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The details of a recent experimental study of fiv{p,y)3He and the'H(d,y)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 sectiofi¢,E), the astrophysicab factor S(¢,E), the vector analyzing powek, (6,E),
and the tensor analyzing pow&gy(6). In addition, they-ray linear polarizatiorP ,(#) 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 re@mtnitio three-body theoretical calculations. This comparison reveals
the large sensitivity of the polarization observables, especially the vector analyzing pg)eto(the presence
of meson-exchange current effects and indicates the need for further study. The tensor analyzing power data
[T,o(6)] are used to extract a value of the asymptBticto S-state ratio, for He.[S0556-28187)03511-5

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

[. INTRODUCTION tended to finite energid$]. In addition to the Coulomb in-
teraction there is the question of the accuracy with which the
This paper details the motivations, procedures, and corexplicit MEC's can be treated in the curreNtN potential
clusions of a set of receRH(p, y)3He and'H(d,y)3He ex- models. It has been known for years that calculations of the

periments at low energie€( ,,<53 keV), and compares the n-d capture cross section near zero energy are _off by a factor
results with current theoretical work in three-body nuclearof about 2 if MEC effects are not includ¢]. Similarly, the
physics. The relationship to and possible impact on nuclearH(p,y)°*He and 'H(d,y)*He reactions are sensitive to
astrophysics is also discussed. Some results of our work haldEC effects, especially at very low energies as discussed
already been publishgd—3], but here we provide a detailed below. o ) )
presentation of the acquisition and analysis of the data which The diagram in Fig. 1 shows the four dominant couplings
is necessary to fully understand our results and justify oufin the channel-spin schemehich can be expected in the
conclusions.

As discussed in Ref.1], these reactions are particularly
interesting at low energies for two reasons: first, to allow 2 o=3/2. 1 —0. J-3/2 (M1)
testing of theoretical three-body work which has been dont T _1'\1;1/2 (EN)
below neutron production threshold and below the Coulomt 4 S=1/2:, =1:J:3/2 (E1)
barrier; and second, to explore issues related to nuclear a
trophysics. We explore each of these topics in detail in the
next two subsections. A discussion of experimental proce
dure and a presentation of results follows.

1.s=1/2,1 =0,J=1/2 (M1)

y-decay

p+D (E1 or M1)

A. Three-body nuclear physics

|
[
|
|
|
|
|
Some specific aspects of three-body nuclear physic |
which are of current interest include the treatment of Cou- +
lomb and meson-exchange curréMEC) effects. The first 3
exact treatment of the Coulomb effect in the three-body sys He: J
tem was done at thermal energi@ssentially zero energy
by Friar et al. in 1991 [4], but this has recently been ex-  F|G. 1. Energy level diagram representing thel capture pro-
cess. Thep-d system, withE,,,<53 keV, captures into &He
continuum state E,~E_.,,+Q) which then decays by gamma
*Present address: Lawrence Berkeley National Laboratory, Beremission. The four dominant TME’s are shown by the quantum
keley, CA 94720. numberss, //, andJ.

T ooeT

0556-2813/97/56%)/256517)/$10.00 56 2565 © 1997 The American Physical Society



2566 G. J. SCHMIDet al. 56

2H(p, y)®He reaction at low energies once we decomposde unaffected by deuterium burning, and hence the “solar

the electromagnetic operator into multipoles. Since tHe  neutrino problem”[10] will not be affected by studying so-

ground state is positive parity, we see thatsheave (“=0) lar p-d capture.

continuum states decay vid1 or E2 radiation while the Although thep-d reaction rate is unimportant for typical

p-wave (£ =1) continuum states decay vial radiation. At stellar evolution calculations, it turns out to be very impor-

the IOW energies Of the current experiment we expamave tant for Calculations dealing with prOtOStellar eVOluUOn. As

M1 andp-waveE1 radiation to dominate. discussed by Stahldil1], the ?H(p, ) *He reaction is the
The presence of a substantial amountt radiation is ~ first nuclear reaction to ignite in a developing protostira

responsible for the MEC sensitivity. Due to Siegert's theo-temperature of about 1 million K, dE.r about 0.1 keV.

rem, the electric multipoles can be handled without explicitThe deuterium that is burned in this case is primordial deu-

reference to meson-exchange currents. However, this is né¢rium(deuterium created in the Big Bangstead of weakly

true for the magnetic multipoles, and hence a calculation ogenerateg-p deuterium. This freedom from the-p bottle-

the M1 strength requires explicit reference to the MEC ef-neck allowsp-d fusion to exert a strong influence on proto-

fects. TheM1 operator can be written as a combination ofStellar development. The specific effect of fnel burning is

MEC and impulse approximatioflA) components[6,7]. 1O cause thf-} protostar to expand as it accretes mass, and

Typically, the 1A part is much larger than the MEC péetg.,  thereby maintain a constant temperature in the dthe

in n-p capturé and hence the MEC sensitivity is lost. in “thermostat effect’). This Iead; to obseryable effects on the

d andp-d capture, however, the 1A part is greatly suppressedProtostellar development as discussedlifi].

because the symmetris state, the dominant part of thtH

and ®He ground states, is an eigenfunction of the 1A M1 C. Astrophysical S factor

opgrator[ség]. Thlssleads to the supposition that at low en- At the low energies of astrophysical interest, charged par-
ergies t_he H(p,y)_He reaction s_hould proceed largely by ticle cross sections are greatly inhibited by the Coulomb bar-
MEC drivenM1 (since the associated two-body current op-rigr, which causes them to fall exponentially with decreasing
erators do connect the dominaBtstate componentsand  peam energy. This yields low experimental count rates which
hence should be a good place to test our theoretical undegften make it necessary to measure the cross section at some-
standing of the treatment of MEC effects. Since a set ofyhat higher energies, and then to extrapolate the results

three-body calculations which include MEC as well asgownward. This extrapolation procedure involves parameter-
A-iSObar effeCtS haVe recently been Completed at these IOWn‘]g the Cross Section at IOW energies in terms of known
energieqd 2], we see immediately the usefulness of an accugnergy dependencies, namely Coulomb barrier penetration
rate H(p, y) *He and*H(d, y) *He data set. ~ and “geometrical” cross section effects. The remaining en-
, The ?rguments given for stgdylng ;\/'EC effects viaergy dependence, the so-called “astrophysigafactor,”
H(p,y)"He hold equally well for"H(n,y)*H. In fact, the  yaries only slowly with energy and is, one hopes, easier to
absence of both Coulomb effects ad radiation have re- extrapolate than the cross section. The cross section is de-
sulted in more theoretical studies being devoted to thgined in terms of thes factor, S(E. ,,), as follows[10]:

2H(n, v) °H reaction tharfH(p, y) *He. One advantage of the '

2H(p,y)3He system, however, is that the presencepof S(E.n)e 2™

waves atE=0, a result of the Coulomb interaction, leads to o(Ecm)= T E.n @
analyzing power effects which are absent in thd system. o

For energies slightly abovE=0 we can measure polariza- where 7 is the Sommerfeld parameter. For thed capture

tion observables ifH(p, y) *He and'H(d, y)®He and expect processy is related to the center-of-mass energy as follows:

large effects.
25.639
27 n= , (2
Ec.m.

B. Nuclear astrophysics

The 2H(p,v) 3H¢ reaction plays an important role in whereE, . is in keV.
nuclear astrophysics, both in stellar and protostellar evolu-
tion. In stellar evolution, théH(p, y) *He reaction forms the
second step in the proton-proton chaitD], which is the
sequence of nuclear reactions which fuels low to medium In the very low energy region of interest, the only previ-
mass stars like our sun. The temperature of the sun’s core sus?H(p, y) *He data taken is that of Griffithst al.[12]. At
about 15 million K, which corresponds to a center-of-massslightly higher energies, the data set of Baityal.[13] also
energy of about 1 keV. Although th#d(p,y) ®He reaction is  exists. Figure 2 shows th@factor results of Griffithset al.,
prominently featured as the second step on the proton-protowhere the open points represent the actual data and the
chain, it is important to note that it follows a weak interac- dashed line represents a theoretical energy dependéree
tion (p-p fusion in the sequence. This effectively bottle- direct capture modghormalized to the data. From the stand-
necks thep-d capture process, and thus ensures that experpoint of protostellar evolution, we are interested in the
mental knowledge of thep-d capture rate is essentially 2H(p,y)>He reaction rate at energies less than 1 keV, and
unimportant for calculations dealing with energy generatiorthus the extrapolation via the dashed line takes on consider-
in the sun. As pointed out in Ref1], this indicates that the able importance. The key thing to note from Fig. 2 is that the
generation of solar neutringespecially in thep- ‘Be capture  energy dependence is not experimentally determined. Al-
process which follows thp-d anda-3He capture stepswill though the data points could be said to be consistent with the

D. Previousd(p, y)*He work
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FIG. 2. TheS-factor data of Ref[12]. The dashed line repre- \ \

sents the energy dependence of a direct capture model which has
been normalized to the data by an overall multiplicative constant.

FIG. 3. The physical setup of the curret(p,y)3He experi-

dashed line, they certainly do not uniquely define such a lineMent. The 80 keV proton beam is incident on a heavy water ice
Better experimental confirmation of this energy dependenci9et(which has been condensed upon a Cu disc inside the target

would be desirable, and this constitutes one of the motivaS"amPer. The p-d capturey rays are detected by an actively and
tions for the curren?H(p y) 3He study passively shielded HPGe crystahown here at a lab angle of 90°).

E. Goals of the currentd(p, y)®He and p(d, )*He studies sured in the very low energy region of the present experi-

ment.
One of the goals of the currefi(p, y) *He study was to
measure the absolute value of tBdactor (or equivalently, Il. EXPERIMENTAL METHODS
the cross sectignin the low energy regionE, ,, <53 keV, ) ) ) ) )
or, in the lab frameE,<80 keV). This information is valu- In this section we discuss the experimental techniques

able to theorists in both three-body physics and astrophysic4'Sed to acquire ‘data in the currert(p,y)°He and

as discussed above. In addition, we wanted to use polarizati(d, ) "He experiment. This will include a discussion of

tion observables in order to extract detailed informationthe physical setup itself, as well as the techniques used to

about the amplitudes and phases of the contribuilgand ~ Process the signals, to create the@and H,O ice targets,

M1 transition-matrix elements. to integrate the beams, and to measure the HPGe detector
The advantages that the current experiment had over affficiency. Experimental Qetails relqtive to measuring the

previous low energyH(p, y) *He experiments were the use Vector and. tensor gnalyzmg analyzing powers and to the

of a large high-purity germaniurtHPGe detector and the Y-ray polarization will also be presented.

use of a high intensity polarized proton beam. The resolution

of the HPGe detector, which is much better than that of the A. Physical setup

Nal(Tl) detectors used in previous experiments, provided im-

roved separation of background radiation. This superior Figure 3 shows the experimental setup used in the current
p _ Sep 9 ' P experiment. The technique used was to stop an 80 keV beam
resolution also enabled us to extract the energy dependen

of the 2H(p,y)*He reaction directly from the thick target %ﬁom an Atomic Beam P.Ola”Z(.Ed lon Source, ABHIES])
spectra(see Sec. I). The polarized incident beams used in of protons or deuterons in an ice targe,0 or H,0, re-
this experiment élldwed us to measure the vector analyzinSpeCtlvely' The idea of using ice targets was taken from the

power,A,(6,E), which is very sensitive tE1/M1 mixing. Work of Griffiths et al. [12]. The capturey rays, at energies

By measuring this quantity we hoped to determine the relapf approximately 5.5 MeV, were detected by a HPGe detec-

. . 3 . tor that was anticoincidence shielded by a surrounding
tive roles ofE1 andM1 capture in théH(p, y) *He reaction Nal(Tl) annulus(which was segmented into four separate
below E,=80 keV.

Other improvements that the current experiment mad guadrants Several inches of lead surrounded the setup on
Improv urrent €xperi Qll sides. The target chamber which held the target was con-
upon the previous work were that significantly more dat

o . . e ; Btructed of aluminum with walls 1.6 mm thick.
were acquiredimproving the counting statistit@long with
detailed angular distributionighe cross section was previ-
ously [12] assumed to be of the form( 6) = sir?6+consi.
One final improvement that we introduced in the current ex- The raw signals from the HPGe detector were processed
periment was that we measured theay linear polarization, using an electronics setup detailed in REf6]. Figure 4
P, (). Although this measurement has been previously donshows the primary components of this setup. The raw HPGe
for 2H(p, y) *He at higher energigd4], it had not been mea- signals were passed through a preamp and then fanned out to

B. Signal processing
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FIG. 4. A diagram showing part of the electronics set up for the
current 2H(p,y)%He experiment. Only one N@Il) segment is

shown herdthe others being of similar form FIG. 5. The target chamber and dewar set up for the current

experiment. The RO ice target was maintained at liquid nitrogen
temperatures by means of the copper cold finger which was in con-

a spectroscopy amplifigt‘Spec Amp”) and a timing filter : |
d tact with an LN, reservoir.

amplifier (TFA) as shown in Fig. 4. The Spec Amp allowe
shaping of the linear sign&b ws shaping timgbefore it was
fed into the ADC. The TFA and Subsequent constant fraCtiOﬂH(p7fy) 3He y|e|ds associated with different Spin states

timing signal which eventually gated the ADC linear signal. 5 the spin-flip electronics can be found in REf6].
The discriminator threshold was typically set at around 500

keV for the HPGe. Before being fed into the ADC, the tim-
ing signal was passed through a gate and delay generator to
create the proper signal shape, and proper signal width For the case of théH(p,y)3He experiment, the proton
(about 10us). beam passed through a tantalum collimator before hitting the

As can be seen in Fig. 4, the timing signal from the HPGeheavy water ice targgFig. 3). The D,O ice target was made
was also fed into a time to amplitude converf€AC) as the by evaporation of heavy watébetter than 99% pujeonto a
“start” signal. The stop signal was an “or” of the timing cooled copper disc located in the target chamber. Figure 5
signals from the four separate Nal) quadrants. The ran- shows the setup of the target chamber and dewar system.
dom coincidencéoff TAC peak rate was negligible for this Opening the hand valves exposed the flask containing heavy
setup. water to the low vapor pressure of the target chamber. This

The electronics setup for one of the four Nal quadrants isaused the PO water in the flask to boil, forming a vapor
shown in Fig. 4. Like the preprocessing for the HPGe detecwhich passed through the nozzle shown and into the target
tor, the Spec Amps shape the linear signals which were theehamber. The target, a copper disc 1.6 mm thick, was kept in
sent to the ADC. However, unlike the HPGe, the timingcontact with a large liquid nitrogen reservoir via a thick cop-
signals do not gate the ADC, but instead were only used foper cold finger. The copper disc maintained a temperature of
the TAC input. The N4ITI) signals were actually gated into approximately 80 K causing the JO vapor to condense in
the ADC by the HPGe timing signalse., only coincidence ice form on the surface. In this manner,O ice targets of
Nal(Tl) spectra were storgd about 0.5 mm in thickness could be fabricatexer the

The digitized ADC signals from the HPGe and the course of about 15 min of depositipn
Nal(Tl) were fed into a CAMAC crate controller which was  The purity of the ice target could be gauged over the
in turn connected to a MicroVAX 3200 computer by meanscourse of an experiment by monitoring tifel(p,y)*He
of a Microprogrammed Branch DriveiMBD). The online  count rate in the HPGe. If impurities built up on the surface
data acquisition system was the TUNL XSYS packpté. (e.g., carbop a gradual decrease in the count rate would be
When polarized incident beams were used, an additional sexpected. No such decreases were observed. The durability
ries of electronic manipulations were done in order that theof these ice targets was quite good. Under.3® of proton

C. Ice targets
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bombardment, the’H(p,y)3He count rate in the HPGe

—~~ T T T T
would hold steady for several daysn averagg before rap- NE 30 - =
idly dying off. This rapid deterioration was due to complete L I . 3
vaporization of the DO ice target, at which point a new u *° i
layer would be deposited. g 20 1

The physical setup for the th#H(d,y)3He experiment < | Stopping Cross Section (STP)
was the same as for th#(p, y)*He runs, except that the o 15 o [Whas2] .
beam was composed of deuterons and the liquid evaporated "o 1 «  [Wen52]
onto the cooled copper disk was distilled,®. The initial g 10 + [Ana77] ]
target deposition time was 15 min, as in the case of th© D > g Fit to data i
target. The constant bombardment of deuterons, however, ©
caused a steady increase in thé(d,n) yield and created a 0 T T

; X ; 0 20 40 60 80 100
background which competed with the 5.5 MeNMray of in- E_(lab)(keV)
terest. To limit this background layers of,® were depos- P

ited approximately every six hours. ) _
FIG. 6. The stopping cross section data of R¢f9,20, for

. rotons on DO ice, shown along with an empirical fit.
D. Integrating the beam current P D ' 9 P

In order to know how many protons were incident on the
target it was necessary to integrate the charge deposited on E ~10keV: 1 _ 1
the ice targets. Two potential problems with beam current P ‘STRE) C,E%4®
integration are the following: electrons can be knocked out P
of the target by the incident beam, and thus create a current 1
reading which is artificially high(for positive incident +(CS/E )IN(1+C4/Ey+Cs/E,) (4b)
bean); or electrons can be knocked off the beam-pipe up- P P P
stream and impinge on the target, creating a current reading
which is artificially low. The latter problem was addressedThe empirical form of Eq(4) was derived by taking into
by biasing the upstream collimator 690 V. A test under- account both theoretical consideratiofsoncerning elec-
taken to address the former problem showed that the interonic stopping and experimental consideratiofi®., fits to
grated current on the ice target was independent of appliegdll stopping cross section data acquired as of 19&7con-
target bias(ranging from 0 to 300 Y. This result indicates straint was applied to the constants so as to provide continu-
that secondary electrons are not being emitted from the icy at 10 keV. The extracted constants a¢=4.174,C,
target, in agreement with the previous experimental results of 4,733, C;=3405,C,=594, andCs=0.0084.
Ref. [18]. The experiment of Griffithet al. [12], discussed in Sec.
I D, usedSTRE) values for protons on KD vapor instead
E. Stopping cross section of D,0 ice(which was their actual targetTheir assumption
In order to calculate the reaction cross section, we als$/@s that the two values should be the same. However, the

need to obtain the deuterium areal densidy,which is de- values for HO vapor and RO i<_:e are expepted o be dif-
pendent on the stopping cross sectiSi,R(E), for protons ferent based on the now established “physical state effect”

D.O ice. The stoopi tion is relatedDt [22,2?3..The theoretical basis for the physical state effect
on UL} 166 The SIopping Cross section 1S refatecias [24,29 is that electrons are more tightly bound in the ice

follows: X . ;
phase than they are in the vapor phase, making the stopping
2(dE) cross section smaller in the ice phase. This indicates that the

dD= STRE) ()  STHE) values of Griffiths were high by 10-15 %, and thus,

based on Egs(3) and (5), we see that their cross sections

wheredD is the differential deuterium areal density, ahé (andsS factors will also be high by 10-15 %.

is the differential energy width of the incident beam. To find
the deuterium areal densiti, for the rangeE=80—0 keV,
we integrate Eq(3) over this range. The factor of two in Eq.

(3) comes from the fact that there are two deuterium nuclei The acquisition of an efficiency curve for the current
for each D,O molecule. HPGe detector was thoroughly discussed in a recent article

The Stopping cross section for protons OQCD ice is [3], and the interested reader is referred there for all the

known from measurements by Wenzglal. [19] and Whal- details. To summarize, the efficiency value used in Réfis
ing et al.[20]. Figure 6 shows, by the solid and open points,to0 high, and thus th&-factor data presented there is too
the results of these measurements. The solid line is an enfow. Whereas the value of th@ factor obtained in Ref.1]

pirical fit to the data using the form derived by Anderson andwas about 50% lower than the value of Griffitesal. [12],
Ziegler[21]: the corrected value is about 35% lower than that of Rie].

The correct efficiency value, used in the calculations of Refs.

1 [2,3], is e=0.095+0.006, wheree is the intrinsic photopeak
= , (4a)  efficiency of the HPGe detector at 5.5 MeV, and the error
STRE) Cl\/E_p includes both statistical and systematic contributions.

F. HPGe efficiency curve

Ep< 10keV:
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G. Cross section whereY* andY~ denote they-ray yields for the “+” and
Based on the above quantities, the differential reaction — States, respectively, a”ldff andp, denote the percent
cross section fofH(p, y) *He can be written in terms of the Polarizations of the proton spin states. Polarizations of 70%
acquired y-ray photopeak yieldY(6,E,) (where 6 is the ~ Were typically cl)btained.lThe values pf andp, were mea-
laboratory angle of the detector afg represents the beam Sured using a ’C(p,p)**C polarimeter atE,=6.18 MeV

energy as follows: [27].
The primary advantage associated with measuring the
Y(0,Ep) vector analyzing power is that it depends only on the ratio of
o(0,E)= (D(E,))(edQ)(P)’ (5 yields, not on the absolute magnitude of the yields them-

selves. This means that the extraction of the energy depen-
where D(E,) is the deuterium areal density of the target,dence ofA,, unlike the cross section, does not require any
edQ) is the intrinsic photopeak efficiency times solid angle knowledge of the stopping powers. The flipping of the spin
(in steradiansof the HPGe detector, arfd is the number of  state every tenth of a second ensured similar experimental
protons incident on the targédbtained from the beam cur- conditions for each spin state. As a res#{, can be ex-
rent integratioh pected to be independent of the systematic errors which are
often present in cross section measurements.
H. Systematic error in the cross section

The total error on the measured cross section will have J. Tensor analyzing powerT »,
two components: a statistical component, based solely on s .3 )
counting statistics; and a systematic component based on es- 1h€_measurement of théH(q'V) He tensor analyzing
timated errors in the procedural techniques. The primarfPOWer Tzo(6) was performed with a tensor polarized deu-
components of the systematic error are the error in the beat§on beam from the ABPIS. The beam was fast spin-flipped
current integration, the error in the efficiency measurement?€Ween two spin states having different magnetic substate
and the error in the stopping cross section curve. To get thBoPulations. We use the formalism of the Madison Conven-
total systematic error, we added each of these componefiPh [26] to describe these differing states in terms of the
errors in quadrature. To obtain the total error on the absolutgolarizationp,,. The states used were thet™ state, with
cross sectior(or S facto), we then add the statistical and (theoretical maximump,,=+1, and the “-" state, with
systematic errors in quadrature. p,,= —1. The quantization axis for both states was aligned
The error on the beam current integration is estimated alith a Wien filter to be along thé;, direction (and thus
1%. This is due to the fact that secondary electron emissiogiffers from the previous section Typical values forpziz
is not thought to be a problem, and that the beam currenjere +0.87. Based on the formalism presented in R28],
integrator is known to be accurate to better than 1%. Thehe tensor analyzing powdr,, can be defined as
error on the efficiency measurement at 5.5 MeV is estimated
to be 6% based on counting statistics, uncertainties in the YT(0)-Y(0)
strengths of the absolutely calibrated sources, and errors in Tao0) = \/E T T
the fitting and extrapolation procedufsee Ref.[3]). The PAY " (0)+[pA Y (6)
error in the stopping cross section curve is taken to be 6%,

which is the accuracy of the stopping cross section data QfyhereY ™ is the y-ray yield associated with the" spin
Refs.[19,20. Combined in quadrature, these component erstate. andr™ is associated with the 4+ spin state.

(7)

rors indicate a total systematic error of 9%. The tensor analyzing powar,, is independent of the ab-
solute magnitude of the yields for a given spin state. This
I. Vector analyzing power fact, coupled with the fast spin-flip technique employed for

The measurement of théH(p,y)°He vector analyzing the (d,y) study, makes this observable, as wit)), indepen-
power,A,(6,E), was performed using the polarized proton dent of many systematic errors.
beam from the ABPIS. The polarization state of the incident
proton beam was flippe@t 10 H2 between two polarization
states: the “+" state along the proton spin quantization axis,
and the “—" state in the opposite direction. The spin quan-  The y-ray polarizationP (6) for the 2H(p, y)*He reac-
tization axis was aligned perpendicular to the reaction plangion was measured previously by Wilkins¢h4] at an en-
using a Wien filter. The Madison conventif®6] defines the ergy E,=1.1 MeV. He found that the capturg rays were
positivey axis ask;,x Ko, wherek;, is the direction of the ~completely plane polarized at 90° with respect to the beam

incident proton beam arid, is the direction of the outgoing axlsl[Py(:_O:_)=1l], )[’\r']h'Ch IS ci[on5|st9nt W|th0pure electric
v ray. For the case of a detector on the left side of the bearﬂIpo e radiation. In the current experimeft,(6) was mea-

line, the spin quantization axis corresponds to the direc- sured in the energy regid, =80—0 keV. They-ray polar-
tion. Based on the formalism presented[28], the vector ization in this regime would be expected to be different from
analyzing power may be defined as ' Wilkinson’s measurement in the sense that the radiation is no

longer pure electric dipole in nature, but now has a signifi-
Y*(0,E)— Y~ (6,E) cant contribution from magnetic dipole transitions. There-

A(O,E)=——— —— , (6) fore, a measure@® (6) of less than one would now be ex-

Ipy Y (6,E)+|p, |Y"(6,E) pected at these energies.

K. y-ray polarization measurement
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to 5.5 MeV. Since a 5.5 Me\y ray cannot deposit more than
5.26 MeV in the HPGe in a single scatterifiga energy and
momentum conservatipnthe threshold in the Nérl) was
set at 240 keV. Once implemented, the summed energy cri-
teria eliminated coincident contributions from background
sources like potassium-40L.46 MeV) and radiothorium
(2.62 MeV). In order to eliminate any possible counting
asymmetries caused by differences in the four(Nalseg-
ments, the annulus was periodically rotated by 90° after a set
Nt plane number of runs. The final quoted asymmetries were calcu-
of Fig. 4.1 lated by takingNy andNy to be a weighted average of the
viewed yields acquired from each of the four segments when rotated
edge on to the appropriate position.

L. Measurement of the y-ray polarization sensitivity, S

In order to measure théH(p,y)*He y-ray linear polar-
ization P (0) it was necessary to determine the polarization
sensitivity,S, for the Compton polarimeter &,=5.5 MeV.
The technique used to obtashat this energy was to actually
. measure its value at somewhat lower energies and then ex-

FIG. 7. A view of the HPGe and quadrated NE) annulus as  trapolate the value upwards to 5.5 MeV. The valu&afas
seen from the front. The horizontal line is the reaction plane viewedactua”y measured at the energiessgf=1.78 and 4.43 MeV
edge on. Linegrly polarizeg rays hitting the HPGe wiill r_esult inan \where it is possible to obtaily rays of known polarization
up-down left-right asymmetry in the Compton scattering. from other nuclear reactions. In particular, the

_ . ?sSi(p,p’y)*®Si reaction afE,=3.1 MeV[29] was used to

The technique used to measure theay polarization in obtain ay ray of E,=1.78 MeV and the*’C(p,p’ y)*2C

.y . L

the current gxperiment was to operate the quadratedNal reaction aE,=5.37 MeV[29] was used to obtain @ ray at
annulus, which surrounded the HPGe detector, as a Comptga _ 4 45 Mgv.

polarimeter. Figure 7 shows the HPGe and (W8l annulus
from a front view (the capturey rays are incident into the
page. Sincey rays are Compton scattered preferentially in a
direction perpendicular to their electric vectdes predicted
by the Klein-Nishina formulg it is possible to determine the
y-ray polarization by measuring a left-right up-down asym-
metry in the NalTl) segments. In particulaR ,(6) is deter-
mined in terms of this measured asymmetty6), as fol-

Rather than rely on previous measurements ofhray
polarization for these reactions, we independently deter-
mined they-ray polarization a¥,,,=90° by performing de-
tailed measurements of the angular distributions. As dis-
cussed in Ref[30], the polarization at 90°, for pur&2
radiation, is related to the reduced Legendre coefficiants
=A,/Ay anda,=A,/A, as follows:

ons o (¥Dat (5, .
A(6) A )_1—(1/2)a2+(3/8)a4' (10
PAO=—5 ®) .
S The angular distributions that we measured for the

, o " 283i(p,p’ ¥)?8si and *2C(p,p’ y)*°C reactions are shown in
whereS is the polarization sensitivity of the Compton polar- i "g " The solid lines are Legendre fits to the data. The
imeter at 5.5 MeV. The polarization sensitivity is a quantity gytracted coefficients are shown in Table I, along with the
which depends upon both detector geometry and energygsyjting polarizations as calculated using Bd) [with sys-
thresholds used, and its measurement will be discussed in thgmatic error included in the error bars #@r(90°)]. Table |

next section. Looking at Fig. 7, if we defiféy to be the 555 shows the experimental asymmetries which were mea-
number of detected Compton-scattered events in detectorscl,req with thesey rays at a laboratory angle of 90°. The
and 3, andN,, to be the number of detected Compton- ,,arization sensitivity for the energy in question was then

scattered events in detectors 2 and 4, the measured asymmgjculated using Eq8), and the result is shown in the last
try A(0) (for a given HPGe detector angt) is row of Table I.

An energy dependence for the polarization sensitivity

_ Ny—Ny (9) function can be obtained from the Klein-Nishina formula in

A(0)= .
4) Ny+ Ny the point-detector approximation, and is given[t]

The quantitiesN,, and N, were measured by looking at C

events in the individual N&T1) segments which were in co- S(E,)= E./0.511+0.511(0.511+E )" (12)
incidence with an event in the HPGe. To reduce the back- [ ' ' 7

ground coincidencefproduced primarily by Compton scat- whereC is a normalization constant arg, is in MeV. Fit-
tered y rays from sources other thafH(p,y)®He], a ting the form of Eq.(11) to the measured polarization sensi-
summed energy criteria was applied between the HPGe artiity data points(by minimizing they?) yielded a value of
Nal(TI) signals whereby the total energy was required to sunC=0.365-0.019.
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8., (deg) Ey(MeV)
40000 e ——————————— ; FIG. 9. Th o -
- 12 . 9. The polarization sensitivity of tht_a current HPGer)_
C(p,py) ~C 1 setup when operated as a Compton polarimeter. The two points at
20000 L Ep(lab)=5.37 MeV i 1.78 and 4.43 MeV were measured using theays from the?8Si
% (p,p’y) and *°C(p,p’ y) reactions. The solid line is a fit using the
"E formula for point-detector geometry.
20000
g /\\///\ to 5.5 MeV incidenty rays. This spectrum was acquired at
) 0,.6=90° over the course of approximately 5 days. Other
10000 - 7 spectra such as this were acquired at seven other aqugles
ing both polarized and unpolarized beamBo better show
0 L L the details of the full response, the spectrum, shown in Fig.
0 30 60 90 120 150 180 10(a), was not subject to anticoincidence with the Nl
’ shield. The large peak at 5.5 MeV represents full energy
Qlab (deg) absorption, while the peaks at 5.0 and 4.5 MeV are the first

FIG. 8. The angular distributions measured for #i8i(p,p’ )

and second escape peaks, respectively. The shallow bumps
between these peaks represent Compton scattering.
Figure 1@b) shows an expanded view of the full energy

1 ’ : — i J . . .
and C(p,p’y) reactions aE,=3.1 and 5.37 MeV, respectively. _peak shown in Fig. 1@). To show the reduction in back-
The solid lines are Legendre polynomial fits using the even coeffi-

cients. These fits were used to deduce the expegtey polariza-

tion at 90°. 1000 ~ — - .
. o L _ - D(p.7)He (2)]
Figure 9 shows the polarization sensitivity data along with 800 - E,(lab)=80-0 keV -
the fitted curve. The goodness of the fit indicates a correct ~ » P ,,,=90° .’ ]
assumption for the form of Eq11). From this curve, the g 800 - ]
extractedS value at 5.5 MeV iS(5.5 MeV)=0.034+0.0034, :O’ 400 - -
where systematic error is included in the error bar. The low  ©
polarization sensitivity of the current setup results from the 200 ~ 7
large geometry of the N@Il) annulus quadrants which, be- o A fhamsenten } ,
ing far from the ideal point geometry case, tend to wash out 4.5 5.0 5.5
. s 1000 ; T - 1 T . T
the desired sensitivity. [ D(p7)He - (b)
800 - E_(1ab)=80-0 keV ;Z"i 4
lIl. DATA ANALYSIS 0 A sib=go= ;,:Z ’{‘ ;
+ 600 X -
A. Raw HPGe spectra g 80 | Convolution _Z~
L it e 4
Figure 1@a) shows the full response of the HPGe detector 8 400 [ f
TABLE |. Results of the polarization sensitivity measurement. 200 i "f X “
0 t : I ' L L——
?si(p,p"7) 2C(p.p'y) 5.50 5.52 5.54 5.56
1ergy (MeV
E, 1.78 MeV 4.43 MeV En ergy ( )
a, 0.513+0.008 0.492-0.013
ay 0.138+0.011 —0.239£0.015 FIG. 10. A HPGe spectrum faH(p, y) *He taken at a lab angle
P,(90) 1.07#0.08 0.88-0.04 of 90°. The full detector respong@ot anticoincidenced with the
A(90) 0.107-0.002 0.036:0.002 Nal(Tl) annulug is shown in(a), while the spectrum inb) is a
S(E,) 0.100+0.008 0.0410.003 blowup of the full energy peakwith the anticoincidence condition

applied.
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1000 : : . . . | : pendent background. To account for this the HPGe intrinsic
- response function was model¢see Sec. Il ¢ and the ef-
ﬁgﬁf& - fects of the low energy tailing were subtracted from each bin
T (details appear in Ref16]). The effects of the primary part
600 |- ng $ of the HPGe intrinsic response function were neglected in
) the binning analysis since it was assumed that the Gaussian
400 (] N intrinsic response acted simply like a smoothing function on
I ‘F& ] the raw spectra. The one exception to this rule was the top
200 - bin, where the size of the bin was widened in order to en-
I A_--'?IT . . , | compass théH(p,y)He strength “folded out” by the re-
550 5 52 5.54 5.56 sponse function. This type of “edge effect” should not be
Energy (MeV) present for any of the other bins.

C. The deconvolution analysis
FIG. 11. The full energy peak of Fig. i) showing the location . .
of the seven energy bins. The goal of the deconvolution analysis was to remove the

effect of the HPGe detector response and the effects of the
, . changing deuterium areal density from the raw spectra in
ground that can be achieved, Fig.(i0shows the HPGe qger 1o view directly the energy dependence of the
spectrum in anticoincidence with the N@l) shield. Al- 2 -)3He S factor. The method used to perform this “de-
though the intrinsic resolution of the HPGe at 5.5 MeV is 4.2y lution” of the raw spectra was that of a convolution fit.
keV, the peak in Fig. 1®) is seen to be about 50 keV wide. The steps of this procedure were as follows.
This width arises due to the fact that we are stopping an 80 (1) Derive a functional form for the energy dependence of
keV proton beam in the target, and thus the range of incideny, o 2H(p, v) ®He yield in terms of the deuterium areal density
proton energies produces a range of outgoyagy energies. 5.4 4 parameterized form of tifactor.

(2) Derive a functional form for the HPGe response func-

B. The binning analysis tion atE,=5.5 MeV.

Since the intrinsic resolution of the HPGe at 5.5 MeV is  (3) Convolute the yield function and HPGe response func-
4.2 keV (see Sec. Ill ¢ a simple binning of the full energy tion together, and then fit the resulting curve directly to the
peak would seem an appropriate technique for obtaining thEaw spectra. This will determine the parameters in the yield
energy dependence of tRel(p, y) *He cross section. Figure function, and will give us a functional form for the
11 shows the full energy peak binned into regions of equafH(p, ) *He S factor. -
laboratory beam energies. The first bin encompasses the re- The first step of this procedure used E¢). and (3) to
gion E,=10-20 keV, and the secorig,=20-30 keV, and define the“H(p,y)°He yield in terms of the cross section,
SO on up tcE,=70-80 keV. These seven bins are henceforth:;]”dS'fhfentuseij Eﬂi(lj) totexpress ﬂle_ CfOtiS SfGCtIOt_n in terlr_ns of
- . : e = e S factor. In order to parametrize this function, a linear
|dent|-f|ed blthew center-of-bin beam-ene.rggfp (|.e.., the energy dependence was assumed for the differebfiattor:
top b|.n hasE'p=75 keV). The energy calibration of this spec- S(6,Em)=So(0) + Sy(6)E,,. This form is a reasonable
trum is obtamed as follows: known background peaks V‘.'h'cr}assumption based on the results of many low energy capture
are present in the HPGe spectrpotassium-40 and radio- experimentd 10]. Using the linearS-factor assumption, we

thorium) gave the keV per channel to within 0.5¢at 5.5 . : : ; 3
MeV), while the absolute energy scale was determined bObtaln the following form for the differentiafH(p, »)°He

knowing that the middle of the slope of the right-hand side o&'eld'

the 2H(p,y)3He full energy peak was equal to 5.54 MeV So(6)+EgSy(8)
(the y-ray energy corresponding to the highest proton en- Y(6,E,)= E — e
ergy). Using this technique, we estimate that the energy scale cm-
in the vicinity of 5.5 MeV was accurate to within 1 keV.

By acquiring y-ray yields for the seven bins in question
(using both polarized and unpolarized beantse o(6),  whereE;,,=(2/3)E,, andSy(#) andS,(6) are the param-
S(9), and A () observables could be calculated for eacheters to be determined.
energy region. In order to calculate the cross section for a The second step of the deconvolution procedure was to
given bin, it was also necessary to integrate the deuteriurderive a functional form for the total HPGe response func-
areal density over the range of energies pregéewt, for the tion. The total HPGe response function is actually a convo-
top bin, the deuterium areal density wasx80' lution of two component response functions: an intrinsic re-
deuterons/crf). Cosmic background radiation was ac- sponse function due to the interaction of a monoenergetic
counted for by monitoring an energy window just above theray with the HPGe crystal; and a so-called “kinematic” re-
full energy peak, and then subtracting out the appropriatsponse function which arises as a result of the finite geom-
number of counts/channel. etry of the experimental setufy rays emitted at different

Another background component considered was the longngles have different energjesThe intrinsic full energy
low energy tail associated with the response function of thgpeak response function of the HPGe was studied using a
full energy peak. For our thick target yield, tails from the full ®Ga source [created in the lab by means of the
range of beam energies combine to produce an energy d&3Cu(e,n)%¢Ga reaction aE,=18 MeV]. By means of the

“2TD(Ep)1(P)(edQ),
(12
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FIG. 12. The intrinsic response of the HPGe detector at 5.5
MeV, as obtained by measuring rays from the®Ga decay, is
shown by the dashed line. The solid line represents the convolutio
of this intrinsic response function with the calculated kinematic
response functioias derived, in this case, f&,=80 keV).

FIG. 13. The currenB-factor results, as shown by the solid data
Boints (binned data and solid line (deconvolution analysjs are
compared with the previous results of Griffitesal., as shown by
the open data points and dashed line. A systematic error of 9% is
included in each of the solid data points to indicate the total uncer-
%6GaBt +EC)®Zn decay, excited states iffZn are popu- tainty of the measurements.

lated, and these stateslecay producing rays ranging from . . 3

0.83 to 4.81 MeV. To determine the energy dependence oI f'g,L 133 thehdecongloll:rglon relilul'l[_forthehtogﬂép,y)_He

the intrinsic monoenergetic response function, measure+ Eac %r ISTr?eO\;;vgran{ete(ras sfcc)) : thlir;e’c:ﬁvg a(l &0)-2)0_1206
eaks from this source were fit to a parametrized form com- —c¢.m=1 o

b IS source were it 10 a p 12 +0.005 eV b ands,=0.0071=0.0004 eV b keV L, where

posed of the following components: a primary Gaussian, - : .
skewed Gaussian, and a smoothed step funéiidiich is the the quoted errors are statistical only. The solid data points
! are the results from the binning analysis based ®on

low energy “tail” previously mentionedd The extracted pa- < ; :
rameters were then extrapolated to 5.5 MeV. =47A,, with Ag from the Legendre fit procedure. The sys-

The kinematic response function was obtained by meanger_natiq error of 9%see Sec. Il His includgd in. these data
of a Monte Carlo simulatiorithe EGS4 code from Stanford points in order to show the total uncertainty involved. The

[31]). By simulating the target-detector geometry of the ac-Solid line and data points agree well with each other. Note

tual experiment;y rays were launched isotropically from a that the_se data points and curve are equivalent to t_hose pre-
point source, and thé dependence of the response functionS€Nted in Refs.2,3] but not in Ref[1], where an efficiency

was noted. The “kinematic” response function was createc!O" caused an qverall shifsee dis:cussion in Ref§_2,3]).
by transforming thisé dependence into ak., dependence Tfhe ofpt[en <]jata points and dashed line are the previous results
of Ref.[12].

using kinematic relationships. Figure 12 shows, by the The diff in absol le b he d .
dashed line, the normalized intrinsic response function of the & dilierence In absolute scale ) etvv_een the ) ata_ points
f Ref.[12] and the current data points is due primarily to

HPGe at 5.5 MeV. The solid line represents the total HPGé)h diff . di di

response function, which is a convolution of the intrinsic and'l[: € hl erent stopping lpowefrs USQ?]S fl_scusseh In Sec. ”)Fd

kinematic parts. We conclude from this figure that the intrin- urthermore, as is clear from the figure, the current data
unambiguously define a slope for the S factor. Based on the

sic response function dominates the total response. - .
solid line, the currently extractefl factor at zero energy is

The final step of the deconvolution procedure is to con " e )
volute the total HPGe response function and the paramd-166 = 0.014 Vb, which is about 35% lower than the

etrized yield function, and then fit this composite function Valué derived by the Griffiths extrapolatidmia the dashed

directly to the raw spectra. The processor used to fit thé'”e’ which is a direct capture calculation normalized to their
spectra was thelinuIT y2 minimization packagé32]. Fig- datg. Furthermore, the energy dependence currently ex-

ure 1ab) shows the full energy peak along with a convolu- tracted via the solid line is somewhat different than the en-
tion fit (solid line). The fit is excellent, and has)&/ v of 1.0. ergy dependence predicted by the direct capture calculation
The So(6) andS, () parameters and'the different@ffactor of Griffiths et al. For example, if the calculation of Griffiths
S(E¢m.,6) were determined by performing fits like this to €tal.is normalized to the current data pointiaf=45 keV,

the spectra at every angle The total angle integrate8  the result is a lineaiS-factor curve with parameter§,
factor is then =0.21 andS;=0.0065. Clearly, thes(0) value derived in

this manner overpredicts the currently extracted value by ap-
proximately 25%.
B . , Figure 14 shows the vector analyzing power @i,
S(Bem)= J So(6)dQ2+ EC-'“-J S1(0)d =S+ EomS; - =90° as a function of energy. The solid line is the deconvo-
(13 lution result while the data points are from the binning analy-
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0.256 — 1 —— coefficients are the parameters which were obtained from the
fit to the data. It was found that satisfactory fits could be
obtained in all cases ih=2. The normalized coefficients

. Binned data

0RO Deconvolution [a=A/Ag, b=B\ /A, and (for the unbinnedT,, datg

& c,=Cy/A,] are listed in Table II.

? 0.15 -

’,cg L L 1 E. Transition-matrix element analysis

Zo.10 | \}\\I\F The o(6) andAy(6) binned data were also subjected to a

) I o . -

~ t ! ] transition matrix elemenfTME) analysis. Although analyses
0.05 L i were attempted which used the fdat andM1 matrix ele-

ments listed in Fig. 1, the resulting seven free parameters
(four amplitudes and three relative phasgielded multiple

000 bt L 1L L solutions. To determine a unique solution both the &b
© 10 =0 30 40 50 60 7O 80 matrix elements and the twd 1 matrix elements were con-
Ep<1ab> (keV) strained to have equal amplitudes and phases.EHhe&on-

straint is equivalent to assuming a pure “girform for the
FIG. 14. The vector analyzing power at 90° as a function ofE1 @ngular distribution, while th#11 assumption is justified

incident beam energy. The solid points are the results of the binnin§n the basis of lack of sensitivity ts=1/2 vss=3/2 M1

analysis, while the solid line is the result of the deconvolutionStrength in the structure of the equations é¢i¥) andA,(6).
analysis. These constraints reduced the analysis to three free param-

eters: ars-waveM 1 amplitude §); a p-waveE1l amplitude
sis. The increasing importance bf1 radiation at low ener- (P), and a relative phase\(. Using the formalism given in
gies is apparent here. Ref.[28], the Legendre coefficients described above can be
expanded in terms d§, P, andA as follows:

D. Legendre fit Ag=6P2+ 6%,
A fit to Legendre and associated Legendre polynomials
was performed on the acquired ) andA,(6) binned data A =0
1— Y

at each energy. Th&,(6), obtained from the'H(d, y)3He
reaction measurements, were not binned, but were fitted us-
ing the entire energy averaged data set. In particular, the data A= —6P?, (15
were fit as follows:

B,=—10(P)(S)sinA,

n
a(6)= 2, QAPK(cos),
- (14 B,=0.
n
a(0)A,(0)= X, QB(Pi(cosd), In this manner arE1l amplitude, anM1 amplitude, and a
k=1 relative phase were extracted for each set of binned data.
Note that theB, coefficient is dependent updil-M1 inter-
ference for its existence, and thus demonstrates the potential
power of theA(¢) observable in determining tHd 1 frac-
tion of the total cross section. The total cross section can be
where theQy are the finite geometry correction coefficients defined in terms of these parameters lky=4wA,
[33], P, and Pﬁ are the Legendre and first associated Leg-=247(P?+S?). In addition, theM1 fraction of the total
endre polynomials, respectively, and tAg, B,, and C,  cross sectiorithe “M1%") can be determined as follows:

n

o(0) Toof e>=go Qi CPi(cosh),

TABLE Il. Results of the Legendre polynomial fit. Coefficients for the fits to the cross sechignag, anda,) and vector analyzing
power (b;) are presented for each of seven 10 keV wide energy binscJbeefficients are for the energy-integrated ddg=+80-0 ke\).

Coeff. 15 keV 25 keV 35 keV 45 keV 55 keV 65 keV 75 keV
Ag (nb) 0.581+0.030 2.45:0.067 5.8%0.11 9.77-0.15 14.6:0.18 17.20.27 20.1-0.27

a 0.027+0.120 0.0630.063 —0.12-0.04 —0.11=0.04 —0.10=0.03 —0.055-0.027 0.0240.026
a, —0.560+0.112 —-0.72+0.06 —0.60+£0.04 —0.67+0.03 —0.69+0.03 —0.77+£0.03 —0.86x0.02
b, 0.185+0.081 0.2230.043 0.1220.027 0.10%0.022 0.1150.018 0.1*0.02 0.13:0.02
Co —0.066-0.013

Cy —0.078£0.014

C, 0.262£0.027
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simultaneous TME fit to both observablese Eq(15)].

Figure 15 shows the(#) andA,(#) data acquired from

M1%= ——

2

S+ P2

X 100.

p=15,25,35,45,55,65,75 keV. The dashed line is a Legendre fit while the solid line is

(16)

60 12
0. (deg)

the binning analysis. The results of a Legendre fit to the data
(dashed lingand a transition matrix element analyss®lid

line) are shown along with the binned data. Examining the
results from the seven bins, we notice that the angular distri-
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TABLE Ill. Amplitudes and relative phases from the TME analysis.

15 keV 25 keV 35 keV 45 keV 55 keV 65 keV 75 keV
v 6 6 7 7 7 7 7
X2l 0.27 0.55 221 2.19 2.94 1.47 1.77
P 0.196+ 0.010 0.445f 0.010 0.700+= 0.010 0.947= 0.010 1.14+ 0.01 1.32+ 0.01 1.44+ 0.01
S 0.182* 0.010 0.325+ 0.010 0.440+ 0.011  0.499+ 0.012 0.584* 0.013 0.602+ 0.013  0.632+ 0.014
A 12.7+ 5.2 145+ 2.7 11.7+ 19 9.7+ 1.6 10.0+ 1.4 10.7+ 1.33 12.7+ 1.29
%M 1 46.5*+ 3.6 34.7+x 1.6 283* 1.1 21.7+ 0.8 20.8+ 0.7 17.2* 0.6 16.2+ 0.5

butions become more isotropic as we go lower in energy. The deconvolution analysis performed separately for the
Since we expect thp-wave E1 to have a sify distribution  data at each angle provided angular distributions of the cross
and thes-wave M1 to have an isotropic distribution, we section[or, equivalently, theS factor: S(6)] and analyzing
interpret this trend toward isotropy as indicating the increaspowers at zero energy. The results are shown in Fig. 17
ing presence oM1 at the lower energies. We also notice along with the TMEusing Eqs(15)] and Legendre polyno-
from Fig. 15 that the transition matrix element fit does amjal (see Sec. Ill D fits to these data. The resulting TME
fairly good job of representing the angular distribution overamplitudes and phases, as well as the Legendre polynomial
all energies measured. This indicates that the assumptions Weefficients are presented in Table (see also Fig. 17 The
made in the TME analysis were reasonable. FurthermorepME analysis indicates that 54% of the cross sectiofE at
this validates the analysis done by Griffiteal. [12], who =0 keV arises fromM1 radiatives-wave capture. These
assumeda(6) = Cysir’6+C,, where C; and C, are con-  results can also be used to determineSHactor atE =0 due
stants. This is the first time that this shape has been expefig M1(S,) and E1(S,) radiation separately. The results are
mentally verified to a high degree of accuracy at these lows (E=0)=0.109+0.010 eVb and S,(E=0)=0.073
energies. » _ _+0.007 eV b, respectively.

The extracted Legendre coefficients as a function of bin A second TME analysis was performed simultaneously on
energy in terms oy =A;/A, and a;=A;/Ao, Were pre-  the resultssee Fig. 18 of all four polarization observables
sented in Table. Il. Thé, coefficient, being proportional to for g <27 keV. Unfortunately, the statistics acquired for
the total cross section, falls rapidly due primarily to the Cou-the T, data were limited and prevented us from obtaining
lomb barrier. Then, coefficient, representing the asymmetry the energy dependence of this observable. As a result, the
in the angular distribution, is essentially consistent with zerofit was performed with respect to integrated yields over
The b, coefficient, which by Eq(15) arises fromE1-M1  the center-of-mass energy range from 0 to 27 keV. In
mixing, rises with decreasing energy and, as seen previousfyarticular, the fit was performed on cross section data
in Fig. 14, indicates that an increasing amount of M1 isfrom poth the'H(d, y)3He and?H(p, ) ®He reactions, vec-
tpretser)tthas the energy decreases. Thedefficient is consis- o1 analyzing power data from tH&i(5, y) *He reaction, ten-
ent with zero. . __sor analyzing poweT ,, data from the'H(d, y) ®He reaction,
for:ﬁglgi:::]:zgms th;l:iuemerlt(r:]alsgezurgtseorl‘othg ;I;)'\r/lﬁ]:nnalﬁ_'sand y-ray polarization data from th&H(p, y) *He reaction.

P s Wi P W u In order to combine the cross section data sets from both
ber of degrzees of freedom), the chl-_squared per degree of the 2H(p, ) ®He and 'H(d, y)He reactions, thef,y) for
freedom (“/v), the p-wave E1 amplitude P), the s-wave E —40-0 keV. correspondi o

. . , ponding t&E.,,=27-0 keV and
M1 amplitude 6), the relative phaseX), and theM1 frac- Ep=80—0 keV, were extracted from the fulp(y) data set
; 2 3 ; d ) Y .
tion .Of th_e total H(p’”. He cross sectioM1). TheM1 The cross section data for thel(d, y) *He reaction aE. ,,
fraction is plotted in Fig. 16 where we see that thd% <27 keV were then transformed using,— 180 6, and
clearly rises as the beam energy lowers, approaching 50% ?rtEated as back angle data from the perspectidve of the
the lowest energies. 2H(p, y)3He reaction. We also note that, due to insufficient
statistics, theP ., data used in the fit were an integrated yield
over the center-of-mass energy range 0—54 keV.
d(p,y)’He In this second fitting procedure six TME's were used,
including the fourEl andM 1 terms described in Fig. 1 and
the twoE1 terms withs=3/2, j=1/2,3/2. These terms were
. i previously omitted since the(¢) and A,(6) observables,
i unlike T,o( ), are insensitive to them. We obtain&eg, data
* that extend from 0° to 150°, and consequently were able to
determine the fore-aft asymmetry ©§,. The Legendre co-
efficient which quantifies this asymmetry is tlog coeffi-
Poqa we %y T cient. This fore-aft asymmetry must arise from interference
® between radiations having opposite parfiiy this caseE1l
andM 1) and between terms whosends' triangulate to 2.

FIG. 16. TheM1 fraction of or vs beam energy as extracted Since the dominarEl term has=1/2, thes=3/2M1 term

from the TME analysis of the binned data. will affect this asymmetry much more than tee=1/2 M1

°
®

b4
>

o
=

M1 Fraction of o,

"
L]
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TABLE IV. Results from the Legendre polynomial and TME fits to the zero-energy data of Fig. 17. The
coefficients in this table include statistical error and errors from the deconvolution process.

a a; by b,

0.093+0.077 —0.537+0.081 0.251*0.067 0.0610.040

v X3 v % EL1 strength %M 1 strength M1-E1 phasedeg
6 1.04 46.1-3.8 53.9-3.9 21.7+3.6

term. This should therefore allow us to determine the relativeous discrepancy. It is important, however, to point out the
strength of the two contributinlyl 1 terms[ s=1/2 (double} sensitivity of this ratio to the detailed treatment of MEC's in
vs. s=3/2 (quarte}]. the calculations. As stated earlier, the most directly deter-
The best fit, shown in Fig. 18, hady@/»=1.57 and TME  mined experimental quantity which is sensitive to this is the
amplitudes whose values are given in Table V. The Legendre; coefficient obtained from the Legendre polynomial fit to
coefficients of this fit have been listed in Table Il. Thg  theT,y(6) data. The experimentally determined value of this
coefficient, which quantifies the fore-aft asymmetryTig, coefficient obtained from this fit i<;=—0.078£0.014,
appears to be the most sensitive to the distribution ofvhich disagrees with the theoretical value from R&#] of
strength between the doublet and qualt terms. The re- c¢,=-—0.0134.
sults of the analysis indicate that the ratio of the intensities
for s=3/2 tos=1/2 is 1.35+ 0.69. This result can be com- F. Determination of the asymptoticD- to S-state ratio
pared fo the theoretical prediction of Frief al. [4], which The exceptionally low center-of-mass energies involved
gives a value of 0.6, or to the recent result of Viviaial. . s 3 i )
[34] at 80 k eV, which gives 0.5 when MEC effedtsvo- in the present stuqu of th&H(d, y) *He reaction provide an
body currents are included and 2.1 for the nucleons-only €Xcellent opportunity to extract a value of the asymptbtic
calculation. Although the present result appears to be in dis® S-state ratio,», for “He. This ratio describes the relative
agreement with theory, the error is too large to claim a seriStrength of theb-state ands-state components of the bound
state wave function fofHe. It has been showii85] that the
low energy tensor analyzing powers are sensitive to this ra-
- tio. However, an extraction of by Vetterli et al. [36] from

TME fit | 1H(d, y)*He atE4=19.8 MeV found the result to be highly
=0 — — Legendre fit | dependent on the choice of bound state wave functions. Spe-
cifically, Vetterli found that a significant portion of the reac-
tion strength occurred in the region pfd separation less
than three fermis, showing that the approximation of the re-
action taking place in the asymptotic region of the wave
function to be marginal at best.

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

0000 ! I ! L | |
30 60 90 120 150 180 20
"Hd,y) He 03| -DATA |°Hlpa)'He
0.6 r « | T T 15 E=80-0 keV -~ TMEFIT |E,=40-0 keV
L 4 = 02
§ 1.0 %
| ® - TMEFIT
04 r T 05 o (d.) DATA 0.1
’ * {p.Y) DATA .
N r — — 1
3 0.2 F g = . %0 6730 60 90 120 150 180 005730 60 w0 120 150 180
N / ~ - o(deg) o(deq)
<E / -~ - - . - .
—_— e «DATA | 'Hdy)’He - DATA H(py) He
0.0 ' ' ' > ‘ 06 1 TMEFIT |£,=80-0 keV] 12| - TMEFRIT ]|E=80-OkeV|
- . gos g o8
-0.2 . L L I . ! . 1 L ! : R '
) 30 60 90 120 150 180 0.0 ]
6 i\\_‘—/i 04
de .
cm (deg) 0 30 60 %0 120 150 180 005 36 B0 90 120 150 180
8(deg) 6(deg)

FIG. 17. The results of the deconvolution analysis at zero en-
ergy are presented here as data points. The solid line is a TME fit FIG. 18. Results of the simultaneous TME fit to all data with
while the dashed line is a Legendre fit. E.m<27 keV. The solid line is the fit, which hag’/v=1.57.
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TABLE V. TME amplitudes and phases for the constrained
TME fit to data withE ,, <27 keV. 6t
it to data withE, ,, e 0.6 2H(p,y)3He
TME Amplitude Phase 05 | ]
E1%p, 0.571+0.009 0.006 0.000 =)
E1l%p, 0.571+0.009 0.00@:0.000 > 0.4
E1%p, 0.231+0.061 —-100.9+6.1 g
El%p, 0.105+0.035 92.0:6.4 g 03
M1?s, 0.443+0.088 —48.2+-8.82 »‘}3 @ Bied (piy) data
M1454 0.363:0.056 —9.0£4.53 w 0.2 ’,,,—"/ — Deconvolt,nion
T o Griffiths data
-- 1A
. - 0.1 - FuLL
wave function does appear to be justified. Table VI shows
the contribution to the total cross section in one fermi bins ‘ . j
from direct capture calculations performedegt=19.8 MeV 0.0 20 40 60 80
[37] and E4=80 keV. These calculations were performed Ep(lab)(keV)

using realisticp+d wave functions obtained by Gibson and
Lehman[38] from a full three-body Faddeev calculation.
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 of are given in Ref[39].

In summary, however, “matched” bound state wave func-
tions for theS andD components offHe were constructed

FIG. 19. TheS-factor data of the current experimefgolid
points and solid linpand previous experimefiopen points shown
along with the results of a rigorous three-body calculatidashed
and dotted linegs The dashed line includes meson exchange cur-
rents, while the dotted line does not. A systematic error of 9% is
included in each of the solid data points to indicate the total uncer-

tainty of the measurements.

from the asymptotic forms and the realistic wave functions

from Lehman and Gibson described above. Direct captur
calculations ofT,4(90°) were performed as a function gf
which is essentially the choice of the relative strength be
tween the overall normalizations of tiie- and S-state com-

then compared with the measured data Tog to obtain a

best-fit value fory of —0.0399+0.0091 33912 The last er-

%he error given here includes both statistical and systematic

components. This value was obtained assuming a linear en-

ergy dependencgustified on the basis of the excellent fit to

the measured energy dependengéven by S(E. )=
ponents of the bound state wave function. These resultswerjgE gy dependenge Y S(Eem) =So

emSy, with E¢ . in keV. The experimentally determined

values were S;=0.166+0.005 eV b and S;=0.0071

+0.0004 eV b keV'!, where the errors are statistical only.

ror represents rough limits on the model dependence due e geconvolution fit, when extrapolated to zero energy en-

the choice of bound state wave functions inside of five fer-

mis.

The results of the present measurement agree well Witcg

other recent experimental and theoretical determinations
7. Representative of recent experimental work, Ageal.
[40], using a DWBA extraction of; from (& ,>He) reactions,
found 7= —0.0386=0.0046-0.0012. On the theoretical
side, Friaret al.[41] performed full three-body Faddeev cal-

ergy, indicates that the percentageMi capture in the zero
cross section is 54% 4%. This analysis also allows for a
etermination of thes-wave andp-wave parts of the total
factor at zero energy. The results &g E=0)=0.109

+0.010 eV b andS,(E=0)=0.073-0.007 eV b. The de-

tailed results of the angular distribution measurements of

both cross section and analyzing powers are best summa-
rized in Tables Il, Ill, IV, and V. Finally, the tensor analyz-

culations including Coulomb effects using diverse modelsng powerT,o(6), when combined with all other data from

for the two- and three-bod\NN forces and foundn=

this experiment, yield a value for the asymptofic to

—0.0430£0.001. The present measurement agrees within ers_state ration for He of »= —0.0399+ 0.0091" $-99+2

ror with both these result@nd others—see the summary in
Ayer et al. [40]). Again, the interested reader is referred to
Ref.[39] for a detailed discussion of this determinationpf

IV. SUMMARY OF RESULTS

The results of this study indicate a value for tAéactor
of the ?H(p, y) *He at zero energy d8=0.166+0.014 eV b.

0.0019

V. CONCLUSIONS
A. Three body calculation

The comparison of the current data to recent three-body

theory has been discussed in Rgf] and the details of the
theoretical work have been presented in R&4). Figures 19

TABLE VI. Percentage ofr, calculated as a function qf-d separation distance for realistic choice of

3He wave function.

p-d separation(fm)
Ey (MeV) 0.1-1.0 1.0-20 2.0-3.0 3.0-40 4.0-50 5.0-6.0 6.0-7.0 7.0
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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B. Astrophysical consequences of current results

JHpaHe o} OMTA [TpyHe The protostellar evolution calculation of Rdfl1] used
15 (52T Cro  (BER00kY] the results of Griffithset al. (the dashed line in Fig. 330
<., g g0z} /T P determine théH(p, y) ®He reaction rate in th&, ,, <1 keV
z - 1A < P T - i . . Py : it
5 S VTN wli \ region. Since the current resulisolid line in Fig. 13 show
PN A RS | Pl | a significant lowering of the th& factor in this region, it is
0.0 00 - 1‘ interesting to explore the possible ramifications concerning
0 %0 B g ™ the conclusions of this protostellar calculation. If we make

Y : T the reasonable assumption that changes irfktte, v) 3I—_|eS
06 1 1A A Ll Efg;ggk:VJ factor will scale as changes in the interstellar deuterium con-
S : f - FULL [ centration42], we can then use the results presented in Ref.
Al : %\ [11], which gauge the effect of varying the interstellar deu-
\ terium concentration, to estimate the effect of varying the

\ 2H(p, y)*He S factor.
0 30 60 % 120 10 180 C0 a0 60 80 120 150 180 The primary conclusions of Refl11], which consist of
6(deg) 6(deg)

predictions for the observed temperature and luminosity of
developing protostars, are based on an interstellar deuterium-
) _ to-hydrogen ratio(D/H) of 2.5x 10 °. However, Fig. 6 in
FIG. 20. A comparison between experimental values and resultiqf [11] shows the effect on the calculation of varying D/H

g’f variagional calculations for(6), A,(6), and Pv(93) for the  gyer a large range. It can be seen from this figure that a 50%
H(p,7)"He reaction, andr(6), Ty(6) for the p(d,y)"He reac-  oq,ction in D/H (equivalent to a 50% reduction in the

tion. In each plot, the solid curve corresponds to the results obtaine (p,v)3He S factor with D/H constantleads to a signifi-

with one- and two-body currents while the dashed curve is obtained . . X .
. . S cant change in the mass-radius relation of the developing
in the impulse approximation.

protostellar core. Rather than continuing to expand with ac-
creted mass, the stellar core now halts expansion at around
0.7 solar masses, and, in fact, begins to contract. This con-
and 20 show the currer factor, o(6), Ay(6), Tz0, @nd  yaction should ruin the “thermostat effect” mentioned ear-
P,(6) data along with the recent three-body calculations disyigr and thus could have a significant influence on the ob-

cussed in Ref[2]. The dotted line is a calculation that ne- gereq temperature and luminosity of the star. The effect of a
glects meson exchange currents andsobar effects, while 3504 reduction in the?H(p, v)3He S factor (which is the

the dashed line is a calculation that includes them. The imfesult of the current experimental studps compared with
portance of explicitly including MEC'’s and-isobar effects hg 5004 reduction discussed above, is not clear. One can

in the calculation is clearly demonstrat.ed in the case Of,th%peculate, however, that noticeable changes in the calcula-
S-factor data, where the agreement with the full theoretical;g, might still result.

calculation is seen to be fairly good. In the case of the cur-
rentAy(0) andT,y(0) data, the disagreement with theory is

a subject of considerable interest, and investigations are un-
derway. The fact that the theoretical results show strong sen-
sitivities to the effects of meson-exchange currents in these We greatly appreciate the help we received during this
polarization observables indicates this usefulness in testingxperiment from all the TUNL staff. We would also like to
the details of these calculations. The agreement of the currettiank A. Kievsky, R. Schiavilla, and M. Viviani for valuable
P,(0) data and the results of the three-body theory are seediscussions on the theory of these systems. This work was
to be quite good. This, of course, must be viewed in the lighsupported in part by U.S. DOE Grant No. DEFG05-91-
of the large error bars on the currei(6) data. ER40619.
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