
PHYSICAL REVIEW C NOVEMBER 1997VOLUME 56, NUMBER 5
The 2H„p¢ ,g…

3He and 1H„d¢ ,g…

3He reactions below 80 keV

G. J. Schmid,1,2,* B. J. Rice,1,2 R. M. Chasteler,1,2 M. A. Godwin,1,2 G. C. Kiang,3 L. L. Kiang,4 C. M. Laymon,1,2

R. M. Prior,5 D. R. Tilley,1,6 H. R. Weller1,2

1Department of Physics, Duke University, Durham, North Carolina 27708
2Triangle Universities Nuclear Laboratory, Duke Station, Durham, North Carolina 27708

3Academia Sinica, Taipei, Taiwan
4National Tsing-Hua University, Taipei, Taiwan

5Department of Physics, North Georgia College, Dahlonega, Georgia 30597
6North Carolina State University, Raleigh, North Carolina 27695

~Recevied 4 June 1997!

The details of a recent experimental study of the2H(pW ,g)3He and the1H(dW ,g)3He reactions for beam
energies below 80 keV are discussed. In this study, both polarized and unpolarized incident beams were used
to measure the cross sections(u,E), the astrophysicalS factorS(u,E), the vector analyzing powerAy(u,E),
and the tensor analyzing powerT20(u). In addition, theg-ray linear polarizationPg(u) was measured for an
unpolarized incident beam. The experimental details of these measurements are discussed and the data are
analyzed to obtain the amplitudes and phases of the contributing transition-matrix elements. The results of our
measurements are compared with recentab initio three-body theoretical calculations. This comparison reveals
the large sensitivity of the polarization observables, especially the vector analyzing power (Ay), to the presence
of meson-exchange current effects and indicates the need for further study. The tensor analyzing power data
@T20(u)# are used to extract a value of the asymptoticD- to S-state ratio,h, for 3He. @S0556-2813~97!03511-5#

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

This paper details the motivations, procedures, and c
clusions of a set of recent2H(pW ,g)3He and1H(dW ,g)3He ex-
periments at low energies (Ec.m.,53 keV!, and compares the
results with current theoretical work in three-body nucle
physics. The relationship to and possible impact on nuc
astrophysics is also discussed. Some results of our work h
already been published@1–3#, but here we provide a detaile
presentation of the acquisition and analysis of the data wh
is necessary to fully understand our results and justify
conclusions.

As discussed in Ref.@1#, these reactions are particular
interesting at low energies for two reasons: first, to all
testing of theoretical three-body work which has been d
below neutron production threshold and below the Coulo
barrier; and second, to explore issues related to nuclea
trophysics. We explore each of these topics in detail in
next two subsections. A discussion of experimental pro
dure and a presentation of results follows.

A. Three-body nuclear physics

Some specific aspects of three-body nuclear phy
which are of current interest include the treatment of C
lomb and meson-exchange current~MEC! effects. The first
exact treatment of the Coulomb effect in the three-body s
tem was done at thermal energies~essentially zero energy!
by Friar et al. in 1991 @4#, but this has recently been ex
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tended to finite energies@5#. In addition to the Coulomb in-
teraction there is the question of the accuracy with which t
explicit MEC’s can be treated in the currentNN potential
models. It has been known for years that calculations of
n-d capture cross section near zero energy are off by a fac
of about 2 if MEC effects are not included@6#. Similarly, the
2H(p,g) 3He and 1H(d,g) 3He reactions are sensitive to
MEC effects, especially at very low energies as discuss
below.

The diagram in Fig. 1 shows the four dominant couplin
~in the channel-spin scheme! which can be expected in the

r-

FIG. 1. Energy level diagram representing thep-d capture pro-
cess. Thep-d system, withEc.m.,53 keV, captures into a3He
continuum state (Ex;Ec.m.1Q) which then decays by gamma
emission. The four dominant TME’s are shown by the quantu
numberss, l , andJ.
2565 © 1997 The American Physical Society
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2566 56G. J. SCHMIDet al.
2H(p,g) 3He reaction at low energies once we decomp
the electromagnetic operator into multipoles. Since the3He
ground state is positive parity, we see that thes-wave (l 50!
continuum states decay viaM1 or E2 radiation while the
p-wave (l 51! continuum states decay viaE1 radiation. At
the low energies of the current experiment we expects-wave
M1 andp-waveE1 radiation to dominate.

The presence of a substantial amount ofM1 radiation is
responsible for the MEC sensitivity. Due to Siegert’s the
rem, the electric multipoles can be handled without expl
reference to meson-exchange currents. However, this is
true for the magnetic multipoles, and hence a calculation
the M1 strength requires explicit reference to the MEC
fects. TheM1 operator can be written as a combination
MEC and impulse approximation~IA ! components@6,7#.
Typically, the IA part is much larger than the MEC part~e.g.,
in n-p capture! and hence the MEC sensitivity is lost. Inn-
d andp-d capture, however, the IA part is greatly suppress
because the symmetricS state, the dominant part of the3H
and 3He ground states, is an eigenfunction of the IA M
operator@8,9#. This leads to the supposition that at low e
ergies the2H(p,g) 3He reaction should proceed largely b
MEC drivenM1 ~since the associated two-body current o
erators do connect the dominantS-state components! and
hence should be a good place to test our theoretical un
standing of the treatment of MEC effects. Since a set
three-body calculations which include MEC as well
D-isobar effects have recently been completed at these
energies@2#, we see immediately the usefulness of an ac
rate 2H(p,g) 3He and1H(d,g) 3He data set.

The arguments given for studying MEC effects v
2H(p,g) 3He hold equally well for2H(n,g) 3H. In fact, the
absence of both Coulomb effects andE1 radiation have re-
sulted in more theoretical studies being devoted to
2H(n,g) 3H reaction than2H(p,g) 3He. One advantage of th
2H(p,g) 3He system, however, is that the presence ofp
waves atE50, a result of the Coulomb interaction, leads
analyzing power effects which are absent in then-d system.
For energies slightly aboveE50 we can measure polariza
tion observables in2H(pW ,g) 3He and1H(dW ,g) 3He and expect
large effects.

B. Nuclear astrophysics

The 2H(p,g) 3He reaction plays an important role i
nuclear astrophysics, both in stellar and protostellar evo
tion. In stellar evolution, the2H(p,g) 3He reaction forms the
second step in the proton-proton chain@10#, which is the
sequence of nuclear reactions which fuels low to medi
mass stars like our sun. The temperature of the sun’s co
about 15 million K, which corresponds to a center-of-ma
energy of about 1 keV. Although the2H(p,g) 3He reaction is
prominently featured as the second step on the proton-pr
chain, it is important to note that it follows a weak intera
tion (p-p fusion! in the sequence. This effectively bottle
necks thep-d capture process, and thus ensures that exp
mental knowledge of thep-d capture rate is essentiall
unimportant for calculations dealing with energy generat
in the sun. As pointed out in Ref.@1#, this indicates that the
generation of solar neutrinos~especially in thep- 7Be capture
process which follows thep-d anda- 3He capture steps! will
e
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be unaffected by deuterium burning, and hence the ‘‘so
neutrino problem’’@10# will not be affected by studying so
lar p-d capture.

Although thep-d reaction rate is unimportant for typica
stellar evolution calculations, it turns out to be very impo
tant for calculations dealing with protostellar evolution. A
discussed by Stahler@11#, the 2H(p,g) 3He reaction is the
first nuclear reaction to ignite in a developing protostar~at a
temperature of about 1 million K, orEc.m. about 0.1 keV!.
The deuterium that is burned in this case is primordial d
terium~deuterium created in the Big Bang! instead of weakly
generatedp-p deuterium. This freedom from thep-p bottle-
neck allowsp-d fusion to exert a strong influence on prot
stellar development. The specific effect of thep-d burning is
to cause the protostar to expand as it accretes mass,
thereby maintain a constant temperature in the core~the
‘‘thermostat effect’’!. This leads to observable effects on th
protostellar development as discussed in@11#.

C. Astrophysical S factor

At the low energies of astrophysical interest, charged p
ticle cross sections are greatly inhibited by the Coulomb b
rier, which causes them to fall exponentially with decreas
beam energy. This yields low experimental count rates wh
often make it necessary to measure the cross section at s
what higher energies, and then to extrapolate the res
downward. This extrapolation procedure involves parame
izing the cross section at low energies in terms of kno
energy dependencies, namely Coulomb barrier penetra
and ‘‘geometrical’’ cross section effects. The remaining e
ergy dependence, the so-called ‘‘astrophysicalS factor,’’
varies only slowly with energy and is, one hopes, easie
extrapolate than the cross section. The cross section is
fined in terms of theS factor,S(Ec.m.), as follows@10#:

s~Ec.m.!5
S~Ec.m.!e

22ph

Ec.m.
, ~1!

whereh is the Sommerfeld parameter. For thep-d capture
process,h is related to the center-of-mass energy as follow

2ph5
25.639

Ec.m.
, ~2!

whereEc.m. is in keV.

D. Previousd„p,g…

3He work

In the very low energy region of interest, the only prev
ous 2H(p,g) 3He data taken is that of Griffithset al. @12#. At
slightly higher energies, the data set of Baileyet al. @13# also
exists. Figure 2 shows theS-factor results of Griffithset al.,
where the open points represent the actual data and
dashed line represents a theoretical energy dependence~the
direct capture model! normalized to the data. From the stan
point of protostellar evolution, we are interested in t
2H(p,g) 3He reaction rate at energies less than 1 keV, a
thus the extrapolation via the dashed line takes on consi
able importance. The key thing to note from Fig. 2 is that
energy dependence is not experimentally determined.
though the data points could be said to be consistent with
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56 2567THE 2H(pW ,g)3He AND 1H(dW ,g)3He REACTIONS BELOW . . .
dashed line, they certainly do not uniquely define such a l
Better experimental confirmation of this energy depende
would be desirable, and this constitutes one of the mot
tions for the current2H(p,g) 3He study.

E. Goals of the current d„p,g…

3He and p„d,g…

3He studies

One of the goals of the current2H(p,g) 3He study was to
measure the absolute value of theS factor ~or equivalently,
the cross section! in the low energy region (Ec.m.,53 keV,
or, in the lab frame,Ep,80 keV!. This information is valu-
able to theorists in both three-body physics and astrophys
as discussed above. In addition, we wanted to use pola
tion observables in order to extract detailed informat
about the amplitudes and phases of the contributingE1 and
M1 transition-matrix elements.

The advantages that the current experiment had ove
previous low energy2H(p,g) 3He experiments were the us
of a large high-purity germanium~HPGe! detector and the
use of a high intensity polarized proton beam. The resolu
of the HPGe detector, which is much better than that of
NaI~Tl! detectors used in previous experiments, provided
proved separation of background radiation. This supe
resolution also enabled us to extract the energy depend
of the 2H(p,g) 3He reaction directly from the thick targe
spectra~see Sec. III!. The polarized incident beams used
this experiment allowed us to measure the vector analyz
power,Ay(u,E), which is very sensitive toE1/M1 mixing.
By measuring this quantity we hoped to determine the re
tive roles ofE1 andM1 capture in the2H(p,g) 3He reaction
below Ep580 keV.

Other improvements that the current experiment m
upon the previous work were that significantly more d
were acquired~improving the counting statistics! along with
detailed angular distributions@the cross section was prev
ously @12# assumed to be of the forms(u)5sin2u1const#.
One final improvement that we introduced in the current
periment was that we measured theg-ray linear polarization,
Pg(u). Although this measurement has been previously d
for 2H(p,g) 3He at higher energies@14#, it had not been mea

FIG. 2. TheS-factor data of Ref.@12#. The dashed line repre
sents the energy dependence of a direct capture model which
been normalized to the data by an overall multiplicative consta
e.
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sured in the very low energy region of the present exper
ment.

II. EXPERIMENTAL METHODS

In this section we discuss the experimental technique
used to acquire data in the current2H(p,g) 3He and
1H(d,g) 3He experiment. This will include a discussion of
the physical setup itself, as well as the techniques used
process the signals, to create the D2O and H2O ice targets,
to integrate the beams, and to measure the HPGe detec
efficiency. Experimental details relative to measuring th
vector and tensor analyzing analyzing powers and to th
g-ray polarization will also be presented.

A. Physical setup

Figure 3 shows the experimental setup used in the curre
experiment. The technique used was to stop an 80 keV bea
~from an Atomic Beam Polarized Ion Source, ABPIS@15#!
of protons or deuterons in an ice target~D 2O or H2O, re-
spectively!. The idea of using ice targets was taken from th
work of Griffiths et al. @12#. The captureg rays, at energies
of approximately 5.5 MeV, were detected by a HPGe dete
tor that was anticoincidence shielded by a surroundin
NaI~Tl! annulus~which was segmented into four separate
quadrants!. Several inches of lead surrounded the setup o
all sides. The target chamber which held the target was co
structed of aluminum with walls 1.6 mm thick.

B. Signal processing

The raw signals from the HPGe detector were process
using an electronics setup detailed in Ref.@16#. Figure 4
shows the primary components of this setup. The raw HPG
signals were passed through a preamp and then fanned ou

as
. FIG. 3. The physical setup of the current2H(p,g)3He experi-
ment. The 80 keV proton beam is incident on a heavy water ic
target~which has been condensed upon a Cu disc inside the targ
chamber!. The p-d captureg rays are detected by an actively and
passively shielded HPGe crystal~shown here at a lab angle of 90°).
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2568 56G. J. SCHMIDet al.
a spectroscopy amplifier~‘‘Spec Amp’’! and a timing filter
amplifier ~TFA! as shown in Fig. 4. The Spec Amp allowe
shaping of the linear signal~6 ms shaping time! before it was
fed into the ADC. The TFA and subsequent constant fract
discriminator allowed amplification and discrimination of th
timing signal which eventually gated the ADC linear sign
The discriminator threshold was typically set at around 5
keV for the HPGe. Before being fed into the ADC, the tim
ing signal was passed through a gate and delay generat
create the proper signal shape, and proper signal w
~about 10ms!.

As can be seen in Fig. 4, the timing signal from the HP
was also fed into a time to amplitude converter~TAC! as the
‘‘start’’ signal. The stop signal was an ‘‘or’’ of the timing
signals from the four separate NaI~Tl! quadrants. The ran
dom coincidence~off TAC peak! rate was negligible for this
setup.

The electronics setup for one of the four NaI quadrant
shown in Fig. 4. Like the preprocessing for the HPGe det
tor, the Spec Amps shape the linear signals which were t
sent to the ADC. However, unlike the HPGe, the timi
signals do not gate the ADC, but instead were only used
the TAC input. The NaI~Tl! signals were actually gated int
the ADC by the HPGe timing signals@i.e., only coincidence
NaI~Tl! spectra were stored#.

The digitized ADC signals from the HPGe and th
NaI~Tl! were fed into a CAMAC crate controller which wa
in turn connected to a MicroVAX 3200 computer by mea
of a Microprogrammed Branch Driver~MBD!. The online
data acquisition system was the TUNL XSYS package@17#.
When polarized incident beams were used, an additiona
ries of electronic manipulations were done in order that

FIG. 4. A diagram showing part of the electronics set up for
current 2H(p,g)3He experiment. Only one NaI~Tl! segment is
shown here~the others being of similar form!.
n
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2H(p,g) 3He yields associated with different spin stat
would be routed properly to different spectra. Further deta
on the spin-flip electronics can be found in Ref.@16#.

C. Ice targets

For the case of the2H(p,g)3He experiment, the proton
beam passed through a tantalum collimator before hitting
heavy water ice target~Fig. 3!. The D2O ice target was made
by evaporation of heavy water~better than 99% pure! onto a
cooled copper disc located in the target chamber. Figur
shows the setup of the target chamber and dewar sys
Opening the hand valves exposed the flask containing he
water to the low vapor pressure of the target chamber. T
caused the D2O water in the flask to boil, forming a vapo
which passed through the nozzle shown and into the ta
chamber. The target, a copper disc 1.6 mm thick, was kep
contact with a large liquid nitrogen reservoir via a thick co
per cold finger. The copper disc maintained a temperatur
approximately 80 K causing the D2O vapor to condense in
ice form on the surface. In this manner, D2O ice targets of
about 0.5 mm in thickness could be fabricated~over the
course of about 15 min of deposition!.

The purity of the ice target could be gauged over t
course of an experiment by monitoring the2H(p,g) 3He
count rate in the HPGe. If impurities built up on the surfa
~e.g., carbon!, a gradual decrease in the count rate would
expected. No such decreases were observed. The dura
of these ice targets was quite good. Under 30mA of proton

e

FIG. 5. The target chamber and dewar set up for the cur
experiment. The D2O ice target was maintained at liquid nitroge
temperatures by means of the copper cold finger which was in c
tact with an LN2 reservoir.
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56 2569THE 2H(pW ,g)3He AND 1H(dW ,g)3He REACTIONS BELOW . . .
bombardment, the2H(p,g) 3He count rate in the HPGe
would hold steady for several days~on average!, before rap-
idly dying off. This rapid deterioration was due to comple
vaporization of the D2O ice target, at which point a new
layer would be deposited.

The physical setup for the the1H(d,g) 3He experiment
was the same as for the2H(p,g) 3He runs, except that the
beam was composed of deuterons and the liquid evapor
onto the cooled copper disk was distilled H2O. The initial
target deposition time was 15 min, as in the case of the D2O
target. The constant bombardment of deuterons, howe
caused a steady increase in the2H(d,n) yield and created a
background which competed with the 5.5 MeVg ray of in-
terest. To limit this background layers of H2O were depos-
ited approximately every six hours.

D. Integrating the beam current

In order to know how many protons were incident on t
target it was necessary to integrate the charge deposite
the ice targets. Two potential problems with beam curr
integration are the following: electrons can be knocked
of the target by the incident beam, and thus create a cur
reading which is artificially high~for positive incident
beam!; or electrons can be knocked off the beam-pipe
stream and impinge on the target, creating a current rea
which is artificially low. The latter problem was address
by biasing the upstream collimator to190 V. A test under-
taken to address the former problem showed that the i
grated current on the ice target was independent of app
target bias~ranging from 0 to 300 V!. This result indicates
that secondary electrons are not being emitted from the
target, in agreement with the previous experimental result
Ref. @18#.

E. Stopping cross section

In order to calculate the reaction cross section, we a
need to obtain the deuterium areal density,D, which is de-
pendent on the stopping cross section,STP(E), for protons
on D2O ice. The stopping cross section is related toD as
follows:

dD5
2~dE!

STP~E!
, ~3!

wheredD is the differential deuterium areal density, anddE
is the differential energy width of the incident beam. To fi
the deuterium areal density,D, for the rangeE58020 keV,
we integrate Eq.~3! over this range. The factor of two in Eq
~3! comes from the fact that there are two deuterium nu
for each D2O molecule.

The stopping cross section for protons on D2O ice is
known from measurements by Wenzelet al. @19# and Whal-
ing et al. @20#. Figure 6 shows, by the solid and open poin
the results of these measurements. The solid line is an
pirical fit to the data using the form derived by Anderson a
Ziegler @21#:

Ep,10keV:
1

STP~Ep!
5

1

C1AEp

, ~4a!
ted

er,

on
t
t
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-
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e
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,
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Ep.10keV:
1

STP~Ep!
5

1

C2Ep
0.45

1
1

~C3 /Ep!ln~11C4 /Ep1C5 /Ep!
. ~4b!

The empirical form of Eq.~4! was derived by taking into
account both theoretical considerations~concerning elec-
tronic stopping! and experimental considerations~i.e., fits to
all stopping cross section data acquired as of 1977!. A con-
straint was applied to the constants so as to provide cont
ity at 10 keV. The extracted constants areC154.174, C2
54.733,C353405,C45594, andC550.0084.

The experiment of Griffithset al. @12#, discussed in Sec
I D, usedSTP(E) values for protons on H2O vapor instead
of D 2O ice ~which was their actual target!. Their assumption
was that the two values should be the same. However,
values for H2O vapor and D2O ice are expected to be dif
ferent based on the now established ‘‘physical state effe
@22,23#. The theoretical basis for the physical state effe
@24,25# is that electrons are more tightly bound in the i
phase than they are in the vapor phase, making the stop
cross section smaller in the ice phase. This indicates tha
STP(E) values of Griffiths were high by 10–15 %, and thu
based on Eqs.~3! and ~5!, we see that their cross section
~andS factors! will also be high by 10–15 %.

F. HPGe efficiency curve

The acquisition of an efficiency curve for the curre
HPGe detector was thoroughly discussed in a recent ar
@3#, and the interested reader is referred there for all
details. To summarize, the efficiency value used in Ref.@1# is
too high, and thus theS-factor data presented there is to
low. Whereas the value of theS factor obtained in Ref.@1#
was about 50% lower than the value of Griffithset al. @12#,
the corrected value is about 35% lower than that of Ref.@12#.
The correct efficiency value, used in the calculations of Re
@2,3#, is e50.09560.006, wheree is the intrinsic photopeak
efficiency of the HPGe detector at 5.5 MeV, and the er
includes both statistical and systematic contributions.

FIG. 6. The stopping cross section data of Refs.@19,20#, for
protons on D2O ice, shown along with an empirical fit.
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G. Cross section

Based on the above quantities, the differential react
cross section for2H(p,g) 3He can be written in terms of th
acquiredg-ray photopeak yieldY(u,Ep) ~where u is the
laboratory angle of the detector andEp represents the beam
energy! as follows:

s~u,E!5
Y~u,Ep!

„D~Ep!…~edV!~P!
, ~5!

where D(Ep) is the deuterium areal density of the targ
edV is the intrinsic photopeak efficiency times solid ang
~in steradians! of the HPGe detector, andP is the number of
protons incident on the target~obtained from the beam cur
rent integration!.

H. Systematic error in the cross section

The total error on the measured cross section will h
two components: a statistical component, based solely
counting statistics; and a systematic component based o
timated errors in the procedural techniques. The prim
components of the systematic error are the error in the b
current integration, the error in the efficiency measurem
and the error in the stopping cross section curve. To get
total systematic error, we added each of these compo
errors in quadrature. To obtain the total error on the abso
cross section~or S factor!, we then add the statistical an
systematic errors in quadrature.

The error on the beam current integration is estimate
1%. This is due to the fact that secondary electron emiss
is not thought to be a problem, and that the beam cur
integrator is known to be accurate to better than 1%. T
error on the efficiency measurement at 5.5 MeV is estima
to be 6% based on counting statistics, uncertainties in
strengths of the absolutely calibrated sources, and error
the fitting and extrapolation procedure~see Ref.@3#!. The
error in the stopping cross section curve is taken to be
which is the accuracy of the stopping cross section data
Refs.@19,20#. Combined in quadrature, these component
rors indicate a total systematic error of 9%.

I. Vector analyzing power

The measurement of the2H(pW ,g) 3He vector analyzing
power,Ay(u,E), was performed using the polarized proto
beam from the ABPIS. The polarization state of the incid
proton beam was flipped~at 10 Hz! between two polarization
states: the ‘‘1’’ state along the proton spin quantization ax
and the ‘‘2 ’’ state in the opposite direction. The spin qua
tization axis was aligned perpendicular to the reaction pl
using a Wien filter. The Madison convention@26# defines the
positivey axis ask̂in3 k̂out, wherek̂in is the direction of the
incident proton beam andk̂out is the direction of the outgoing
g ray. For the case of a detector on the left side of the be
line, the spin quantization axis corresponds to the1y direc-
tion. Based on the formalism presented in@28#, the vector
analyzing power may be defined as

Ay~u,E!5
Y1~u,E!2Y2~u,E!

upy
1uY2~u,E!1upy

2uY1~u,E!
, ~6!
n

,

e
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e
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,
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m

whereY1 andY2 denote theg-ray yields for the ‘‘1’’ and
‘‘ 2 ’’ states, respectively, andpy

1 andpy
2 denote the percen

polarizations of the proton spin states. Polarizations of 7
were typically obtained. The values ofpy

1 andpy
2 were mea-

sured using a12C(p,p)12C polarimeter atEp56.18 MeV
@27#.

The primary advantage associated with measuring
vector analyzing power is that it depends only on the ratio
yields, not on the absolute magnitude of the yields the
selves. This means that the extraction of the energy dep
dence ofAy , unlike the cross section, does not require a
knowledge of the stopping powers. The flipping of the sp
state every tenth of a second ensured similar experime
conditions for each spin state. As a result,Ay can be ex-
pected to be independent of the systematic errors which
often present in cross section measurements.

J. Tensor analyzing powerT20

The measurement of the1H(dW ,g) 3He tensor analyzing
power T20(u) was performed with a tensor polarized de
teron beam from the ABPIS. The beam was fast spin-flipp
between two spin states having different magnetic subs
populations. We use the formalism of the Madison Conv
tion @26# to describe these differing states in terms of t
polarizationpzz. The states used were the ‘‘1’’ state, with
~theoretical maximum! pzz

1511, and the ‘‘2 ’’ state, with
pzz

2521. The quantization axis for both states was align

with a Wien filter to be along thek̂in direction ~and thus
differs from the previous section!. Typical values forpzz

6

were60.87. Based on the formalism presented in Ref.@28#,
the tensor analyzing powerT20 can be defined as

T20~u!5A2
Y1~u!2Y2~u!

upzz
1uY2~u!1upzz

2uY1~u!
, ~7!

whereY2 is the g-ray yield associated with the ‘‘2 ’’ spin
state, andY1 is associated with the ‘‘1’’ spin state.

The tensor analyzing powerT20 is independent of the ab
solute magnitude of the yields for a given spin state. T
fact, coupled with the fast spin-flip technique employed
the (dW ,g) study, makes this observable, as withAy , indepen-
dent of many systematic errors.

K. g-ray polarization measurement

The g-ray polarizationPg(u) for the 2H(p,g) 3He reac-
tion was measured previously by Wilkinson@14# at an en-
ergy Ep51.1 MeV. He found that the captureg rays were
completely plane polarized at 90° with respect to the be
axis @Pg(90°)51#, which is consistent with pure electri
dipole radiation. In the current experiment,Pg(u) was mea-
sured in the energy regionEp58020 keV. Theg-ray polar-
ization in this regime would be expected to be different fro
Wilkinson’s measurement in the sense that the radiation is
longer pure electric dipole in nature, but now has a sign
cant contribution from magnetic dipole transitions. The
fore, a measuredPg(u) of less than one would now be ex
pected at these energies.
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The technique used to measure theg-ray polarization in
the current experiment was to operate the quadrated NaI~Tl!
annulus, which surrounded the HPGe detector, as a Comp
polarimeter. Figure 7 shows the HPGe and NaI~Tl! annulus
from a front view ~the captureg rays are incident into the
page!. Sinceg rays are Compton scattered preferentially in
direction perpendicular to their electric vectors~as predicted
by the Klein-Nishina formula!, it is possible to determine the
g-ray polarization by measuring a left-right up-down asym
metry in the NaI~Tl! segments. In particular,Pg(u) is deter-
mined in terms of this measured asymmetry,A(u), as fol-
lows:

Pg~u!5
A~u!

S
, ~8!

whereS is the polarization sensitivity of the Compton pola
imeter at 5.5 MeV. The polarization sensitivity is a quanti
which depends upon both detector geometry and ene
thresholds used, and its measurement will be discussed in
next section. Looking at Fig. 7, if we defineNV to be the
number of detected Compton-scattered events in detecto
and 3, andNH to be the number of detected Compton
scattered events in detectors 2 and 4, the measured asym
try A(u) ~for a given HPGe detector angleu) is

A~u!5
NV2NH

NV1NH
. ~9!

The quantitiesNV and NH were measured by looking a
events in the individual NaI~Tl! segments which were in co
incidence with an event in the HPGe. To reduce the ba
ground coincidences@produced primarily by Compton scat
tered g rays from sources other than2H(p,g) 3He], a
summed energy criteria was applied between the HPGe
NaI~Tl! signals whereby the total energy was required to s

FIG. 7. A view of the HPGe and quadrated NaI~Tl! annulus as
seen from the front. The horizontal line is the reaction plane view
edge on. Linearly polarizedg rays hitting the HPGe will result in an
up-down left-right asymmetry in the Compton scattering.
on
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to 5.5 MeV. Since a 5.5 MeVg ray cannot deposit more tha
5.26 MeV in the HPGe in a single scattering~via energy and
momentum conservation!, the threshold in the NaI~Tl! was
set at 240 keV. Once implemented, the summed energy
teria eliminated coincident contributions from backgrou
sources like potassium-40~1.46 MeV! and radiothorium
~2.62 MeV!. In order to eliminate any possible countin
asymmetries caused by differences in the four NaI~Tl! seg-
ments, the annulus was periodically rotated by 90° after a
number of runs. The final quoted asymmetries were ca
lated by takingNV andNH to be a weighted average of th
yields acquired from each of the four segments when rota
to the appropriate position.

L. Measurement of theg-ray polarization sensitivity, S

In order to measure the2H(p,g) 3He g-ray linear polar-
ization Pg(u) it was necessary to determine the polarizati
sensitivity,S, for the Compton polarimeter atEg55.5 MeV.
The technique used to obtainS at this energy was to actuall
measure its value at somewhat lower energies and then
trapolate the value upwards to 5.5 MeV. The value ofS was
actually measured at the energies ofEg51.78 and 4.43 MeV
where it is possible to obtaing rays of known polarization
from other nuclear reactions. In particular, th
28Si(p,p8g)28Si reaction atEp53.1 MeV @29# was used to
obtain ag ray of Eg51.78 MeV and the12C(p,p8g)12C
reaction atEp55.37 MeV@29# was used to obtain ag ray at
Eg54.43 MeV.

Rather than rely on previous measurements of theg-ray
polarization for these reactions, we independently de
mined theg-ray polarization atu lab590° by performing de-
tailed measurements of the angular distributions. As d
cussed in Ref.@30#, the polarization at 90°, for pureE2
radiation, is related to the reduced Legendre coefficientsa2
5A2 /A0 anda45A4 /A0 as follows:

Pg~90°!5
~3/2!a21~5/8!a4

12~1/2!a21~3/8!a4
. ~10!

The angular distributions that we measured for t
28Si(p,p8g)28Si and 12C(p,p8g)12C reactions are shown in
Fig. 8. The solid lines are Legendre fits to the data. T
extracted coefficients are shown in Table I, along with t
resulting polarizations as calculated using Eq.~10! @with sys-
tematic error included in the error bars forPg(90°)#. Table I
also shows the experimental asymmetries which were m
sured with theseg rays at a laboratory angle of 90°. Th
polarization sensitivity for the energy in question was th
calculated using Eq.~8!, and the result is shown in the las
row of Table I.

An energy dependence for the polarization sensitiv
function can be obtained from the Klein-Nishina formula
the point-detector approximation, and is given by@16#

S~Eg!5
C

Eg/0.51110.511/~0.5111Eg!
, ~11!

whereC is a normalization constant andEg is in MeV. Fit-
ting the form of Eq.~11! to the measured polarization sens
tivity data points~by minimizing thex2) yielded a value of
C50.36560.019.

d



ith
re

ow
th
-
ou

to

at
er

ig.

rgy
rst
mps

y
-.

ffi

ts at

e

.
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Figure 9 shows the polarization sensitivity data along w
the fitted curve. The goodness of the fit indicates a cor
assumption for the form of Eq.~11!. From this curve, the
extractedS value at 5.5 MeV isS~5.5 MeV!50.03460.0034,
where systematic error is included in the error bar. The l
polarization sensitivity of the current setup results from
large geometry of the NaI~Tl! annulus quadrants which, be
ing far from the ideal point geometry case, tend to wash
the desired sensitivity.

III. DATA ANALYSIS

A. Raw HPGe spectra

Figure 10~a! shows the full response of the HPGe detec

FIG. 8. The angular distributions measured for the28Si(p,p8g)
and 12C(p,p8g) reactions atEp53.1 and 5.37 MeV, respectively
The solid lines are Legendre polynomial fits using the even coe
cients. These fits were used to deduce the expectedg-ray polariza-
tion at 90°.

TABLE I. Results of the polarization sensitivity measurement

28Si(p,p8g) 12C(p,p8g)

Eg 1.78 MeV 4.43 MeV
a2 0.51360.008 0.49260.013
a4 0.13860.011 20.23960.015
Pg(90) 1.0760.08 0.8860.04
A(90) 0.10760.002 0.03660.002
S(Eg) 0.10060.008 0.04160.003
ct

e

t

r

to 5.5 MeV incidentg rays. This spectrum was acquired
u lab590° over the course of approximately 5 days. Oth
spectra such as this were acquired at seven other angles~us-
ing both polarized and unpolarized beams!. To better show
the details of the full response, the spectrum, shown in F
10~a!, was not subject to anticoincidence with the NaI~Tl!
shield. The large peak at 5.5 MeV represents full ene
absorption, while the peaks at 5.0 and 4.5 MeV are the fi
and second escape peaks, respectively. The shallow bu
between these peaks represent Compton scattering.

Figure 10~b! shows an expanded view of the full energ
peak shown in Fig. 10~a!. To show the reduction in back
-

FIG. 9. The polarization sensitivity of the current HPGe-NaI~Tl!
setup when operated as a Compton polarimeter. The two poin
1.78 and 4.43 MeV were measured using theg rays from the28Si
(p,p8g) and 12C(p,p8g) reactions. The solid line is a fit using th
formula for point-detector geometry.

FIG. 10. A HPGe spectrum for2H(p,g)3He taken at a lab angle
of 90°. The full detector response@not anticoincidenced with the
NaI~Tl! annulus# is shown in ~a!, while the spectrum in~b! is a
blowup of the full energy peak~with the anticoincidence condition
applied!.
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ground that can be achieved, Fig. 10~b! shows the HPGe
spectrum in anticoincidence with the NaI~Tl! shield. Al-
though the intrinsic resolution of the HPGe at 5.5 MeV is 4
keV, the peak in Fig. 10~b! is seen to be about 50 keV wide
This width arises due to the fact that we are stopping an
keV proton beam in the target, and thus the range of incid
proton energies produces a range of outgoingg-ray energies.

B. The binning analysis

Since the intrinsic resolution of the HPGe at 5.5 MeV
4.2 keV ~see Sec. III C!, a simple binning of the full energy
peak would seem an appropriate technique for obtaining
energy dependence of the2H(p,g) 3He cross section. Figure
11 shows the full energy peak binned into regions of eq
laboratory beam energies. The first bin encompasses th
gion Ep510–20 keV, and the secondEp520–30 keV, and
so on up toEp570–80 keV. These seven bins are hencefo
identified by their center-of-bin beam energy,Ēp ~i.e., the
top bin hasĒp575 keV!. The energy calibration of this spec
trum is obtained as follows: known background peaks wh
are present in the HPGe spectrum~potassium-40 and radio
thorium! gave the keV per channel to within 0.5%~at 5.5
MeV!, while the absolute energy scale was determined
knowing that the middle of the slope of the right-hand side
the 2H(p,g) 3He full energy peak was equal to 5.54 Me
~the g-ray energy corresponding to the highest proton
ergy!. Using this technique, we estimate that the energy s
in the vicinity of 5.5 MeV was accurate to within61 keV.

By acquiringg-ray yields for the seven bins in questio
~using both polarized and unpolarized beams!, the s(u),
S(u), and Ay(u) observables could be calculated for ea
energy region. In order to calculate the cross section fo
given bin, it was also necessary to integrate the deuter
areal density over the range of energies present~e.g., for the
top bin, the deuterium areal density was 831017

deuterons/cm2). Cosmic background radiation was a
counted for by monitoring an energy window just above
full energy peak, and then subtracting out the appropr
number of counts/channel.

Another background component considered was the lo
low energy tail associated with the response function of
full energy peak. For our thick target yield, tails from the fu
range of beam energies combine to produce an energy

FIG. 11. The full energy peak of Fig. 10~b! showing the location
of the seven energy bins.
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pendent background. To account for this the HPGe intrin
response function was modeled~see Sec. III C! and the ef-
fects of the low energy tailing were subtracted from each
~details appear in Ref.@16#!. The effects of the primary par
of the HPGe intrinsic response function were neglected
the binning analysis since it was assumed that the Gaus
intrinsic response acted simply like a smoothing function
the raw spectra. The one exception to this rule was the
bin, where the size of the bin was widened in order to e
compass the2H(p,g) 3He strength ‘‘folded out’’ by the re-
sponse function. This type of ‘‘edge effect’’ should not b
present for any of the other bins.

C. The deconvolution analysis

The goal of the deconvolution analysis was to remove
effect of the HPGe detector response and the effects of
changing deuterium areal density from the raw spectra
order to view directly the energy dependence of t
2H(p,g) 3He S factor. The method used to perform this ‘‘de
convolution’’ of the raw spectra was that of a convolution fi
The steps of this procedure were as follows.

~1! Derive a functional form for the energy dependence
the 2H(p,g) 3He yield in terms of the deuterium areal dens
and a parameterized form of theS factor.

~2! Derive a functional form for the HPGe response fun
tion at Eg55.5 MeV.

~3! Convolute the yield function and HPGe response fu
tion together, and then fit the resulting curve directly to t
raw spectra. This will determine the parameters in the yi
function, and will give us a functional form for the
2H(p,g) 3He S factor.

The first step of this procedure used Eqs.~5! and ~3! to
define the2H(p,g) 3He yield in terms of the cross section
and then used Eq.~1! to express the cross section in terms
the S factor. In order to parametrize this function, a line
energy dependence was assumed for the differentialS factor:
S(u,Ec.m.)5S0(u)1S1(u)Ec.m.. This form is a reasonable
assumption based on the results of many low energy cap
experiments@10#. Using the linearS-factor assumption, we
obtain the following form for the differential2H(p,g) 3He
yield:

Y~u,Ep!5
S0~u!1Ec.m.S1~u!

Ec.m.
e22ph@D~Ep!#~P!~edV!,

~12!

whereEc.m.5(2/3)Ep , andS0(u) andS1(u) are the param-
eters to be determined.

The second step of the deconvolution procedure was
derive a functional form for the total HPGe response fun
tion. The total HPGe response function is actually a con
lution of two component response functions: an intrinsic
sponse function due to the interaction of a monoenergetig
ray with the HPGe crystal; and a so-called ‘‘kinematic’’ r
sponse function which arises as a result of the finite geo
etry of the experimental setup~g rays emitted at different
angles have different energies!. The intrinsic full energy
peak response function of the HPGe was studied usin
66Ga source @created in the lab by means of th
63Cu(a,n)66Ga reaction atEa518 MeV#. By means of the
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66Ga~b11EC!66Zn decay, excited states in66Zn are popu-
lated, and these statesg decay producingg rays ranging from
0.83 to 4.81 MeV. To determine the energy dependence
the intrinsic monoenergetic response function, measu
peaks from this source were fit to a parametrized form co
posed of the following components: a primary Gaussian
skewed Gaussian, and a smoothed step function~which is the
low energy ‘‘tail’’ previously mentioned!. The extracted pa-
rameters were then extrapolated to 5.5 MeV.

The kinematic response function was obtained by me
of a Monte Carlo simulation~the EGS4 code from Stanford
@31#!. By simulating the target-detector geometry of the a
tual experiment,g rays were launched isotropically from
point source, and theu dependence of the response functio
was noted. The ‘‘kinematic’’ response function was creat
by transforming thisu dependence into anEg dependence
using kinematic relationships. Figure 12 shows, by t
dashed line, the normalized intrinsic response function of
HPGe at 5.5 MeV. The solid line represents the total HP
response function, which is a convolution of the intrinsic a
kinematic parts. We conclude from this figure that the intri
sic response function dominates the total response.

The final step of the deconvolution procedure is to co
volute the total HPGe response function and the para
etrized yield function, and then fit this composite functio
directly to the raw spectra. The processor used to fit
spectra was theMINUIT x2 minimization package@32#. Fig-
ure 10~b! shows the full energy peak along with a convolu
tion fit ~solid line!. The fit is excellent, and has ax2/n of 1.0.
TheS0(u) andS1(u) parameters and the differentialS factor
S(Ec.m.,u) were determined by performing fits like this t
the spectra at every angleu. The total angle integratedS
factor is then

S~Ec.m.!5E S0~u!dV1Ec.m.E S1~u!dV5S081Ec.m.S18 .

~13!

FIG. 12. The intrinsic response of the HPGe detector at
MeV, as obtained by measuringg rays from the66Ga decay, is
shown by the dashed line. The solid line represents the convolu
of this intrinsic response function with the calculated kinema
response function~as derived, in this case, forEp580 keV!.
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In Fig. 13, the deconvolution result for the total2H(p,g)3He
S factor is shown by the solid line, whereS(Ec.m.)5S0
1Ec.m.S1. The parameters for this curve areS050.166
60.005 eV b andS150.007160.0004 eV b keV21, where
the quoted errors are statistical only. The solid data po
are the results from the binning analysis based onsT
54pA0, with A0 from the Legendre fit procedure. The sy
tematic error of 9%~see Sec. II H! is included in these data
points in order to show the total uncertainty involved. T
solid line and data points agree well with each other. N
that these data points and curve are equivalent to those
sented in Refs.@2,3# but not in Ref.@1#, where an efficiency
error caused an overall shift~see discussion in Refs.@2,3#!.
The open data points and dashed line are the previous re
of Ref. @12#.

The difference in absolute scale between the data po
of Ref. @12# and the current data points is due primarily
the different stopping powers used~as discussed in Sec. II F!.
Furthermore, as is clear from the figure, the current d
unambiguously define a slope for the S factor. Based on
solid line, the currently extractedS factor at zero energy is
0.166 6 0.014 eV b, which is about 35% lower than th
value derived by the Griffiths extrapolation~via the dashed
line, which is a direct capture calculation normalized to th
data!. Furthermore, the energy dependence currently
tracted via the solid line is somewhat different than the
ergy dependence predicted by the direct capture calcula
of Griffiths et al. For example, if the calculation of Griffiths
et al. is normalized to the current data point atĒp545 keV,
the result is a linearS-factor curve with parametersS0
50.21 andS150.0065. Clearly, theS(0) value derived in
this manner overpredicts the currently extracted value by
proximately 25%.

Figure 14 shows the vector analyzing power atu lab
590° as a function of energy. The solid line is the deconv
lution result while the data points are from the binning ana

5

n
FIG. 13. The currentS-factor results, as shown by the solid da

points ~binned data! and solid line~deconvolution analysis!, are
compared with the previous results of Griffithset al., as shown by
the open data points and dashed line. A systematic error of 9%
included in each of the solid data points to indicate the total unc
tainty of the measurements.
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sis. The increasing importance ofM1 radiation at low ener-
gies is apparent here.

D. Legendre fit

A fit to Legendre and associated Legendre polynom
was performed on the acquireds(u) andAy(u) binned data
at each energy. TheT20(u), obtained from the1H(dW ,g)3He
reaction measurements, were not binned, but were fitted
ing the entire energy averaged data set. In particular, the
were fit as follows:

s~u!5 (
k50

n

QkAkPk~cosu!,

~14!

s~u!Ay~u!5 (
k51

n

QkBkPk
1~cosu!,

s~u!T20~u!5 (
k50

n

QkCkPk~cosu!,

where theQk are the finite geometry correction coefficien
@33#, Pk and Pk

1 are the Legendre and first associated Le
endre polynomials, respectively, and theAk , Bk , and Ck

FIG. 14. The vector analyzing power at 90° as a function
incident beam energy. The solid points are the results of the bin
analysis, while the solid line is the result of the deconvoluti
analysis.
ls
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coefficients are the parameters which were obtained from
fit to the data. It was found that satisfactory fits could
obtained in all cases ifn52. The normalized coefficients
@ak5Ak /A0 , bk5Bk /A0, and ~for the unbinnedT20 data!
ck5Ck /A0# are listed in Table II.

E. Transition-matrix element analysis

Thes(u) andAy(u) binned data were also subjected to
transition matrix element~TME! analysis. Although analyse
were attempted which used the fourE1 andM1 matrix ele-
ments listed in Fig. 1, the resulting seven free parame
~four amplitudes and three relative phases! yielded multiple
solutions. To determine a unique solution both the twoE1
matrix elements and the twoM1 matrix elements were con
strained to have equal amplitudes and phases. TheE1 con-
straint is equivalent to assuming a pure sin2u form for the
E1 angular distribution, while theM1 assumption is justified
on the basis of lack of sensitivity tos51/2 vs s53/2 M1
strength in the structure of the equations fors(u) andAy(u).
These constraints reduced the analysis to three free pa
eters: ans-waveM1 amplitude (S); a p-waveE1 amplitude
(P), and a relative phase (D). Using the formalism given in
Ref. @28#, the Legendre coefficients described above can
expanded in terms ofS, P, andD as follows:

A056P216S2,

A150,

A2526P2, ~15!

B15210~P!~S!sinD,

B250.

In this manner anE1 amplitude, anM1 amplitude, and a
relative phase were extracted for each set of binned d
Note that theB1 coefficient is dependent uponE1-M1 inter-
ference for its existence, and thus demonstrates the pote
power of theAy(u) observable in determining theM1 frac-
tion of the total cross section. The total cross section can
defined in terms of these parameters bysT54pA0
524p(P21S2). In addition, theM1 fraction of the total
cross section~the ‘‘M1%’’ ! can be determined as follows:

f
g

TABLE II. Results of the Legendre polynomial fit. Coefficients for the fits to the cross section (A0, a1, anda2) and vector analyzing
power (b1) are presented for each of seven 10 keV wide energy bins. Theck coefficients are for the energy-integrated data (Ed580-0 keV!.

Coeff. 15 keV 25 keV 35 keV 45 keV 55 keV 65 keV 75 keV

A0 ~nb! 0.58160.030 2.4560.067 5.8360.11 9.7760.15 14.060.18 17.760.27 20.160.27
a1 0.02760.120 0.06360.063 20.1260.04 20.1160.04 20.1060.03 20.05560.027 0.02460.026
a2 20.56060.112 20.7260.06 20.6060.04 20.6760.03 20.6960.03 20.7760.03 20.8660.02
b1 0.18560.081 0.22360.043 0.12260.027 0.10760.022 0.11560.018 0.1160.02 0.1360.02

c0 20.06660.013
c1 20.07860.014
c2 0.26260.027
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FIG. 15. The binned2H(pW ,g)3He data atEp515,25,35,45,55,65,75 keV. The dashed line is a Legendre fit while the solid line
simultaneous TME fit to both observables@see Eq.~15!#.
ata

he
tri-
M1%5
S2

S21P2
3100. ~16!

Figure 15 shows thes(u) andAy(u) data acquired from
the binning analysis. The results of a Legendre fit to the d
~dashed line! and a transition matrix element analysis~solid
line! are shown along with the binned data. Examining t
results from the seven bins, we notice that the angular dis
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TABLE III. Amplitudes and relative phases from the TME analysis.

15 keV 25 keV 35 keV 45 keV 55 keV 65 keV 75 keV

n 6 6 7 7 7 7 7
x2/n 0.27 0.55 2.21 2.19 2.94 1.47 1.77
P 0.1966 0.010 0.4456 0.010 0.7006 0.010 0.9476 0.010 1.146 0.01 1.326 0.01 1.446 0.01
S 0.1826 0.010 0.3256 0.010 0.4406 0.011 0.4996 0.012 0.5846 0.013 0.6026 0.013 0.6326 0.014
D 12.7 6 5.2 14.56 2.7 11.76 1.9 9.76 1.6 10.06 1.4 10.76 1.33 12.76 1.29
%M1 46.56 3.6 34.76 1.6 28.36 1.1 21.76 0.8 20.86 0.7 17.26 0.6 16.26 0.5
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butions become more isotropic as we go lower in ener
Since we expect thep-waveE1 to have a sin2u distribution
and thes-wave M1 to have an isotropic distribution, w
interpret this trend toward isotropy as indicating the incre
ing presence ofM1 at the lower energies. We also notic
from Fig. 15 that the transition matrix element fit does
fairly good job of representing the angular distribution ov
all energies measured. This indicates that the assumption
made in the TME analysis were reasonable. Furtherm
this validates the analysis done by Griffithset al. @12#, who
assumeds(u)5C1sin2u1C2, where C1 and C2 are con-
stants. This is the first time that this shape has been exp
mentally verified to a high degree of accuracy at these
energies.

The extracted Legendre coefficients as a function of
energy in terms ofa15A1 /A0 and a25A2 /A0, were pre-
sented in Table. II. TheA0 coefficient, being proportional to
the total cross section, falls rapidly due primarily to the Co
lomb barrier. Thea1 coefficient, representing the asymmet
in the angular distribution, is essentially consistent with ze
The b1 coefficient, which by Eq.~15! arises fromE1-M1
mixing, rises with decreasing energy and, as seen previo
in Fig. 14, indicates that an increasing amount of M1
present as the energy decreases. The b2 coefficient is consis-
tent with zero.

Table III shows the numerical results of the TME analy
for the binned2H(p,g) 3He, with separate rows for the num
ber of degrees of freedom (n), the chi-squared per degree
freedom (x2/n), the p-waveE1 amplitude (P), the s-wave
M1 amplitude (S), the relative phase (D), and theM1 frac-
tion of the total2H(p,g) 3He cross section~%M1). TheM1
fraction is plotted in Fig. 16 where we see that the %M1
clearly rises as the beam energy lowers, approaching 50
the lowest energies.

FIG. 16. TheM1 fraction of sT vs beam energy as extracte
from the TME analysis of the binned data.
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The deconvolution analysis performed separately for
data at each angle provided angular distributions of the c
section@or, equivalently, theS factor: S(u)# and analyzing
powers at zero energy. The results are shown in Fig.
along with the TME@using Eqs.~15!# and Legendre polyno-
mial ~see Sec. III D! fits to these data. The resulting TM
amplitudes and phases, as well as the Legendre polyno
coefficients are presented in Table IV~see also Fig. 17!. The
TME analysis indicates that 54% of the cross section aE
50 keV arises fromM1 radiatives-wave capture. These
results can also be used to determine theS factor atE50 due
to M1(Ss) andE1(Sp) radiation separately. The results a
Ss(E50)50.10960.010 eV b and Sp(E50)50.073
60.007 eV b, respectively.

A second TME analysis was performed simultaneously
the results~see Fig. 18! of all four polarization observable
for Ec.m.,27 keV. Unfortunately, the statistics acquired f
the T20 data were limited and prevented us from obtaini
the energy dependence of this observable. As a result,
fit was performed with respect to integrated yields ov
the center-of-mass energy range from 0 to 27 keV.
particular, the fit was performed on cross section d
from both the1H(d,g) 3He and2H(p,g) 3He reactions, vec-
tor analyzing power data from the2H(pW ,g) 3He reaction, ten-
sor analyzing powerT20 data from the1H(dW ,g) 3He reaction,
andg-ray polarization data from the2H(p,g) 3He reaction.

In order to combine the cross section data sets from b
the 2H(p,g) 3He and 1H(d,g) 3He reactions, the (p,g) for
Ep54020 keV, corresponding toEc.m.52720 keV and
Ed58020 keV, were extracted from the full (p,g) data set.
The cross section data for the1H(d,g) 3He reaction atEc.m.
,27 keV were then transformed usingup→1802ud and
treated as back angle data from the perspective of
2H(p,g)3He reaction. We also note that, due to insufficie
statistics, thePg data used in the fit were an integrated yie
over the center-of-mass energy range 0–54 keV.

In this second fitting procedure six TME’s were use
including the fourE1 andM1 terms described in Fig. 1 an
the twoE1 terms withs53/2, j 51/2,3/2. These terms wer
previously omitted since thes(u) and Ay(u) observables,
unlike T20(u), are insensitive to them. We obtainedT20 data
that extend from 0° to 150°, and consequently were able
determine the fore-aft asymmetry ofT20. The Legendre co-
efficient which quantifies this asymmetry is thec1 coeffi-
cient. This fore-aft asymmetry must arise from interferen
between radiations having opposite parity~in this caseE1
andM1) and between terms whoses ands8 triangulate to 2.
Since the dominantE1 term hass51/2, thes53/2 M1 term
will affect this asymmetry much more than thes51/2 M1
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TABLE IV. Results from the Legendre polynomial and TME fits to the zero-energy data of Fig. 17.
coefficients in this table include statistical error and errors from the deconvolution process.

a1 a2 b1 b2

0.09360.077 20.53760.081 0.25160.067 0.06160.040

n x2/n % E1 strength %M1 strength M1-E1 phase~deg!

6 1.04 46.163.8 53.963.9 21.763.6
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term. This should therefore allow us to determine the rela
strength of the two contributingM1 terms@s51/2 ~doublet!
vs. s53/2 ~quartet!#.

The best fit, shown in Fig. 18, had ax2/n51.57 and TME
amplitudes whose values are given in Table V. The Legen
coefficients of this fit have been listed in Table II. Thec1
coefficient, which quantifies the fore-aft asymmetry inT20,
appears to be the most sensitive to the distribution
strength between the doublet and quartetM1 terms. The re-
sults of the analysis indicate that the ratio of the intensi
for s53/2 tos51/2 is 1.356 0.69. This result can be com
pared to the theoretical prediction of Friaret al. @4#, which
gives a value of 0.6, or to the recent result of Vivianiet al.
@34# at 80 k eV, which gives 0.5 when MEC effects~two-
body currents! are included and 2.1 for the nucleons-on
calculation. Although the present result appears to be in
agreement with theory, the error is too large to claim a s

FIG. 17. The results of the deconvolution analysis at zero
ergy are presented here as data points. The solid line is a TM
while the dashed line is a Legendre fit.
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ous discrepancy. It is important, however, to point out th
sensitivity of this ratio to the detailed treatment of MEC’s i
the calculations. As stated earlier, the most directly det
mined experimental quantity which is sensitive to this is th
c1 coefficient obtained from the Legendre polynomial fit t
theT20(u) data. The experimentally determined value of th
coefficient obtained from this fit isc1520.07860.014,
which disagrees with the theoretical value from Ref.@34# of
c1520.0134.

F. Determination of the asymptoticD- to S-state ratio

The exceptionally low center-of-mass energies involve
in the present study of the1H(dW ,g) 3He reaction provide an
excellent opportunity to extract a value of the asymptoticD-
to S-state ratio,h, for 3He. This ratio describes the relative
strength of theD-state andS-state components of the bound
state wave function for3He. It has been shown@35# that the
low energy tensor analyzing powers are sensitive to this
tio. However, an extraction ofh by Vetterli et al. @36# from
1H(dW ,g) 3He atEd519.8 MeV found the result to be highly
dependent on the choice of bound state wave functions. S
cifically, Vetterli found that a significant portion of the reac
tion strength occurred in the region ofp-d separation less
than three fermis, showing that the approximation of the r
action taking place in the asymptotic region of the wav
function to be marginal at best.

At the currentEc.m.<27 keV, however, the approximation
that the reaction takes place in the asymptotic region of t

-
fit FIG. 18. Results of the simultaneous TME fit to all data wit
Ec.m.,27 keV. The solid line is the fit, which hasx2/n51.57.
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wave function does appear to be justified. Table VI sho
the contribution to the total cross section in one fermi b
from direct capture calculations performed atEd519.8 MeV
@37# and Ed580 keV. These calculations were perform
using realisticp1d wave functions obtained by Gibson an
Lehman @38# from a full three-body Faddeev calculatio
The table clearly shows that at 80 keV; 93% of the reac-
tion strength occurs beyond three fermis, compared with;
65% at 19.8 MeV.

The details of the extraction ofh are given in Ref.@39#.
In summary, however, ‘‘matched’’ bound state wave fun
tions for theS andD components of3He were constructed
from the asymptotic forms and the realistic wave functio
from Lehman and Gibson described above. Direct cap
calculations ofT20(90°) were performed as a function ofh,
which is essentially the choice of the relative strength
tween the overall normalizations of theD- andS-state com-
ponents of the bound state wave function. These results w
then compared with the measured data forT20 to obtain a
best-fit value forh of 20.039960.009120.0019

10.0012. The last er-
ror represents rough limits on the model dependence du
the choice of bound state wave functions inside of five f
mis.

The results of the present measurement agree well
other recent experimental and theoretical determination
h. Representative of recent experimental work, Ayeret al.

@40#, using a DWBA extraction ofh from (dW ,3He) reactions,
found h520.038660.004660.0012. On the theoretica
side, Friaret al. @41# performed full three-body Faddeev ca
culations including Coulomb effects using diverse mod
for the two- and three-bodyNN forces and foundh5
20.043060.001. The present measurement agrees within
ror with both these results~and others—see the summary
Ayer et al. @40#!. Again, the interested reader is referred
Ref. @39# for a detailed discussion of this determination ofh.

IV. SUMMARY OF RESULTS

The results of this study indicate a value for theS factor
of the 2H(p,g) 3He at zero energy ofS50.16660.014 eV b.

TABLE V. TME amplitudes and phases for the constrain
TME fit to data withEc.m.,27 keV.

TME Amplitude Phase

E12p2 0.57160.009 0.00060.000
E12p4 0.57160.009 0.00060.000
E14p2 0.23160.061 2100.966.1
E14p4 0.10560.035 92.066.4
M12s2 0.44360.088 248.268.82
M14s4 0.36360.056 29.064.53
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The error given here includes both statistical and system
components. This value was obtained assuming a linear
ergy dependence~justified on the basis of the excellent fit t
the measured energy dependence! given by S(Ec.m.)5S0
1Ec.m.S1, with Ec.m. in keV. The experimentally determine
values were S050.16660.005 eV b and S150.0071
60.0004 eV b keV21, where the errors are statistical onl
The deconvolution fit, when extrapolated to zero energy
ergy, indicates that the percentage ofM1 capture in the zero
cross section is 54%6 4%. This analysis also allows for
determination of thes-wave andp-wave parts of the tota
S-factor at zero energy. The results areSs(E50)50.109
60.010 eV b andSp(E50)50.07360.007 eV b. The de-
tailed results of the angular distribution measurements
both cross section and analyzing powers are best sum
rized in Tables II, III, IV, and V. Finally, the tensor analyz
ing powerT20(u), when combined with all other data from
this experiment, yield a value for the asymptoticD- to
S-state ratioh for 3He of h520.039960.009120.0019

10.0012.

V. CONCLUSIONS

A. Three body calculation

The comparison of the current data to recent three-b
theory has been discussed in Ref.@2# and the details of the
theoretical work have been presented in Ref.@34#. Figures 19

FIG. 19. TheS-factor data of the current experiment~solid
points and solid line! and previous experiment~open points! shown
along with the results of a rigorous three-body calculation~dashed
and dotted lines!. The dashed line includes meson exchange c
rents, while the dotted line does not. A systematic error of 9%
included in each of the solid data points to indicate the total unc
tainty of the measurements.
of

0

%

TABLE VI. Percentage ofs total calculated as a function ofp-d separation distance for realistic choice
3He wave function.

p-d separation~fm!

Ed ~MeV! 0.1–1.0 1.0–2.0 2.0–3.0 3.0–4.0 4.0–5.0 5.0–6.0 6.0–7.0 7.

19.8 0.7% 10.5% 23.7% 27.6% 21.4% 11.5% 3.9% 0.7%
0.080 0.0 2.2% 5.2% 10.4% 12.3% 13.6% 13.3% 43.0
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and 20 show the currentS factor, s(u), Ay(u), T20, and
Pg(u) data along with the recent three-body calculations d
cussed in Ref.@2#. The dotted line is a calculation that ne
glects meson exchange currents andD-isobar effects, while
the dashed line is a calculation that includes them. The
portance of explicitly including MEC’s andD-isobar effects
in the calculation is clearly demonstrated in the case of
S-factor data, where the agreement with the full theoreti
calculation is seen to be fairly good. In the case of the c
rent Ay(u) andT20(u) data, the disagreement with theory
a subject of considerable interest, and investigations are
derway. The fact that the theoretical results show strong s
sitivities to the effects of meson-exchange currents in th
polarization observables indicates this usefulness in tes
the details of these calculations. The agreement of the cur
Pg(u) data and the results of the three-body theory are s
to be quite good. This, of course, must be viewed in the li
of the large error bars on the currentPg(u) data.

FIG. 20. A comparison between experimental values and res
of variational calculations fors(u), Ay(u), and Pg(u) for the
2H(p,g)3He reaction, ands(u), T20(u) for the p(d,g)3He reac-
tion. In each plot, the solid curve corresponds to the results obta
with one- and two-body currents while the dashed curve is obta
in the impulse approximation.
r,

r,

ys
-

-

e
l

r-

n-
n-
e
g
nt

en
t

B. Astrophysical consequences of current results

The protostellar evolution calculation of Ref.@11# used
the results of Griffithset al. ~the dashed line in Fig. 13! to
determine the2H(p,g) 3He reaction rate in theEc.m.,1 keV
region. Since the current results~solid line in Fig. 13! show
a significant lowering of the theS factor in this region, it is
interesting to explore the possible ramifications concern
the conclusions of this protostellar calculation. If we ma
the reasonable assumption that changes in the2H(p,g) 3He S
factor will scale as changes in the interstellar deuterium c
centration@42#, we can then use the results presented in R
@11#, which gauge the effect of varying the interstellar de
terium concentration, to estimate the effect of varying t
2H(p,g) 3He S factor.

The primary conclusions of Ref.@11#, which consist of
predictions for the observed temperature and luminosity
developing protostars, are based on an interstellar deuter
to-hydrogen ratio~D/H! of 2.531025. However, Fig. 6 in
Ref. @11# shows the effect on the calculation of varying D/
over a large range. It can be seen from this figure that a 5
reduction in D/H ~equivalent to a 50% reduction in th
2H(p,g) 3He S factor with D/H constant! leads to a signifi-
cant change in the mass-radius relation of the develop
protostellar core. Rather than continuing to expand with
creted mass, the stellar core now halts expansion at aro
0.7 solar masses, and, in fact, begins to contract. This c
traction should ruin the ‘‘thermostat effect’’ mentioned ea
lier, and thus could have a significant influence on the
served temperature and luminosity of the star. The effect
35% reduction in the2H(p,g) 3He S factor ~which is the
result of the current experimental study!, as compared with
the 50% reduction discussed above, is not clear. One
speculate, however, that noticeable changes in the calc
tion might still result.
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