3089
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where r is the hyperradius,r 
q

x2
i 1 y2

i with xi 
rj 2 rk andyi  srj 1 rk 2 2ridy

p
3, ri denoting the po-

sition of particle i, and cosfi  xiyr. Explicit expres-
sions for the angular spin-isospin functionsYas jk, id and
hyperangular polynomialss2dPK sfid as well as a discus-
sion of the method used to determine the state-depend
correlation functionsfasrjkd can be found in Ref. [13].
Here we only note that the labela specifies a given
combination of orbital angular momenta and spin-isosp
a

n

c
h
-

a

H

in
i

3090
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states, and that theYas jk, id are odd under the inter-
changej%k in order to ensure the antisymmetry of th
wave function. The Rayleigh-Ritz variational principl
is used to determine the hyperradial functionsuaK srd
by minimizing a Hamiltonian including nonrelativistic ki
netic energies and realistic two- and three-nucleon int
actions [13].

The d 1 p scattering state wave function is writte
as [14]
c
JJzLS
211  cc 1

X
ijk cyclic

X
L0S0

hffdsxid ≠ sigS0 ≠ YL0sŷidjJJz

"
dLL0dSS0

FL0 sprdpd
prdp

1 JRL0S0

LS

GL0sprdpd
prdp

gsrdpd

#
, (2)
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where fd is the deuteron wave function,rdp and p are
the distance and relative momentum between deuteron
proton, respectively, andFLsGLd is the regular (irregular)
Coulomb function. The functiongsrdpd modifies the
GLsprdpd at smallrdp by regularizing it at the origin, and
is one forrdp $ 10 fm, thus not affecting the asymptotic
behavior ofc

JJzLS
211 . The sum overL0S0 is over all values

compatible with a givenJ and parity. The internal wave
function cc describes the system when the nucleons a
close to each other, and is parametrized as the bound-s
wave function described above. TheR-matrix elements
JRL0S0

LS and theuaK srd in cc are determined variationally
by minimizing the functional [14]

fJRL0S0

LS g  JRL0S0

LS

2 kcJJzLS
211 jH 2 Ed 2

3
4m

p2jc
JJzLS
211 l (3)

with respect to variations in theJRL0S0

LS and uaK . Here
Ed  22.225 MeV is the deuteron binding energy. As in
the bound state problem, the hyperradial functionsuaK srd
are required to vanish in the limit of larger.

The Hamiltonian used in the present calculations co
sists of the Argonney18 two-nucleon [15] and Urbana
model-IX three-nucleon [16] interactions. The3H and
3He binding energies obtained with the CHH wave fun
tions reproduce the corresponding empirical values. T
calculatedd 1 n sd 1 pd doublet and quartet scatter
ing lengths are0.63s20.02d and 6.33(13.7) fm [17], re-
spectively. Thed 1 n doublet and quartet scattering
lengths above are to be compared with the empirical v
ues 0.65 6 0.04 and 6.35 6 0.02 fm [18], respectively.
It should also be stressed that predictions based on C
wave functions for a variety of properties depending o
both ground and low-energy continuum states of the tr
ucleons are in excellent agreement with the correspond
Faddeev results [19].

The transition amplitude between an initiald 1 p con-
tinuum state with deuteron and proton spin projectionss2
ands, respectively, and relative momentump, and a final
3He state with spin projections3 is given by

ja
s3s2ssp, qd  kcs3 jea

Z
dxe2iq?xjsxdjcs1d

p,s2sl , (4)
nd

re
tate

-

-
e

l-

H
n
-
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where ea is the polarization of the photon andjsxd is
the nuclear current density. The partial wave expans
of the wave functionc s1d (with outgoing wave boundary
condition) in terms of thec

JJzLS
211 introduced above is well

known, and will not be given here. Expressions for t
cross section, vector and tensor analyzing powers,
photon linear polarization are easily obtained from t
amplitudesja

s3s2s [4]. The measured angular distribution
of these observables (Fig. 2) indicate that the react
proceeds throughS- and P-wave capture. TheS- (P-)
wave capture is dominated byM1 (E1) radiation, while
contributions due toE2 (M2) transitions have been found t
be negligible in the energy range under consideration [

The nuclear current density operator consists of one-
two-body parts. The former has the standard expressio
terms of single-nucleon convection and spin-magnetizat

FIG. 2. A comparison between experimental values and
sults of variational calculations forssud, Aysud, andPgsud for
the D(p,g) 3He reaction, andssud andT20sud for thep(d,g)3He
reaction. In each plot, the solid curve corresponds to
results obtained with one- and two-body currents, while t
dashed curve is obtained in the impulse approximation. N
that the ssud plot shows (p,g) data with Ep  40 0 keV
(Ec.m.  27 0 keV) instead of 80–0 keV. This is done to a
low the (d,g) data withEd  80 0 keV (Ec.m.  27 0 keV)
and the (p,g) data to be shown in the same graph [with th
(d,g) data plotted using (p,g) anglesup  180± 2 ud ].
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currents, while explicit expressions for the latter can
found in Refs. [5,20,21]. Two aspects of the two-bod
current model used in the present calculations should
emphasized. First, their dominant isovector terms are c
structed from the tensor components of the two-nucle
interaction [15], following a prescription originally pro-
posed by Riska [22]. Additional, but far less importan
two-body currents of both isoscalar and isovector char
ter are obtained by minimal substitution in the momentum
dependent terms of the interaction [5,20]. While the Ris
prescription is not unique, it does generate two-body c
rents that satisfy current conservation exactly. Furth
more, it has been shown to provide, at low and moder
values of momentum transfers (#1 GeVyc), a satisfactory
description of the deuteron threshold electrodisintegrat
[23], 1H(n,g)2H capture cross section at thermal neutro
energies [23], and magnetic moments and form factors
the trinucleons [20,24]. Second, as discussed in Ref. [2
D-isobar degrees of freedom are explicitly included in th
nuclear wave functions rather than being eliminated in
vor of effective two-body operators acting on the nucleon
coordinates. The latter perturbative treatment has be
shown to be inaccurate, particularly in reactions as de
cate as the3He(n,g)4He capture at thermal neutron ene
gies [21]. For the present reaction, however, it leads on
to an .8% overestimate of the doubletM1 reduced ma-
trix element when compared to the result obtained w
the more accurate nonperturbative treatment [4].

The S factor calculated with and without inclusion o
two-body currents is compared with that obtained in t
present experiment in Fig. 1. Also shown in Fig. 1 are t
previous data of Griffithset al. [2]. Both the absolute val-
ues and energy dependence of the present data are we
produced by the full calculation. The enhancement due
two-body current contributions is substantial: the rati
fSsfull d 2 SsIAdgySsIA d for the S- and P-wave S factors
are found to be, respectively, 0.62 and 0.18 at 0 keV, a
increase to 0.71 and 0.20 at 80 keV. In particularSSsE 
0d  0.105 eV b, close to the value 0.108 eV b obtaine
by Friar et al. [12], and in good agreement with the
present experimental determination:SSsE  0d  0.109 6

0.010 eV b.
The predicted angular distributions of the relative cro

section, vector and tensor analyzing powers, and pho
linear polarization are compared with data in Fig. 2. Th
overall agreement between theory and experiment is s
isfactory for all observables with the exception ofAysud.
This latter observable is particularly sensitive to two-bod
current contributions: their effect is to reduce the resu
obtained in IA by about a factor of 3, bringing them int
better agreement with the data. However, a.30% discrep-
ancy between theory and experiment remains unresolv
It is important to recall here that these observables, unl
thermal cross sections, are independent of normalizat
issues in both theory and experiment.

In summary, cross sections and polarization observab
for the Ds $p, gd3He andps $d, gd3He capture reactions have
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been measured in the energy range 0–80 keV for the fi
time. Ab initio microscopic calculations based on CHH
wave functions obtained from realistic interactions and
current operator including one- and two-body compone
provide a satisfactory description of all measurements,
cluding theS factor, with the exception of the vector ana
lyzing power data, which are substantially underestimat
by theory, but which are seen to be particularly sensiti
to two-body current contributions. The observed discre
ancy between the predicted and measuredAysud suggests
that further refinements of our present treatment of the
effects, such as the inclusion of three-body currents ass
ated with the three-nucleon interaction, are required. Su
studies are being vigorously pursued.
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