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Angular distributions of the analyzing poweiB;;, T,o, andT,, for *H(d,y)3He at 46<E, ;<110 keV
and the angular distribution of the analyzing powker for 2H(p,y)°He at 76<E. <210 keV have been
measured for the first time. In addition, absolute differential cross sections for proton-deuteron capture have
been determined fdE; ,,= 75, 108, 133, and 173 keV. Thick ice or heavy ice targets and two large-volume,
high-purity Gey-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 extr&k{t@yl 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 givefiS0556-28187)04502-0

PACS numbes): 21.45+v, 24.70+s, 25.10+s, 25.40.Lw

. INTRODUCTION In addition, a recent measurement of tREl(p,y)He
cross section folE. ,,<<50 keV by another groupl0,11]]

The proton-deuteron capture reaction at low energies idicates a significantly lowe6(0) value compared with
very useful for studying the bountHe systen{1,2] and the  previous determination§12—14. The new absolute cross
reaction mechanism of radiative capture, particularly the rolesection data reported here aid in resolving this discrepancy.
of meson exchange currerf§IEC’s) [3]. The cross section The thermonuclear reaction rate is calculated as a function of
for proton-deuteron capture is an important parameter inemperature from all available data, and the effect of this
models of big-bang nucleosynthedid], stellar hydrogen new reaction rate on standard big-bang nucleosynthesis is
burning[5], and deuterium depletion in low-mass protostars,assessed. A detailed description of the experimental tech-
which is believed to be essential for their genesis and evolurique and data analysis are available in R&&].
tion [6]. The big-bang production of deuterium is currently
of great interest, due to recent measurements oflxhd
ratio in high-redshift hydrogen cloudg]. The D/H ratio in Il. EXPERIMENTAL PROCEDURE
these clouds is thoug_ht to reflect. the primordial abundance, The measurements ofiTy;, Ta, and T, for
and may soon place tight constraints on big-bang nucleosyn;, = 5 ) . .
thesis models. H(q,y) He andA, and the differential cross section for

In this paper we report the measurements of polarization H(P,¥)*He were carried out using the low-energy beam
observables and differential cross sections for protonfacility at the Triangle Universities Nuclear Laboratory, as
deuteron capture. The primary goal of these measurements@scribed below.
to test exact three-body calculations of this reaction, which
include MEC effects. Reported here are calculations using
three-body wave functions obtained with a recently devel-
oped variational method which provides the wave functions Up to 10 uA of negative polarized proton or deuteron
in a pair-correlated—hyperspherical-harmoniB$iH) func- beam was produced using an atomic-beam polarized ion
tion basis. The method makes use of realistic nucleonsourceg16]. The beam was accelerated using the minitandem
nucleon(NN) and three-body forces, and utilizes an electro-acceleratof17], yielding 2—4 xA of polarized particles on
magnetic current operator which includes one- and two-bodyarget with an energy of up to 350 keV. The energy calibra-
terms. The PHH model has already been successfully appligibn of the minitandem beam was determinedtt % using
in several areas of few-body nuclear phydi89]. the 224.0- and 340.5-keV resonances‘¥f(p, ay)*°0.

A. Beam
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The analyzing powers were measured using a fast spin- S L EL L B s L L N I ey
flip scheme. The desired hyperfine states of atomic hydrogen ¥ 1
or deuterium were cycled approximately every second. This
technigue minimizes the effects of slow changes in beam
position, target thickness, or amplifier gain.

For the proton beam measurements, the Wien filter was
set to align the spin axis perpendicular to the reaction plane
(B8=90°). Proton polarization was determined by accelerat- 10!}
ing the beam with the FN tandem g, =6 MeV. Elastically i

scattered protons frorﬁHe(ﬁ,p) were detected using sym- X
metrically placed left and right detectors #&,,=117°, 10°F
where the analyzing power is nearly un[ly8,19|.. The pro- 4.00 450  5.00 550 6.00 6.50
ton data were taken using two spin states witfx~=0.7.
The systematic uncertainty in the proton polarization is esti- E, MeV)
mated to be<4%, which could affect the overall normaliza- .
tion of the measured analyzing powers. Since the systematic FIG. 1. A typical y-ray spectrum from théH(p,y)*He reac-
uncertainty is estimated to be significantly less than the station. measured afj,,=60° with 312-keV protons incident on the
tistical uncertainties for all measured observables, they ar&rget.
not included in the data presented here.
The polarization of the deuteron beam was determinegdhcident beam, giving rise to broadengeray peak. The re-
with the 3He(d, p)*He reaction aEyg=12 MeV using the FN  sulting y rays were detected by two high-purity germanium
tandem[20] and also atE4=0.33 MeV using the minitan- (HPG@ detectors. The efficiencies of the two detectors for
dem[21]. The polarized deuteron data were taken using twol.33-MeV y rays are 128 and 145 %, relative to a 7.62-cm-
hyperfine transitions with a theoretical maximum tensor podiam X 7.62-cm-length Nal scintillator. The resolution of
larization ofp,,= =1 and a maximum vector polarization of the detectors was typically 2.0 keV at 1.33-MeMay from
p,= ¥ 1/3. Typical measured values wem,~=0.7 and the decay off%Co. The use of high-resolutiopray detectors
p,~*0.2. TheT,, data were taken with the spin axis set and targets sufficiently thick to stop the beam allowed the
parallel to the incident beam axig3&0°). Theanalyzing energy dependence of the observables to be extracted at each
powersA,, andiTq; were measured with the spin perpen- detection angle.
dicular to the reaction plangs=90°). The analyzing power Typical vy-ray spectra from the 2H(f),y)3He and
T, was then determined from the measumg, and Too  1H(d,)%He reactions are shown in Figs. 1 and 2. The
values. The systematic uncertainty in the tensor polarizations.ray spectrum shown in Fig. 1 resulted from reactions in-
is estimated to be<4%, while the systematic uncertainty in qyced by 312-keV protons incident on heavy ice, with the
the deuteron vector polarization is estimated to<u@%. 128% HPGe detector @,,=60°. The background adjacent
The proton or deuteron polarizations were measured on g the high-energy edge of the full-energy peak is approxi-
regular basis4-6 h period and were found to be stable mately 50 times smaller than the height of the full-energy
within less than 2%. peak, and has a smooth energy dependenceyTitag spec-

trum from lH(G,«y)3He shown in Fig. 2 was obtained by

10% |

Counts

B. Targets

The target consisted of a thick layer of vapor-condensed
ice or heavy ice of sufficient thickness to completely stop the LT
incident beam. The construction of the target condensing as- 10* |
sembly[15] was based on the design used by Griffigtsal. I
[13]. High-purity deuterated watdiD,0) was used for the

2H(p, y)3He measurements. For th#i(d, y)3He measure-
ments, deuterium-depleted,® (<1 ppm D,0) was used in i
order to minimize the neutron-induced background from the 10' L \

2H(d,n) reaction. The targets were periodically melted and || N
then remade, in order to minimize the neutron-induced back- ! | L
ground. The target assembly was electrically isolated and o
biased with+90 V to insure correct beam current integra- a |
tion.

| TR A

Counts

==

[

10° Lo b v
C. y-ray detection 4.5 5.0 5.5

The energy of the capture rays is given approximately E (MeV)
by E,=Q+Ecm., WhereQ=5.494} MeV is tth value for_
proton-deuteron capture, arg , is the reaction energy in FIG. 2. A typical y-ray spectrum from théH(d, y)3He reac-
the center-of-mass frame. Since a thick target is uBgd,  tion, measured af,,,=90° with 330-keV protons incident on the
varies between 0 and incident center-of-mass energy of thearget.
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bombarding an ice target with 330-keV deuterons, and ob- 030
serving photons with the 145% HPGe detectofgi=90°. I
The background in this spectrum is considerably higher than

observed in the case of tHél(p, y)3He reaction. This back- 025 -
ground is mainly due to neutron-induced reactions, with -
2H(d,n)3He being the primary source of neutrons. Despite [
the use of deuterium-depleted,8, a significant quantity of 0.20
deuterium was built up in the target over time due to implan-
tation by the beam, thus providing target nuclei for the L
2H(d,n)3He reaction. Tests with a neutron source revealed  *'°[
that no neutron-induced peaks were within the region of in-
terest, so the background was modeled by a smooth function

of y-ray energy. o010
D. Detector efficiency -
0.05 Lot Lo b o b v v by a0 b w0 L1y
The full-energy-peak absolute efficienciéSAE’s) used 0 1 2 3 4 5 6 7
in the cross section measurements were determined experi- Ey (MeV)

mentally. The efficiencies reported here have been normal-

ized by the solid angle subtended by the front face of the Ge FIG. 3. Absolute full-energy peak efficiencies for the 128%
crystal. At y-ray energies of 1.33, 1.77, and 1.86 MeV, the HPGe detector used for the absolute cross section measurements.
absolute efficiencies were measured using a calibrated radighe results have been normalized by the solid angle subtended by
active source commercially available from Amersham Cor-the front face of the HPGe crystal. The solid line is the best fit to the
poration (source code QCD)1 The absolute efficiency at a data, described in the text.

y-ray energy of 6.13 MeV was determined using the 340-

keV resonance in th&%F(p,ay)®0 reaction[12]. The mea- IIl. DATA ANALYSIS

surement was carried out using a 346-keV proton beam in- A. Cross section data

cident on a~50-ug/cm?-thick CaF, target. The resulting ) ) > g

a particles and 6.13-MeW rays are emitted in one-to-one  The cross section was determined from fhe(p, 7) He
coincidence, and to a good approximation they are emitted@t@ by dividing the full-energy peak of the spectrum into

isotropically in the center-of-mass system. This technique iS€Vera! ?ins iny-ray Qnergfy. Four energy bir&s centkered at
superior to the®®Ga source calibration used previously since CENter-ol-mass energies o 75, 108, 133, and 173 keV were

it avoids using poorly known branching ratios and extrapo-Chosen’ insuring the statistical significance of the total num-

! . . - ber of counts inside each energy bin. The total number of
9 16

Iatl_ons._ More |r_1forma_t|on on thé.F(p’ay) O efficiency counts in each bin was used to determine the yield for the

calibration techinque is available in R¢22].

Th el detected simult | v-ray energy averaged over the width of the bin. The data for
€ a parlicles a}nd?/ rays were detected simultaneously. e 4y proton spin states were combined, which amounts to
Assuming that the intrinsic efficiency ai-particle detection  eggengially unpolarized beam, since the polarizations of the

by a surface-barrier solid state detector is 100%, the FAE fog,q states are nearly oppositthe error introduced by this
the HPGe detector was determined by the counting ratios g§yocedure is negligible

detectedy rays and thea particles. Since the solid angle

subtended by the Si detector is known, the absolute effi- B. Analyzing power data

ciency of the HPGe could be easily determined. The FAE for .

the HPGe detector for the cross section measurements was 1€ @nalyzing powers are normally calculated from the

thus determined to be 0.0884.0010, where the error indi- ratio of two yields resulting from reactions initiated by

cates the statistical uncertainty only. The systematic unceR€2MS Prepared in two different spin populations. As has
tainty is estimated to be 4%. been discussed previously, the measured full-energy peak

. The .measured. ab;olute efficiencieps at all ener.gies werﬁg ;?ifnn;i tEit:I JX glgc;rxﬁ%aéiige?: ;}éfir:;r?r)]/ererlgg(;
fitted with a function in the form oP,E ?, whereE, isthe  of the integrated yields measured for different spin states is
y-ray energy in MeV and®; and P, are the fit parameters. not directly related to the analyzing powers at a single
Their resulting values areP;=0.2530-0.0019 and y-ray energy. Moreover, such a ratio cannot be used for
P,=—0.5739:0.0083. The efficiency data together with the determining analyzing powers for an ‘“average” energy,
fitted curve are shown in Fig. 3. The interpolated absolutesince any algebra on the analyzing powers, e.g., averaging
efficiency atE,=5.7 MeV is 0.0932-0.0011, and this value over an energy range, is always performed on the ratio of the
is used for the cross section determinations. yields at a single energy rather than on its numerator or de-
In addition the absolute efficiency for the full-energy nominator separately.
vy-ray peak was calculated using Monte Carlo simulations We have therefore developed a functional deconvolution
with the GEANT 3.15 cod€[23]. These calculations yield an method in order to determine the analyzing powers from the
efficiency of 0.0964 foilE ,=5.7 MeV, which agrees within full-energy peak. The shape of the full-energy peak was fit-
4% with the experimental value. ted using the following formula:
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with the experimental datg26] within 5%. Since the astro-
physicalS factor for the proton-deuteron capture is expected
300 £ to be a smooth and slowly varying function of energy, the

s quantityG(¢) was expanded into a polynomial series as fol-
lows:

350 -

250 |

200 [

G<f>=§0 Pié, @)

Counts

150 |

100 [ }{{} where theP;’s are the fitting coefficients, and is usually
i{{ i }}H#}Ifyﬁ truncated to 2. This polynomial expansion in reaction energy
0 :Hﬂgﬁgﬁi{ﬁ}i is found for each spin state, and is used to represent the
N T spin-dependent yields needed to calculate the analyzing pow-
5.5 5.55 5.6 5.65 5.7 5.75 5.8 ers. . - o
Ey (MeV) In order to obtain all the fitting coefficient®;, the
MINUIT fitting routine [27] was programmed and applied to
FIG. 4. A typical convolution fit to the full-energy peak for one fit the full-energy peak W'th.the funct|0nallf0rm M(E.Y) for
spin state of the beam. each spectrum gorre§pond|ng to each spm—populauon stgte of
the beam. A typical fittedH(p, v)*He spectrum is shown in
Fig. 4. The error matrices for the fitting parameters were also
E exp(— 27 7) calgulated usingyuNuw_and were later used for error propa-
Y(E,)= fE déR(E,— §)T(§)TG(§), (1) gation when evaluating the energy-dependent analyzing
i powers.

whereE , is the y-ray energy{ is the center-of-mass energy,
Y(E,) is the energy dependence of total yieRlis the de- IV. RESULTS
tector response functior, describes the beam stopping ef- A. Analyzing powers
fects, n=e?Z,Z,/hv is the Sommerfeld parameter, a®l
describes the remaining energy dependence of the polarizeﬁl_|
cross section.

The energy dependence oW q;, Ty, and T, for
(d,y)3He have been obtained at4&, <110 keV for

The detector response functi®fE.,— &) is taken to be of S Eenter-of-mas;s angles: @for Ty only), 38°, 61°, 91°,
the empirical form given by Jorschyand CamphteMt]. Its 121 N and 137°. The er?ergy dependence A for
functional form is composed of a Gaussian with a small low-H(P,7)*He has been obtained for ZE <212 keV at
energy tail. The functiof (£) is given by the inverse of the three center-of-mass angles: 31°, 61°, and 91°. In Fig. 5, the
energy dependence for the stopping power of hydrogen o#hergy dependences of all measured analyzing powers are
deuterium ions in the ice target. The stopping powers wer@resented fol, ,,=91°. The 2H(p, y)3He data were taken
calculated using therim92 code of Zieglef25]. For the case  with two incident energiesE,=242 and 312 keV. These
of protons stopping in an ice target, the calculation agreedata were analyzed separately, leading to the discontinuity in

0.10 LELELN A TTT ‘ TT T ' Trrorr TTrTs T 1T | T T br| TFr 1T [ L | UL 0.15
0.05 - 1 - - 0.10
. 0.00 r e — . 4 0.05 A
iTy, m Y
-0.05 0.00
-0.10 - - 3 1 -0.05
NS NN PN FETE FEE . S e beaae b Lo d g
4 60 80 100 120 80 120 160 200 240
FIG. 5. Energy dependence of the measured
0.10 [ S analyzing powers af , =91°.
0.05 1 - - 0.10
T 0.00 - — 1 0.05
20 T T
-0.05 | 1 T 000 *
0.10 - ~ - 1 -0.05
_0~15|||l.|..||...ll...|.... IS ANIT AT IS AFSETINEN ENAErTE I -0.10
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0 analyzing powers aE.,,=75 keV. The solid
lines are the best Legendre fits, the dashed lines
060:\...,1, l||f- _1" "—015 are the full PHH model calculations, and the dot-
045 1 L {7 dashed lines are the impulse-approximation re-
’ ] sults.
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the A, data in Fig. 5. The'H(d, y)3He data were taken with tematic uncertainty for the cross sections is estimated to be
an irﬁcident energy ofE :3’30 keV. The dashed-line- +9%, and includes the estimated errors in stopping power,
enclosed region represendts an error band of donfidence detector efficiency;y-ray angular distribution assumptions,

S and beam current integration.
level. The angular distribution dataBg ,,= 75 and 100 keV : B -
are shown in Figs. 6 and*7The significance curves in Figs. The astrophysica factors[ S(E) = oo E €7 7] are shown

6 and 7 is described below in Secs. IVB and V C. in Fig. 9 along with previous measurements.

The present analyzing power results are the first ever ob-
tained in this energy range. There has been only one other V. THEORETICAL CALCULATIONS
low-energy measurement ofA, for 2H(f),y)?’He at The transition amplitude between an initidh-p con-
E.m <50 keV[10,11]; all other previous measurements weretinuum state with deuteron and proton spin projections
performed at. ,>500 keV. and o, respectively, and relative momentym and a final

3He state with spin projectionr; is given by
B. Legendre polynomial fits

Legendre polynomial fits to the data were carried out fol-
lowing the prescription given in Ref§28,29. The differen- jﬁsazg(p,q)= < Yo,
tial cross section data were fitted using ohty0 andl=2
terms in the expansion (s the order of the polynomiglas

previous measurements in this energy range found othegheree, is the polarization of the photof(x) is the nuclear
terms to be negligibl¢12,14. For the analyzing power fits, cyrrent density, ang(*) is the scattering wave function with
the expansions were truncated after2, as previous analy- outgoing wave boundary condition. Expressions for the cross
ses at higher energi¢&9,30 found these terms to be very section, vector, and tensor analyzing powers, and photon lin-
small. Furthermore, coefficients witk=3 requires the pres- ear polarization are easily obtained from the amplitudes
ence of E2 capture amplitudes, which are expected to bg« 1] A schematic description of the trinucleon wave

. . _ 0’30’20'
very small at low energies due taray phase space consid %unctions and the current density is included below. A thor-

?rﬁlﬁ:i'ozr;r?crgstsrf%éhOvin7gykgh\(/a ;:)e“d il\'/r;isir']n_gglsé |6 an ugh discussion of the various issues relating to them, how-
' cm.— 9 * ever, can be found in Ref1].

ea'fdxe“q'xj(x) t//(pfg)zg>, €]

C. Total cross sections

The total cross section was determined at four energies: A. The trinucleon wave functions
E.m=75, 108, 133, and 173 keV, using the fits to the dif- In a series of recent papers, a variational technique for
ferential cross section described in the previous subsectiomalculating the®H and *He bound states and thlie+ N elas-
The results are shown in Fig. 8 along with the previous meatic scattering state wave functions has been developed
surements within the same energy ra@e,14. The sys- [8,9,31]. For bound states, the method utilizes an expansion
of the three-body wave functions in terms of a pair-
correlated hyperspherical harmoniPHH) function basis.
IAIl numerical data tables for the energy or angular dependence$he Rayleigh-Ritz variational principle is used to determine
are available from the authors upon request. the hyperradial functions which determine the wave func-
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K- R S NN— analyzing powers aE;,, =100 keV. The lines
0.60 —\, 7 L J 015 have the same meaning as in Fig. 6.
] [ e —ee i T
E 1 T ]
N o —-0.15
;0.30|I|xx|||..|l..||l||||||| Lo b b e b na o bl
0 40 80 120 160 0 40 80 120 160
6., (deg) 6., (deg)

tion. The resulting coupled set of second-order differential Ls Ls J1LS
equations is solved by using standard numerical methods. [JRLS]=JRL5—<¢2f1
The inclusion of the Coulomb interaction is straightforward,
as no partial wave decomposition is performed.

The variational approach based on PHH correlated func- . i . L's .
tions has been extended to investigate scattering states. THAD respect to variations in theR; s> and the hyperradial

wave function for ad+p scattering state is written as functions (Kohn variational principlg Here Eq=—2.225
MeV is the deuteron binding energy. As in the bound state

Pt S_ Ik S | I3l S (4 problem, the hyperradial functions are required to vanish in
art ¢ AT the limit of largep.

The Hamiltonian used in the present calculations consists
of the Argonnev g two-nucleon[32] and Urbana model-IX
éhree-nucleorﬁSS] interactions. The’He binding energy ob-
tained with the PHH wave functions reproduces the mea-
gyred value. It is worth emphasizing that predictions based
on PHH wave functions for a variety of other properties,
depending on both ground and low-energy continuum states

3 2
A=Fa am

JiLs
241 > ®)

whereJ and J, are the total angular momentum and its
projection,L is thed+ p relative orbital angular momentum

first termW describes the “core” of the system, when all
the particles are close to each other and the mutual intera
tions are largel¥ - goes to zero when the proton-deuteron
distancer 4 increases¥ ¢ is expanded in terms of the PHH
basis functions, as in the bound-state case. The second term
W, in Eq. (4) describes the asymptotic configurations of the
system, for large ,q where the nuclead + p interactions are

negligible. In the asymptotic region the wave function : s Present
V¥, .1 reduces toV 5, which must therefore be the appropri- - o Griffiths
ate asymptotic solution of the Scldiager equation. - °  Bailey

The reaction-matrix eIement%Rt’SS' and the hyperradial
functions entering in the PHH expansion Wfc are deter- g i }
mined variationally by finding the stationary points of the = | {
functional[9] L

05 - E

| t {

TABLE I. The best-fit Legendre coefficients for the measured
observables dE. ,,=75 keV. The uncertainties in the least signifi-
cant digits are given in parentheses. The definition of the coeffi- r
cients follows Seyler and Wellg28]. r

0 J T T S S TS T S S S S S [ R 1

60 80 100 120 140 160 180 200
| g Ay iTll T20 T22

E,, (keV)
0 1.00 - - —0.0115) -
1 0.00 —-0.052) 0.091) —0.0526) - FIG. 8. Measured total cross sections for proton-deuteron cap-
2 —0.96 0.011) 0.031) 0.0704) —0.061) ture, compared to the previous measurements in our energy range

by Bailey et al. [14] and Griffiths, Larson, and Robertsgh2].
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ratio

0.40

0.20 — L ]
L 0.2 -
ob——t L 1, 1L, L 0- R ) el e
4] 20 40 60 80 100 120 140 160 180 200 10-3 10-2 10-1 100 10!
Eem. (keV) To

FIG. 9. Measureds factors (A\) compared with the previous FIG. 10. The ratio of the present reaction rgi. (9)] to that
measurements Schméd al.[11] (X), Baileyet al.[14] (O0), Grif- given by Smith, Kawano, and Malan¢#] (solid line) and to that
fiths, Lal, and Scarf¢13] (V), and Griffiths, Larson, and Robert- given by Caughlin and Fowldi38] (dashed ling
son[12] (O). The PHH model calculations are shown by the solid

curve. reaction, however, it only leads to an 8% overestimate of

) ) ) the doubletM1 reduced matrix element when compared to
of the trinucleon, are in excellent agreement with correthe result obtained with the more accurate nonperturbative

sponding Faddeev calculatiof31]. treatmen( 1].
Finally, we note that the continuity equation also requires
B. The transition current the presence of three-body currents associated with the three-

The nuclear current density is represented by effectivé‘ucmon interactions. To th? best of our knowledge, their
operators that operate on the nucleons’ degrees of freedorfiieCt has not yet been studied.
These operators are expanded into sums of one-, two-, and
many-body terms: C. Theoretical results

In Figs. 6 and 7 the comparison of the PHH calculations
j)=2 i@+ jP @+ (6)  with the polarization data is shown fd. =75 and 100
! =] keV. Two different models were used for this comparison.
(1) . The dot-dashed lines show the calculations performed using
The one-body termg™'(q) have the standard impulse ap- oy the impulse approximation matrix elemefi®., with-

proximation form, consisting of the single-nucleon convec-, ;i MEQ). The dashed lines represent the full calculation
tion and spin-magnetization currents, while the tWO'bOdyincluding MEC. The marked improvement in the agreement
termsj®)(q) consist of “model-independent” and “model- \yith the data shows that the inclusion of MEC is very im-
dependent” part$34—3§ [the expansion of EQ6) is trun-  hortant for describing the angular dependence of the analyz-
cated at the two-body level in 2the results discussed]here ing powers. In particular, tha, curve for the full calculation
The “model-independent’j®)(q) terms do not contain gjffers by as much as a factor of 3 from the impulse approxi-
any free parameters, and are constructed _from the pair intefation, and the impulse approximation calculation if6g;
actionvy; (here, the Argonne ;5 [32]), following a prescrip-  predicts only minute values in contrast to the measured val-
tion originally proposed by Riskg87]. These terms are nec- es, Thes factor from the full calculation is shown in Fig. 9,
essary to satisfy the continuity equation. and is in good agreement with the experimental data. It is
The “model-dependent]®)(q) terms, such as those as- significant to note that the resultin§(0) value is ~25%
sociated with they7y andwy processes, are purely trans- |ower than that found by Griffiths, Lal, and Scafs]. This
verse and therefore unconstrainedgy. Furthermore, they ygjue is also~25% lower than the one presently rec-
depend on a set of cutoff parameters and coupling constanggmended for use in astrophysical calculatifdg].
only approximately known. Their contribution for momen-  The PHH calculation only included scattering states with
tum transfers<1 GeV/c is small when compared to that of orpjtal angular momenta=0 andl =1. It is possible that the
the leading “model-independent” two-body currents. remaining discrepancies, particularly evident Tgs, can be

The currents associated with the excitation of fheeso-  removed by the inclusion of higher partial waves. Calcula-
nance are included nonperturbatively following a methodjons of these effects are underway.

first proposed in Ref.34]. In essence, thA degrees of free-

dom are explic_:itly irjcl_uded ir_1 the nuclear wave functions VI. THERMONUCLEAR REACTION RATE

rather than being eliminated in favor of effective two-body

operators acting on the nucleons’ coordinates. The latter per- Since the astrophysicab factor at very low energies
turbative treatment has been shown to be inaccurate, particieund in this work and the recent work of Schnatal.[11]

larly in reactions as delicate as tiéle(n,y) “He and3He is significantly smaller than that previously assumed, we
(p,e" ve) *He captures at low energi¢34]. For the present have reevaluated the thermonuclear reaction rate for this re-
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action. The thermonuclear reaction ratg{ov) is calculated whereN, is Avogadro’s numbery is the reduced mass in
[5] from the cross sectionr using the entrance channel, is Boltzmann’s constanfl is tem-
perature, andk is the center-of-mass energy. The cross sec-

8 \2 N, (= E . . R
N _ = tion was taken from the following parametrization of t8e
Na{ov) (77,(1,) TS fo EU(E)GX[{ kT) dE, (7) (actor-

0.1914+5.09x 107 %E, E<100 keV,
S(E)= (8

0.700+ 7.46x 10 3(E—100)+2.96x 10 8(E— 1002, E=100 keV,

where the units oft and S(E) are keV and eV b, respectively. F&&<100 keV, the expression was taken from the
calculations of Viviani, Schiavilla, and KievsKyL], and at higher energies was fitted to experimental data, with the constraint
that S(E) is continuous aE=100 keV. This expression accurately reproducesStie) data found in this work; that of
Schmidet al.[11] at lower energies; and that of Griffiths, Larson, and Robert&8hand Baileyet al.[14] at higher energies
(up toE~1200 keV. Since the calculations of Viviani, Schiavilla, and Kievdly include a very complete treatment of the
relevant physicgsee Sec. Y it should provide a more accurate extrapolation to lower energies than a simple linear fit to the
S-factor data.

Using this parametrization, the reaction rate was then calculated by numerically integratirid).EGhe numerically
integrated reaction rate is given within 3% fog=<10 by the following expression:

3.72

Na{ov)=1.71x 103Tg2’3exp( - @3—()) (1+0.112r5%+2.99733+ 3.89133), 9
9

where T4 is the temperature in GK. A comparison of this proton-deuteron capture. The theoretical analysis of the data
reaction rate to that used by Smith, Kawano, and Malanewas conducted with an exact three-body model using realis-
[4], and Caughlin and FowldB8] is shown in Fig. 10. The tic NN potentials. The data qualitatively agree with the
new reaction rate is seen to be30% lower than the previ- model predictions. The angular distributions of the analyzing
ous evaluations folfg=<1, while for To=1 the new rate is powers, especially the vector analyzing powers, confirm that
significantly higher. M1 transitions play an important role in low-energyd
Several tests were carried out to determine the effect O(f:apture. Convincing evidence for the presence of MEC ef-

2 3 i i i . . . . .
the “H(p, y)He reaction rategon tt}e pr|mor7d|al NuCleosyN- fects is found in the comparison of polarization observables
thesis of the light elementH, *He, “He, and’Li. Standard  \yith calculations.

big-bang nucleosynthesis calculations were carried out using T astrophysicalS factor and thermonuclear rea-

the computer code described in RE89]. The calculation .1 vate have been evaluated on the basis of the available

assumes that the bawo_n densm_/ IS |sotrop|c,_ and that ther(ff:xperimental data and the theoretical calculations of Viviani,
are three neutrino species. We find that the final abundan

of the light elements depends on the reaction rate in thé Ch'aV"Ila’. and K;evsky[l] WhICh \_/rvr(?re used ;Or. thle
temperature range 02T =<0.7; changes in the reaction rate fext[apo_atloznso/to | ower (tenergles. 'S f;lrs]troptzslcﬁd ¢
outside of this temperature range do not affect the final abunactor dlsb GO _ff_or\]/verLal ze(rjo Senefrgl)g gn at det
dances(at least for baryon-to-photon ratios in the range®mMined by Criffiths, Lal, and Scarf¢l3]. Our exper-
1=<10=<10, i.e., where it is believed to lieThis tempera- mental results are in good agreement with the
ture range corresponds approximately to the center-of-mad§cent experiment of Schmidetal. [11] at lower
energy range 1SE=<400 keV in thep-d system. We also €nergies.

find that the calculated abundancé&sd/H, 3He/H, “He/H,

and ’Li/H are changed less than 10%, compared to calcula-
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