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Measurements of1H„d¢,g…3He and 2H„p¢,g…3He at very low energies
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Angular distributions of the analyzing powersiT11, T20, andT22 for
1H(dW ,g)3He at 40<Ec.m.<110 keV

and the angular distribution of the analyzing powerAy for
2H(pW ,g)3He at 70<Ec.m.<210 keV have been

measured for the first time. In addition, absolute differential cross sections for proton-deuteron capture have
been determined forEc.m.5 75, 108, 133, and 173 keV. Thick ice or heavy ice targets and two large-volume,
high-purity Geg-ray detectors were used. Results are in general agreement with an exact three-body calcula-
tion utilizing a realistic nucleon-nucleon potential. The vector-polarization observables are found to be espe-
cially sensitive to meson-exchange-current effects. The extractedS(0) value for proton-deuteron capture is
;25% lower than that presently used in astrophysical calculations. An expression for the thermonuclear
reaction rate below 10 GK is given.@S0556-2813~97!04502-0#

PACS number~s!: 21.45.1v, 24.70.1s, 25.10.1s, 25.40.Lw
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I. INTRODUCTION

The proton-deuteron capture reaction at low energie
very useful for studying the bound3He system@1,2# and the
reaction mechanism of radiative capture, particularly the r
of meson exchange currents~MEC’s! @3#. The cross section
for proton-deuteron capture is an important parameter
models of big-bang nucleosynthesis@4#, stellar hydrogen
burning@5#, and deuterium depletion in low-mass protosta
which is believed to be essential for their genesis and ev
tion @6#. The big-bang production of deuterium is curren
of great interest, due to recent measurements of theD/H
ratio in high-redshift hydrogen clouds@7#. TheD/H ratio in
these clouds is thought to reflect the primordial abundan
and may soon place tight constraints on big-bang nucleo
thesis models.

In this paper we report the measurements of polariza
observables and differential cross sections for prot
deuteron capture. The primary goal of these measuremen
to test exact three-body calculations of this reaction, wh
include MEC effects. Reported here are calculations us
three-body wave functions obtained with a recently dev
oped variational method which provides the wave functio
in a pair-correlated–hyperspherical-harmonics~PHH! func-
tion basis. The method makes use of realistic nucle
nucleon~NN! and three-body forces, and utilizes an elect
magnetic current operator which includes one- and two-b
terms. The PHH model has already been successfully app
in several areas of few-body nuclear physics@8,9#.
550556-2813/97/55~2!/588~9!/$10.00
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In addition, a recent measurement of the2H(p,g)3He
cross section forEc.m.,50 keV by another group@10,11#
indicates a significantly lowerS(0) value compared with
previous determinations@12–14#. The new absolute cros
section data reported here aid in resolving this discrepan
The thermonuclear reaction rate is calculated as a functio
temperature from all available data, and the effect of t
new reaction rate on standard big-bang nucleosynthes
assessed. A detailed description of the experimental te
nique and data analysis are available in Ref.@15#.

II. EXPERIMENTAL PROCEDURE

The measurements ofiT11, T20, and T22 for
1H(dW ,g)3He andAy and the differential cross section fo
2H(pW ,g)3He were carried out using the low-energy bea
facility at the Triangle Universities Nuclear Laboratory,
described below.

A. Beam

Up to 10 mA of negative polarized proton or deutero
beam was produced using an atomic-beam polarized
source@16#. The beam was accelerated using the minitand
accelerator@17#, yielding 2–4mA of polarized particles on
target with an energy of up to 350 keV. The energy calib
tion of the minitandem beam was determined to61% using
the 224.0- and 340.5-keV resonances in19F(p,ag)16O.
588 © 1997 The American Physical Society
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55 589MEASUREMENTS OF1H~dW ,g!3He AND 2H~pW ,g!3He AT . . .
The analyzing powers were measured using a fast s
flip scheme. The desired hyperfine states of atomic hydro
or deuterium were cycled approximately every second. T
technique minimizes the effects of slow changes in be
position, target thickness, or amplifier gain.

For the proton beam measurements, the Wien filter w
set to align the spin axis perpendicular to the reaction pl
(b590°). Proton polarization was determined by accele
ing the beam with the FN tandem toEp56 MeV. Elastically
scattered protons from4He(pW ,p) were detected using sym
metrically placed left and right detectors atu lab5117°,
where the analyzing power is nearly unity@18,19#. The pro-
ton data were taken using two spin states withpy'60.7.
The systematic uncertainty in the proton polarization is e
mated to be,4%, which could affect the overall normaliza
tion of the measured analyzing powers. Since the system
uncertainty is estimated to be significantly less than the
tistical uncertainties for all measured observables, they
not included in the data presented here.

The polarization of the deuteron beam was determi
with the 3He(dW ,p)4He reaction atEd512 MeV using the FN
tandem@20# and also atEd50.33 MeV using the minitan-
dem@21#. The polarized deuteron data were taken using t
hyperfine transitions with a theoretical maximum tensor
larization ofpzz561 and a maximum vector polarization o
pz571/3. Typical measured values werepzz'60.7 and
pz'70.2. TheT20 data were taken with the spin axis s
parallel to the incident beam axis (b50°). The analyzing
powersAyy and iT11 were measured with the spin perpe
dicular to the reaction plane (b590°). The analyzing powe
T22 was then determined from the measuredAyy and T20
values. The systematic uncertainty in the tensor polarizat
is estimated to be,4%, while the systematic uncertainty i
the deuteron vector polarization is estimated to be,6%.

The proton or deuteron polarizations were measured o
regular basis~4–6 h period! and were found to be stabl
within less than 2%.

B. Targets

The target consisted of a thick layer of vapor-conden
ice or heavy ice of sufficient thickness to completely stop
incident beam. The construction of the target condensing
sembly@15# was based on the design used by Griffithset al.
@13#. High-purity deuterated water~D2O! was used for the
2H(pW ,g)3He measurements. For the1H(dW ,g)3He measure-
ments, deuterium-depleted H2O (,1 ppm D2O! was used in
order to minimize the neutron-induced background from
2H(d,n) reaction. The targets were periodically melted a
then remade, in order to minimize the neutron-induced ba
ground. The target assembly was electrically isolated
biased with190 V to insure correct beam current integr
tion.

C. g-ray detection

The energy of the captureg rays is given approximately
by Eg5Q1Ec.m., whereQ55.494 MeV is theQ value for
proton-deuteron capture, andEc.m. is the reaction energy in
the center-of-mass frame. Since a thick target is used,Ec.m.
varies between 0 and incident center-of-mass energy of
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incident beam, giving rise to broadenedg-ray peak. The re-
sulting g rays were detected by two high-purity germaniu
~HPGe! detectors. The efficiencies of the two detectors
1.33-MeVg rays are 128 and 145 %, relative to a 7.62-c
diam 3 7.62-cm-length NaI scintillator. The resolution o
the detectors was typically 2.0 keV at 1.33-MeVg ray from
the decay of60Co. The use of high-resolutiong-ray detectors
and targets sufficiently thick to stop the beam allowed
energy dependence of the observables to be extracted at
detection angle.

Typical g-ray spectra from the 2H(pW ,g)3He and
1H(dW ,g)3He reactions are shown in Figs. 1 and 2. T
g-ray spectrum shown in Fig. 1 resulted from reactions
duced by 312-keV protons incident on heavy ice, with t
128% HPGe detector atu lab560°. The background adjacen
to the high-energy edge of the full-energy peak is appro
mately 50 times smaller than the height of the full-ener
peak, and has a smooth energy dependence. Theg-ray spec-
trum from 1H(dW ,g)3He shown in Fig. 2 was obtained b

FIG. 1. A typical g-ray spectrum from the2H(pW ,g)3He reac-
tion, measured atu lab560° with 312-keV protons incident on th
target.

FIG. 2. A typical g-ray spectrum from the1H(dW ,g)3He reac-
tion, measured atu lab590° with 330-keV protons incident on th
target.
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bombarding an ice target with 330-keV deuterons, and
serving photons with the 145% HPGe detector atu lab590°.
The background in this spectrum is considerably higher t

observed in the case of the2H(pW ,g)3He reaction. This back-
ground is mainly due to neutron-induced reactions, w
2H(d,n)3He being the primary source of neutrons. Desp
the use of deuterium-depleted H2O, a significant quantity of
deuterium was built up in the target over time due to impla
tation by the beam, thus providing target nuclei for t
2H(d,n)3He reaction. Tests with a neutron source revea
that no neutron-induced peaks were within the region of
terest, so the background was modeled by a smooth func
of g-ray energy.

D. Detector efficiency

The full-energy-peak absolute efficiencies~FAE’s! used
in the cross section measurements were determined ex
mentally. The efficiencies reported here have been norm
ized by the solid angle subtended by the front face of the
crystal. Atg-ray energies of 1.33, 1.77, and 1.86 MeV, t
absolute efficiencies were measured using a calibrated ra
active source commercially available from Amersham C
poration~source code QCD.1!. The absolute efficiency at
g-ray energy of 6.13 MeV was determined using the 34
keV resonance in the19F(p,ag)16O reaction@12#. The mea-
surement was carried out using a 346-keV proton beam
cident on a'50-mg/cm2-thick CaF2 target. The resulting
a particles and 6.13-MeVg rays are emitted in one-to-on
coincidence, and to a good approximation they are emi
isotropically in the center-of-mass system. This techniqu
superior to the66Ga source calibration used previously sin
it avoids using poorly known branching ratios and extrap
lations. More information on the19F(p,ag)16O efficiency
calibration techinque is available in Ref.@22#.

Thea particles andg rays were detected simultaneous
Assuming that the intrinsic efficiency ofa-particle detection
by a surface-barrier solid state detector is 100%, the FAE
the HPGe detector was determined by the counting ratio
detectedg rays and thea particles. Since the solid angl
subtended by the Si detector is known, the absolute e
ciency of the HPGe could be easily determined. The FAE
the HPGe detector for the cross section measurements
thus determined to be 0.089460.0010, where the error indi
cates the statistical uncertainty only. The systematic un
tainty is estimated to be,4%.

The measured absolute efficiencies at all energies w
fitted with a function in the form ofP1Eg

P2 , whereEg is the
g-ray energy in MeV andP1 andP2 are the fit parameters
Their resulting values areP150.253060.0019 and
P2520.573960.0083. The efficiency data together with th
fitted curve are shown in Fig. 3. The interpolated absol
efficiency atEg55.7 MeV is 0.093260.0011, and this value
is used for the cross section determinations.

In addition the absolute efficiency for the full-energ
g-ray peak was calculated using Monte Carlo simulatio
with the GEANT 3.15 code@23#. These calculations yield a
efficiency of 0.0964 forEg55.7 MeV, which agrees within
4% with the experimental value.
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III. DATA ANALYSIS

A. Cross section data

The cross section was determined from the2H(pW ,g)3He
data by dividing the full-energy peak of the spectrum in
several bins ing-ray energy. Four energy bins centered
center-of-mass energies of 75, 108, 133, and 173 keV w
chosen, insuring the statistical significance of the total nu
ber of counts inside each energy bin. The total number
counts in each bin was used to determine the yield for
g-ray energy averaged over the width of the bin. The data
the two proton spin states were combined, which amount
essentially unpolarized beam, since the polarizations of
two states are nearly opposite~the error introduced by this
procedure is negligible!.

B. Analyzing power data

The analyzing powers are normally calculated from t
ratio of two yields resulting from reactions initiated b
beams prepared in two different spin populations. As h
been discussed previously, the measured full-energy p
represents a total yield integrated over ag-ray energy rang-
ing fromEg5Ec.m.1Q down toEg5Q. Therefore, the ratio
of the integrated yields measured for different spin state
not directly related to the analyzing powers at a sin
g-ray energy. Moreover, such a ratio cannot be used
determining analyzing powers for an ‘‘average’’ energ
since any algebra on the analyzing powers, e.g., avera
over an energy range, is always performed on the ratio of
yields at a single energy rather than on its numerator or
nominator separately.

We have therefore developed a functional deconvolut
method in order to determine the analyzing powers from
full-energy peak. The shape of the full-energy peak was
ted using the following formula:

FIG. 3. Absolute full-energy peak efficiencies for the 128
HPGe detector used for the absolute cross section measurem
The results have been normalized by the solid angle subtende
the front face of the HPGe crystal. The solid line is the best fit to
data, described in the text.
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Y~Eg!5E
Ei

Ef
djR~Eg2j!T~j!

exp~22ph!

j
G~j!, ~1!

whereEg is theg-ray energy,j is the center-of-mass energ
Y(Eg) is the energy dependence of total yield,R is the de-
tector response function,T describes the beam stopping e
fects,h5e2Z1Z2 /\v is the Sommerfeld parameter, andG
describes the remaining energy dependence of the pola
cross section.

The detector response functionR(Eg2j) is taken to be of
the empirical form given by Jorsch and Campbell@24#. Its
functional form is composed of a Gaussian with a small lo
energy tail. The functionT(j) is given by the inverse of the
energy dependence for the stopping power of hydrogen
deuterium ions in the ice target. The stopping powers w
calculated using theTRIM92 code of Ziegler@25#. For the case
of protons stopping in an ice target, the calculation agr

FIG. 4. A typical convolution fit to the full-energy peak for on
spin state of the beam.
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with the experimental data@26# within 5%. Since the astro-
physicalS factor for the proton-deuteron capture is expec
to be a smooth and slowly varying function of energy, t
quantityG(j) was expanded into a polynomial series as f
lows:

G~j!5(
i50

n

Pij
i , ~2!

where thePi ’s are the fitting coefficients, andn is usually
truncated to 2. This polynomial expansion in reaction ene
is found for each spin state, and is used to represent
spin-dependent yields needed to calculate the analyzing p
ers.

In order to obtain all the fitting coefficientsPi , the
MINUIT fitting routine @27# was programmed and applied t
fit the full-energy peak with the functional form ofY(Eg) for
each spectrum corresponding to each spin-population sta
the beam. A typical fitted1H(p,g)3He spectrum is shown in
Fig. 4. The error matrices for the fitting parameters were a
calculated usingMINUIT and were later used for error propa
gation when evaluating the energy-dependent analyz
powers.

IV. RESULTS

A. Analyzing powers

The energy dependence ofiT11, T20, and T22 for
1H(d,g)3He have been obtained at 40<Ec.m.<110 keV for
six center-of-mass angles: 0°~for T20 only!, 38°, 61°, 91°,
121°, and 137°. The energy dependence ofAy for
2H(pW ,g)3He has been obtained for 70<Ec.m.<212 keV at
three center-of-mass angles: 31°, 61°, and 91°. In Fig. 5,
energy dependences of all measured analyzing powers
presented foruc.m.591°. The 2H(pW ,g)3He data were taken
with two incident energies,Ep5242 and 312 keV. These
data were analyzed separately, leading to the discontinuit
ed
FIG. 5. Energy dependence of the measur
analyzing powers atuc.m.591°.
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FIG. 6. Angular distributions of the measure
analyzing powers atEc.m.575 keV. The solid
lines are the best Legendre fits, the dashed lin
are the full PHH model calculations, and the do
dashed lines are the impulse-approximation
sults.
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theAy data in Fig. 5. The
1H(dW ,g)3He data were taken with

an incident energy ofEd5330 keV. The dashed-line
enclosed region represents an error band of 1-s confidence
level. The angular distribution data atEc.m.575 and 100 keV
are shown in Figs. 6 and 7.1 The significance curves in Figs
6 and 7 is described below in Secs. IV B and V C.

The present analyzing power results are the first ever
tained in this energy range. There has been only one o
low-energy measurement ofAy for 2H(pW ,g)3He at
Ec.m.,50 keV@10,11#; all other previous measurements we
performed atEc.m..500 keV.

B. Legendre polynomial fits

Legendre polynomial fits to the data were carried out f
lowing the prescription given in Refs.@28,29#. The differen-
tial cross section data were fitted using onlyl50 and l52
terms in the expansion (l is the order of the polynomial!, as
previous measurements in this energy range found o
terms to be negligible@12,14#. For the analyzing power fits
the expansions were truncated afterl52, as previous analy
ses at higher energies@29,30# found these terms to be ver
small. Furthermore, coefficients withl>3 requires the pres
ence ofE2 capture amplitudes, which are expected to
very small at low energies due tog-ray phase space consid
erations. The fits are shown by the solid lines in Figs. 6 a
7. The coefficients forEc.m.575 keV are given in Table I.

C. Total cross sections

The total cross section was determined at four energ
Ec.m.575, 108, 133, and 173 keV, using the fits to the d
ferential cross section described in the previous subsec
The results are shown in Fig. 8 along with the previous m
surements within the same energy range@12,14#. The sys-

1All numerical data tables for the energy or angular dependen
are available from the authors upon request.
b-
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tematic uncertainty for the cross sections is estimated to
69%, and includes the estimated errors in stopping pow
detector efficiency,g-ray angular distribution assumption
and beam current integration.

The astrophysicalS factors@S(E)5s totEe
2ph# are shown

in Fig. 9 along with previous measurements.

V. THEORETICAL CALCULATIONS

The transition amplitude between an initiald1p 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

j s3s2s
a ~p,q!5 K cs3

Uea•E dxe2 iq•xj ~x!Ucp,s2s
~1 ! L , ~3!

whereea is the polarization of the photon,j (x) is the nuclear
current density, andc (1) is the scattering wave function with
outgoing wave boundary condition. Expressions for the cr
section, vector, and tensor analyzing powers, and photon
ear polarization are easily obtained from the amplitud
j s3s2s
a @1#. A schematic description of the trinucleon wav

functions and the current density is included below. A th
ough discussion of the various issues relating to them, h
ever, can be found in Ref.@1#.

A. The trinucleon wave functions

In a series of recent papers, a variational technique
calculating the3H and 3He bound states and thed1N elas-
tic scattering state wave functions has been develo
@8,9,31#. For bound states, the method utilizes an expans
of the three-body wave functions in terms of a pa
correlated hyperspherical harmonic~PHH! function basis.
The Rayleigh-Ritz variational principle is used to determi
the hyperradial functions which determine the wave fun
es



d

55 593MEASUREMENTS OF1H~dW ,g!3He AND 2H~pW ,g!3He AT . . .
FIG. 7. Angular distribution of the measure
analyzing powers atEc.m.5100 keV. The lines
have the same meaning as in Fig. 6.
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tion. The resulting coupled set of second-order differen
equations is solved by using standard numerical meth
The inclusion of the Coulomb interaction is straightforwa
as no partial wave decomposition is performed.

The variational approach based on PHH correlated fu
tions has been extended to investigate scattering states
wave function for ad1p scattering state is written as

C211
JJzLS5CC

JJzLS1CA
JJzLS, ~4!

whereJ and Jz are the total angular momentum and itsz
projection,L is thed1p relative orbital angular momentum
andS the channel spin quantum number, respectively. T
first termCC describes the ‘‘core’’ of the system, when a
the particles are close to each other and the mutual inte
tions are large;CC goes to zero when the proton-deuter
distancer pd increases.CC is expanded in terms of the PHH
basis functions, as in the bound-state case. The second
CA in Eq. ~4! describes the asymptotic configurations of t
system, for larger pd where the nucleard1p interactions are
negligible. In the asymptotic region the wave functio
C211 reduces toCA , which must therefore be the appropr
ate asymptotic solution of the Schro¨dinger equation.

The reaction-matrix elementsJRLS
L8S8 and the hyperradia

functions entering in the PHH expansion ofCC are deter-
mined variationally by finding the stationary points of th
functional @9#

TABLE I. The best-fit Legendre coefficients for the measur
observables atEc.m.575 keV. The uncertainties in the least signi
cant digits are given in parentheses. The definition of the coe
cients follows Seyler and Weller@28#.

l s Ay iT11 T20 T22

0 1.00 - - 20.011~5! -
1 0.00 20.05~2! 0.09~1! 20.052~6! -
2 20.96 0.01~1! 0.03~1! 0.070~4! 20.06~1!
l
s.
,

c-
he

e

c-

rm

@JRLS
LS#5JRLS

LS2 K c211
JJzLSUH2Ed2

3

4m
p2Uc211

JJzLSL , ~5!

with respect to variations in theJRLS
L8S8 and the hyperradial

functions ~Kohn variational principle!. Here Ed522.225
MeV is the deuteron binding energy. As in the bound st
problem, the hyperradial functions are required to vanish
the limit of larger.

The Hamiltonian used in the present calculations cons
of the Argonnev18 two-nucleon@32# and Urbana model-IX
three-nucleon@33# interactions. The3He binding energy ob-
tained with the PHH wave functions reproduces the m
sured value. It is worth emphasizing that predictions ba
on PHH wave functions for a variety of other propertie
depending on both ground and low-energy continuum sta

-

FIG. 8. Measured total cross sections for proton-deuteron c
ture, compared to the previous measurements in our energy ra
by Baileyet al. @14# and Griffiths, Larson, and Robertson@12#.
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of the trinucleon, are in excellent agreement with cor
sponding Faddeev calculations@31#.

B. The transition current

The nuclear current density is represented by effec
operators that operate on the nucleons’ degrees of freed
These operators are expanded into sums of one-, two-,
many-body terms:

j ~q!5(
i
j i
~1!~q!1(

i, j
j i j
~2!~q!1•••. ~6!

The one-body termsj (1)(q) have the standard impulse a
proximation form, consisting of the single-nucleon conve
tion and spin-magnetization currents, while the two-bo
terms j (2)(q) consist of ‘‘model-independent’’ and ‘‘model
dependent’’ parts@34–36# @the expansion of Eq.~6! is trun-
cated at the two-body level in the results discussed here#.

The ‘‘model-independent’’j (2)(q) terms do not contain
any free parameters, and are constructed from the pair in
actionv i j ~here, the Argonnev18 @32#!, following a prescrip-
tion originally proposed by Riska@37#. These terms are nec
essary to satisfy the continuity equation.

The ‘‘model-dependent’’j (2)(q) terms, such as those a
sociated with therpg andvpg processes, are purely tran
verse and therefore unconstrained byv i j . Furthermore, they
depend on a set of cutoff parameters and coupling const
only approximately known. Their contribution for mome
tum transfers<1 GeV/c is small when compared to that o
the leading ‘‘model-independent’’ two-body currents.

The currents associated with the excitation of theD reso-
nance are included nonperturbatively following a meth
first proposed in Ref.@34#. In essence, theD degrees of free-
dom are explicitly included in the nuclear wave functio
rather than being eliminated in favor of effective two-bo
operators acting on the nucleons’ coordinates. The latter
turbative treatment has been shown to be inaccurate, par
larly in reactions as delicate as the3He(n,g) 4He and 3He
(p,e1ne)

4He captures at low energies@34#. For the present

FIG. 9. MeasuredS factors (n) compared with the previous
measurements Schmidet al. @11# (3), Baileyet al. @14# (h), Grif-
fiths, Lal, and Scarfe@13# (,), and Griffiths, Larson, and Robert
son@12# (s). The PHH model calculations are shown by the so
curve.
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reaction, however, it only leads to an. 8% overestimate of
the doubletM1 reduced matrix element when compared
the result obtained with the more accurate nonperturba
treatment@1#.

Finally, we note that the continuity equation also requir
the presence of three-body currents associated with the th
nucleon interactions. To the best of our knowledge, th
effect has not yet been studied.

C. Theoretical results

In Figs. 6 and 7 the comparison of the PHH calculatio
with the polarization data is shown forEc.m.575 and 100
keV. Two different models were used for this compariso
The dot-dashed lines show the calculations performed u
only the impulse approximation matrix elements~i.e., with-
out MEC!. The dashed lines represent the full calculati
including MEC. The marked improvement in the agreem
with the data shows that the inclusion of MEC is very im
portant for describing the angular dependence of the ana
ing powers. In particular, theAy curve for the full calculation
differs by as much as a factor of 3 from the impulse appro
mation, and the impulse approximation calculation foriT11
predicts only minute values in contrast to the measured
ues. TheS factor from the full calculation is shown in Fig. 9
and is in good agreement with the experimental data. I
significant to note that the resultingS(0) value is;25%
lower than that found by Griffiths, Lal, and Scarfe@13#. This
value is also;25% lower than the one presently re
comended for use in astrophysical calculations@38#.

The PHH calculation only included scattering states w
orbital angular momental50 andl51. It is possible that the
remaining discrepancies, particularly evident forT22, can be
removed by the inclusion of higher partial waves. Calcu
tions of these effects are underway.

VI. THERMONUCLEAR REACTION RATE

Since the astrophysicalS factor at very low energies
found in this work and the recent work of Schmidet al. @11#
is significantly smaller than that previously assumed,
have reevaluated the thermonuclear reaction rate for this

FIG. 10. The ratio of the present reaction rate@Eq. ~9!# to that
given by Smith, Kawano, and Malaney@4# ~solid line! and to that
given by Caughlin and Fowler@38# ~dashed line!.
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action. The thermonuclear reaction rateNA^sv& is calculated
@5# from the cross sections using

NA^sv&5S 8

pm D 1/2 NA

~kT!3/2
E
0

`

Es~E!expS 2
E

kTDdE, ~7!
is
ne

t
n-

sin

he
n
th
te
u
ge

a

la
ne
ly
a
cu
u

en
rg
whereNA is Avogadro’s number,m is the reduced mass in
the entrance channel,k is Boltzmann’s constant,T is tem-
perature, andE is the center-of-mass energy. The cross s
tion was taken from the following parametrization of theS
factor:
he
traint

e
to the
S~E!5H 0.19115.0931023E, E,100 keV,

0.70017.4631023~E2100!12.9631026~E2100!2, E>100 keV,
~8!

where the units ofE and S(E) are keV and eV b, respectively. ForE<100 keV, the expression was taken from t
calculations of Viviani, Schiavilla, and Kievsky@1#, and at higher energies was fitted to experimental data, with the cons
that S(E) is continuous atE5100 keV. This expression accurately reproduces theS(E) data found in this work; that of
Schmidet al. @11# at lower energies; and that of Griffiths, Larson, and Robertson@12# and Baileyet al. @14# at higher energies
~up toE'1200 keV!. Since the calculations of Viviani, Schiavilla, and Kievsky@1# include a very complete treatment of th
relevant physics~see Sec. V!, it should provide a more accurate extrapolation to lower energies than a simple linear fit
S-factor data.

Using this parametrization, the reaction rate was then calculated by numerically integrating Eq.~7!. The numerically
integrated reaction rate is given within 3% forT9<10 by the following expression:

NA^sv&51.713103T9
22/3expS 2

3.720

T9
1/3 D ~110.112T9

1/312.99T9
2/313.89T9

4/3!, ~9!
ata
lis-
e
ing
hat

ef-
les

-
able
ni,

et-

he

r.
n
nce
nk
n-
art
gy
5-
whereT9 is the temperature in GK. A comparison of th
reaction rate to that used by Smith, Kawano, and Mala
@4#, and Caughlin and Fowler@38# is shown in Fig. 10. The
new reaction rate is seen to be;30% lower than the previ-
ous evaluations forT9&1, while for T9*1 the new rate is
significantly higher.

Several tests were carried out to determine the effec
the 2H(p,g)3He reaction rate on the primordial nucleosy
thesis of the light elements2H, 3He, 4He, and7Li. Standard
big-bang nucleosynthesis calculations were carried out u
the computer code described in Ref.@39#. The calculation
assumes that the baryon density is isotropic, and that t
are three neutrino species. We find that the final abunda
of the light elements depends on the reaction rate in
temperature range 0.2<T9<0.7; changes in the reaction ra
outside of this temperature range do not affect the final ab
dances~at least for baryon-to-photon ratios in the ran
1<1010h<10, i.e., where it is believed to lie!. This tempera-
ture range corresponds approximately to the center-of-m
energy range 15<E<400 keV in thep-d system. We also
find that the calculated abundances2H/H, 3He/H, 4He/H,
and 7Li/H are changed less than 10%, compared to calcu
tions using the reaction rate of Smith, Kawano, and Mala
@4#. This change in the reaction rate will not significant
affect models of main-sequence stellar evolution, but it m
impact the evolution of low-mass protostars. Further cal
lations are needed to explore the implications of these res
in other astrophysical scenarios.

VII. CONCLUSIONS

In summary, we have carried out the new measurem
of the analyzing powers and cross section for low-ene
y

of

g

re
ce
e

n-

ss

-
y

y
-
lts

ts
y

proton-deuteron capture. The theoretical analysis of the d
was conducted with an exact three-body model using rea
tic NN potentials. The data qualitatively agree with th
model predictions. The angular distributions of the analyz
powers, especially the vector analyzing powers, confirm t
M1 transitions play an important role in low-energyp-d
capture. Convincing evidence for the presence of MEC
fects is found in the comparison of polarization observab
with calculations.

The astrophysicalS factor and thermonuclear rea
ction rate have been evaluated on the basis of the avail
experimental data and the theoretical calculations of Vivia
Schiavilla, and Kievsky @1# which were used for the
extrapolation to lower energies. This astrophysicalS
factor is 25% lower at zero energy than that d
ermined by Griffiths, Lal, and Scarfe@13#. Our exper-
imental results are in good agreement with t
recent experiment of Schmidet al. @11# at lower
energies.
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