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Measurements of thé®(p, y)*He and p(3,7)3He reactions belowf, , =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 arsfactor value of S(E=0)=0.165*0.014eVb, in reasonable agreement with
theory. [S0031-9007(96)00008-7]

PACS numbers: 25.40.Lw, 21.45.+v, 24.70.+s, 27.10.+h

Weak and radiative capture reactions on few-nucleon The data of this paper, some of which were reported re-
systems at very low energies have great astrophysicakently [6], were obtained using a polarized proton beam at
importance in relation to studies of stellar structure andB0 keV in a study of the [p, y)>He reaction, along with a
evolution [1]. Two such aspects are as follows: (1) thetensor-polarized deuteron beam at 80 keV to measure the
mechanism for the energy and neutrino production in mainensor analyzing powef,y(6) for the p(Zi, v)*He reac-
sequence stars, in particular, the determination of the solaion. The polarized beams were produced by the Triangle
neutrino flux; and (2) the process of protostellar evolutionUniversities Nuclear Laboratory (TUNL) atomic beam po-
toward the main sequence. A quantity of interest in thdarized ion source, with typical beam currents of 30 mA
latter area is the zero-energy astrophysiBdiactor for  on target. Fast spin flip (10 Hz) was employed for both
D(p, y)*He, whose currently accepted value was firstmeasurements. In the case of the vector analyzing power
determined over 30 years ago by extrapolating low energy, () measurements, the two vector-polarized spin states
cross-section data using a direct capture model [2]. had their axes of symmetry aligned perpendicular to the re-

Besides their astrophysical relevance, these reactiorsction plane. In the case of thigy(§) measurements, the
are very interesting from the aspect of the many-body thespin-symmetry axis was aligned along the beam &8is-
ory of strongly interacting systems since they are sensitive), thus eliminating other beam moments, and the beam
to ground- and scattering-state wave functions and the fulvas switched between states havipg = +0.84 = 0.02
nuclear electroweak transition operators. Indeed, calcuand—0.86 = 0.02. Beam polarizations were measured by
lations of the Di,y)°H and *He(n,y)*He capture cross charge-exchanging these positive-ion beams, then acceler-
sections at thermal neutron energies carried out with reakting them through the TUNL tandem, where standa@i
istic wave functions and a single-nucleon electromagnetiand *He polarimeters were used. The deuteron beam po-
current, the so-called impulse approximation (IA), predictlarization was monitored at frequent intervals during the
only about 50% [3,4] and 10% [5] of the correspondingexperiment via the Q{n)*He reaction at 80 keV, using
empirical values. This is because the IA transition op-a deuterated titanium target in a polarimeter located in
erator cannot connect the mefrstate components of the the low energy beam line. The targets were frozel©D
deuteron andH, or *He and“He, wave functions. Hence, and frozen HO samples, respectively, which were thick
the calculated cross section in IA is small since the reacenough to stop the 80 keV beams in both cases.
tion must proceed through the small components of the The outgoingy rays were detected in a large volume
wave functions. Two-body currents, however, can con{130% efficient) high-purity germanium (HPGe) detector,
nect the dominan®-state components, and the associatedurrounded by a 5 cm thick Nal annulus, which was run
matrix elements are exceptionally large in comparison tan the anticoincidence mode. The high resolution of the
those obtained in 1A [3-5]. HPGe detector (4.2 keV at 5.5 MeV) made it possible to
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extract the energy dependence of the cross section amiocedure allowed us to obtait, () as a function of
analyzing power from the full detector response functionenergy, the statistical errors on the low energy points are
after removing the intrinsic detector response functiorsubstantial. This fact, coupled with our observation of
and the energy-dependent target thickness effects. Detalgry little energy dependence, has led us to present the
of the deconvolution procedure used to perform this ardull energy integrated data in this paper. Accordingly, we
described in Ref. [6]. This procedure produced the resulhave integrated the theoretical calculations, weighted by
shown in Fig. 1 for the magnitude and slope of 8factor.  the energy dependence of the cross section and the target
In addition to the deconvolution procedure, the data fronthickness, for the purpose of comparing them with the data.
the D(p,y)*He reaction were also analyzed by binning the The Nal annulus which surrounded the HPGe detector
full response function of the detector into 10 keV bins [6].was actually a quadrated annulus oriented such that two
The results of this procedure are also shown in Fig. 1segments were in the reaction plane, and two were perpen-
Although these results do not determine tBdactor at dicular to it. This setup allowed us to measure the linear
E = 0 as precisely as the deconvolution method, it ispolarization of they rays from the Dg,y)3He reaction
reassuring to see that the two methods are consistent. by observing the Compton scattered events in the four
The experimental data points and curve presented isegments. In addition to a coincidence requirement, our
Fig. 1 are equivalent to the results presented in Ref. [6]software was constructed to require that the summed en-
with the exception that the absolute scale has beeargy observed in the HPGe detector plus the Nal segment
altered. An overall scaling factor of 1.37 has been applie@qualed the full energy of the captuyeray. Thisy-ray
to correct for an error in the values for the detector‘polarimeter” was calibrated using the 4.4 Mey/ rays
efficiency used in Ref. [6]. This error was due to afrom the '’C(p, p’y)'>C reaction, and the 1.78 MeV
systematic error in Ref. [7] in the relative intensities for y rays from the?Si(p, p’y)?®Si reaction. These two
the lines in %®Ga which were used to extrapolate our points were used to extrapolate the polarization sensitivity
measured efficiencies up to 5.5 MeV. By applying theof this polarimeter to 5.5 MeV, using the functional form
appropriate correction factors [8] to the results of Ref. [7],0btained from the Klein-Nishina formula (in the point
we obtain an efficiency value at 5.5 MeV which is in detector approximation), and fitting it to the two measured
excellent agreement with the results of both a recenpoints. The results indicated a polarization sensitivity of
Monte Carlo calculation and an independent calibration(3.5 + 0.35)% for the 5.5 MeV y rays of the present
measurement using tHé&(p,a y) reaction [9]. Complete experiment. A full presentation of thg-ray polarization
details of all the procedures which relate to the newmeasurements for @xy)3He will be included in a future
efficiency are forthcoming [10]. However, we quote publication [11].
here the updated value for tt&factor at zero energy: Friar and collaborators have recently calculated the
5(0)=0.165 = 0.014 eV b (including both statistical and Swave contribution to theS factor of the D,y)3He
systematic errors), which is 34% lower than the result ofeaction at zero energy [12]. The calculations were based
Ref. [2]. on converged bound- and scattering-state Faddeev wave
The binned data were also used to obtain the vectdiunctions obtained from a realistic Hamiltonian, including
analyzing powers as a function of energy. Although thisthe Coulomb interaction, and a nuclear current operator in
which the two-body part was constrained by reproducing
the measured D(y)3He total cross section at thermal

06l 3 ] neutron energies. The predicted value f§y(E = 0)
H(p.y) He - is 0.108 eV b [12], in excellent agreement with tN&L
05 [ S factor extracted from the present dai(E = 0) =
= }E 0.109 = 0.010 eVb. The present data also yield a value
> 0.4 [ ] for the E1 Sfactor: Sp(E = 0) = 0.73 = 0.007 eV b.
% An extended account of the calculations carried out
203 in the present Letter will be published elsewhere [4].
(&) . N .
k] . o Binned () data Here, we briefly describe the correlated hyperspherical
w02 T -~ Deconvolution 1 harmonics (CHH) method used to generate the bound- and
L7 o Griffiths data scattering-state wave functions, and the general structure
o1 T 1 of the nuclear current operator.
The CHH wave function of the trinucleon bound state
0.0 20 0 60 80 is written as [13]
E (lab)(keV)
N, Ku ( )
FIG. 1. A comparison between experimental values and re- Y3 = Z Z u‘“;/zp
sults of variational calculations for tHgfactor of D(p, v)3He a=1 K=K, P
with E,(lab) = 80—0 keV. Note that the experimental results
presented here differ from those presented in Ref. [6] by an X Z fa(rik)(2)PK(¢i)Ya(jk, i), (1)
overall scaling factor of 1.37 (see text). ijk cyclic
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states, and that th&,(jk,i) are odd under the inter-
changej=k in order to ensure the antisymmetry of the
wave function. The Rayleigh-Ritz variational principle
is used to determine the hyperradial functiongsy(p)

by minimizing a Hamiltonian including nonrelativistic ki-
?tIC energies and realistic two- and three-nucleon inter-
actions [13].

The d + p scattering state wave function is written

s [14]

where p is the hyperradiusp = +/x7 + y? with x; =
r; —r; andy; = (r; + r, — 2r;)/+/3, r; denoting the po-
sition of particlei, and cog; =x;/p. Explicit expres-
sions for the angular spin-isospin functiong( jk,i) and
hyperangular polynomial®) P (¢;) as well as a discus-
sion of the method used to determine the state-dependen
correlation functionsf,(r;x) can be found in Ref. [13].
Here we only note that the labet specifies a given
combination of orbital angular momenta and spin- |sos?|n

JI.LS FL/(Pde) Gp (PVdp)

i Z Z{[Q"d(xi) ® s'ls ® Yr(§:)}u. 'RES

ijkcyclic L'S'

_‘J/c_’_

Fap

|:5LL’5SS’ g( dp):| (2

where ¢, is the deuteron wave functiom,, andp are | where €. is the polarization of the photon angx) is

the distance and relative momentum between deuteron arde nuclear current density. The partial wave expansion
proton, respectively, anf; (G, ) is the regular (irregular) of the wave functions(*) (with outgoing wave boundary
Coulomb function. The functiorg(r4,) modifies the  condition) in terms of theys 1| introduced above is well
Gr(prap) at smallry, by regularizing it at the origin, and known, and will not be given here. Expressions for the
is one forrg, = 10 fm, thus not affecting the asymptotic cross section, vector and tensor analyzing powers, and
behavior ofyy71°. The sum ovel's’ is over all values photon linear polarization are easily obtained from the
compatible with a giverd and parity. The internal wave amplitudesjg. ., [4]. The measured angular distributions
function . describes the system when the nucleons ar@f these observables (Fig. 2) indicate that the reaction
close to each other, and is parametrized as the bound-stdieoceeds througts and P-wave capture. Thes (P-)

wave function described above. TRematrix elements Wwave capture is dominated byl (E1) radiation, while
JRf’SS’ and theu,x(p) in . are determined variationally contributions due t&2 (M2) transitions have been found to

by minimizing the functional [14] be negligible in the energy range under consideration [4].
IRLS] = JRLS The nuclear current density operator consists of one- and
[ 1= two-body parts. The former has the standard expression in
JJ.LS

JI.LS terms of single-nucleon convection and spin-magnetization
— ¥ |H — Eg — — P

i) @)

with respect to variations in théRLS and u,x. Here
E; = —2.225 MeV is the deuteron binding energy. Asin
the bound state problem, the hyperradial functiopg(p)
are required to vanish in the limit of large

The Hamiltonian used in the present calculations con- os| ~

sists of the Argonnev,g two-nucleon [15] and Urbana
model-IX three-nucleon [16] interactions. TH#l and
®He binding energies obtained with the CHH wave func-
tions reproduce the corresponding empirical values. The
calculatedd + n (d + p) doublet and quartet scatter-
ing lengths are).63(—0.02) and 6.33(13.7) fm [17], re-
spectively. Thed + n doublet and quartet scattering
lengths above are to be compared with the empirical val-
ues0.65 * 0.04 and 6.35 = 0.02 fm [18], respectively.

It should also be stressed that predictions based on CHH
wave functions for a variety of properties depending on
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both ground and low-energy continuum states of the trinFiG. 2. A comparison between experimental values and re-
ucleons are in excellent agreement with the correspondinglts of variational calculations far(¢), A,(#), and P,,(8) for

Faddeev results [19].

The transition amplitude between an initiaH p con-
tinuum state with deuteron and proton spin projectiogs
ando, respectively, and relative momentymand a final
®He state with spin projection; is given by

o4 —iq-X 3 +
Josono (P> Q) =<¢03|ea]dxe XX pronc),  (4)
3090

reaction.

(Ecm =

the D(p,y)3He reaction, andr(#) andeo(e) for the p(d v)*He

In each plot the solid curve corresponds to the
results obtained with one- and two-body currents, while the
dashed curve is obtained in the impulse approximation.
that the o () plot shows f,y) data with E, = 40-0 keV
27-0 keV) instead of 80—0 keV. This is done to al-
low the d,y) data withE, = 80—0 keV (E.... =
and the f,y) data to be shown in the same graph [with the
(d,y) data plotted using(,y) angleso,

Note

27-0 keV)

= 180° — 6,].
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currents, while explicit expressions for the latter can bebeen measured in the energy range 0—80 keV for the first

found in Refs. [5,20,21]. Two aspects of the two-bodytime. Ab initio microscopic calculations based on CHH

current model used in the present calculations should b&ave functions obtained from realistic interactions and a

emphasized. First, their dominant isovector terms are coreurrent operator including one- and two-body components

structed from the tensor components of the two-nucleoprovide a satisfactory description of all measurements, in-

interaction [15], following a prescription originally pro- cluding theSfactor, with the exception of the vector ana-

posed by Riska [22]. Additional, but far less important,lyzing power data, which are substantially underestimated

two-body currents of both isoscalar and isovector charadsy theory, but which are seen to be particularly sensitive

ter are obtained by minimal substitution in the momentum+o two-body current contributions. The observed discrep-

dependent terms of the interaction [5,20]. While the Riskaancy between the predicted and measute@) suggests

prescription is not unique, it does generate two-body curthat further refinements of our present treatment of these

rents that satisfy current conservation exactly. Furthereffects, such as the inclusion of three-body currents associ-

more, it has been shown to provide, at low and moderatated with the three-nucleon interaction, are required. Such

values of momentum transfers{ GeV/c), a satisfactory studies are being vigorously pursued.
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