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The 1%B(p, 7)*C reaction was studied by detecting theays produced when 100-, 130-, and 160-keV
polarized protons were stopped in a thiB target. Polarized and unpolarized incident beams were used to
measure the cross section and vector analyzing power as a function of angle and energy for capture to the
ground(J™=3/2"), the secondE=4319 keVJ"=5/2"), and the fifth(E=6478 keVJ"=7/2") excited states of
11C. The data were analyzed to obtain the amplitudes and phases of the contributing transition-matrix elements
at each measured energy for all three transitions. Values of the astropl§facabrs were obtained from the
cross section data and are compared to previous results. A direct capture plus resonance model calculation was
performed in an attempt to account for all measured quantities. It was found that thé~&88%) value of
Ay(90°) observed in the case of capture to the ground state could be accounted for by including the sub-
threshold resonance at 8420 keV.
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I. INTRODUCTION The present study of th¥B(p, y)*'C reaction was moti-

Investioations of nuclear reactions induced by low-ener. vated by the previously established effectiveness of polarized
9 y Bheam studies as a means for revealing the detailed nature of

charged particles are important to nuclear astrophysics a}Bw—energy proton capture reactions, as described above. The

well as to nuclear physics. Thermonuclear reactions for Iow—goals of this work were to obtain a deeper insight into the

mass stars in h_ydrostatic equilibrium, like our sun, Occur_inreaction dynamics, and therefore a more reliable extrapola-
the energy region around 10-30 keV. For more massivgon of the astrophysica$ factor for this reaction. Under-
i‘gars or for stars at more a_dvanced stages in their eilolutlogtanding the!%B(p, 1)1'C reaction dynamics at very low en-

B can interact with cosmic ray protons. THB(p, ¥)"'C  ergies presents problems of importance in both the nuclear
reaction Is knOWn to be |nVO|Ved n the nucleosyntheSIS Ofand the astrophysica' domains and therefore warrants a de-
mass-11 nuclei. The production &, formed afterg* de-  tajled study.
cay of 'C, provides one obvious example of how this could The existence of resonances in or near this low-energy
occur. In addition, the abundance ratio @B to 1°B in the  region can drastically affect the reaction rate. This is the case
interstellar medium could be effected by stellar- for the °B(p, y)'C reaction where several resonances con-
nucleosynthesis processes such as the one described abotgbute to the low-energy behavior of the cross section. As

Our previous studies of low-energy proton capture reacwas discussed in Ref4], there is an excited state #C at
tions using polarized protons have provided new insights€,=8699 keV(J"=5/2") which corresponds to as-wave
into the reaction dynamics of proton capture processes aesonance &g=10 keV withI's=16 keV. Due to this reso-
very low energies. It was, for example, the large analyzinghance, the cross section is greatly enhanced at low energies.
power observed at 90° using 80 keV polarized protons whiclAs reported in Ref[5], the measured value of the astrophysi-
first indicated the presence of substanpiavave capture in  cal Sfactor for the'®8(p, a)’Be reaction increases by a fac-
the 'Li(p, 7)®Be reaction{1]. Analyzing power data were also tor of more than 200 as the energy decreases frat0 keV
used to establish the parity of the 7.478 MeV staté’8f a  to 10 keV. Due to the importance of this energy range in
result which affected the extrapolate8 factor of the nuclear astrophysics, it is worthwhile to establish a more
%Be(p, 0)1°B reaction by about 40%®2]. And a measurement detailed set of data for th&B(p, y)''C reaction. We have
of the analyzing powers in the€B(p, v,)'°C reaction using a measured the cross section in the energy region overlapping
100-keV polarized proton beam was used to determine ththat of Ref.[4] and extended the measurements to lower
relative phase of the resonance and direct-capture amplitudesergies. In addition, polarized beam measurements have
involved in this reaction. This result led to a reviseéactor ~ been carried out in order to more fully understand the
for this reaction that was more than a factor of 2 greater thamechanism of this proton capture reaction at these low ener-
that previously determinef8]. gies.
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The goal of this experiment was to extract the cross secene can determine the cross section of ¥#&(p, y)*'C reac-
tion and analyzing powers of th€B(p, y)1C reaction as a tion from the previously measured cross sections of the
function of energy and angle from thick-target yields. In par-1%B(p, ;) 'Be reaction[7].
ticular, the experimentaj-ray yields acquired with an unpo-
larized incident beam were used to calculate the cross section IIl. EXPERIMENTAL PROCEDURE
as a function of energyy(E), and the corresponding astro-
physicalS factors. They-ray yields acquired with the polar- ~ Measurements of the yields from tf8(p, )''C reaction
ized beam were used to obtain the vector analyzing power d6r capture to the ground, second, third, and fifth excited
a function of angle and energ%/(ﬁ, E). Measurements were states of!1IC were carried out at the Triangle Universities
made at angles of 0, 25, 45, 60, 90, 135, and 150 deg for Bluclear Laboratory TUNL). In this section, detailed de-
proton energy 160 keV and at 0, 34, 90, and 126 deg foBcriptions of the beam, targets, aneray detectors used in

proton energies of 100 and 130 keV. this experiment are presented.
Il. LEVEL PROPERTIES OF *C A. Proton beam and thick target
Figure 1 shows some of the relevant nuclear levef8©f The polarized proton beam from the TUNL atomic beam

Be, and’Li populated in the'°B(p, y)''C reaction. The polarized ion sourcéABPIS) has a maximum beam energy
ground state of'C is known to have)™=3/2",T=1/2, and is of 80 keV. To increase the effective beam energy to
rather long lived (T;,=23.39 min decaying by positron 160 keV, a —80 kV bias was applied to the target chamber,
emission to!'B. According to the shell model, the ground which was attached to the beam line with a multisection
state is essentially a pumgs, single-particle state with a acceleration tube. A measurement of the beam current inte-
spectroscopic factor of 1.0®]. After proton capturey de-  gration was not possible due to the strongly biased target.
cay is also observed to the second excited &9 MeV  The polarization state of the incident proton beam was
and J"=5/2"), which subsequently decays to the groundflipped (at 10 H) between the spin-up and the spin-down
state. The second excited state is considered a mixture @bnfigurations. The beam polarization was measured using
P32 (0.0964 andp,, (0.0389 single-particle states. The fifth the spin-filter polarimeter[8], with typical values of
excited state is 6.478 MeV above the ground state. This stai@0+0.03%.
is also considered a mixture of single particle stgtgsand Targets enriched to 99.8% B with a thickness of
py» With the spectroscopic factors of 0.0539 and 0.8230, re4.7 (0.2 um and diameters of 2.5 cm were used. These tar-
spectively. Protons incident o¥B can also proceed via the gets were produced by evaporating the enriched boron onto a
10B(p, @)’Be reaction which dominates over tH8(p, y)*'C  tantalum backingl mm thick [9]. The proton beam was
reaction. In addition, thép, @) channel can lead to the first collimated with a thin(0.1 mm) stainless steel collimator
excited state of’'Be at 429 keV, whichy decays to the having an aperture of 1.5 cm located 10 cm before fige
ground state. The ground state ‘@fe is radioactive with a target.
half-life of 53.3 days and decays with 10.52% by electron Stopping the beam completely in the target created a
capture to the first excited state hi. The emittedy ray for ~ range of incident proton beam energies between the incident
decay of this level to the ground state’af has an energy of proton beam energy and zero. Consequently, this range of
477 keV. incident beam energies creates a corresponding range of out-
By simultaneously measuring thes rays from the going y-ray energies, which leads to a broadening of the
198(p, a;y)'Be reaction and they rays from 19B(p, y)''C,  y-ray spectral lines.
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B. HPGe efficiency and attenuation corrections L e B L B L e

0.7 - -

Four identical high-purity germaniurtHPGe detectors sl 1 a) 123% Detector
with efficiencies of 60% each relative to a standard 3 R A PRg |
% 3" Nal detector were mounted 8 cm from the8 target. o5 4 o TAIpyPSi
With that setup it was possible to measure four data points in 04l MCNl; ]
the angular distribution at a given incident energy. In a sec- Tl A
ond run, three of the detectors were rotated around the target.c>>~ 0.3 - s
The fourth detector remained in the same positon = [ ]
(0=150 deg as in the first run. The angles of the detectors @ L
with respect to the proton beam were 0, 25, 45, 60, 90, 135, © 01 - -
and 150 deg. A 123% HPGe detector was used with an un-4= 00 L ® ]
polarized proton beam. The data with this detector were B Y Y A S A O R
';kderigct) ig\(/jeg with proton beam energies of 100, 120, 130,% 0.7 b) 60% Detector |

Because they rays measured in this experiment were 8 o0 LA A PRa 1
spread over a broad energy range, from 0.430 MeV to almostQ 05 4 o ZAlpy)?Si |

9 MeV, knowledge of the efficiency curve of HPGe as well <C 04
as attenuation coefficients for the target chamber walls at
thesey energies were very important. Hence the relative ef- 03 -
ficiencies of the HPGe detectors were obtained by measuring 0.2
the photopeak efficiency for thk, ranging from 1.77 to
10.7 MeV produced by thé’Al(p, y)?8Si resonance aEg 01
=992 keV. A 997-keV proton beam from the TUNL FN tan- 0.0
dem accelerator was stopped in a 0.2-mm Al target on a T I U
0.8-mm-thick Cu backing. Utilizing th€z=992 keV reso- 0 2 4 6 8 w012
nance from thé’Al(p, 7)?8Si reaction for the efficiency cali- E (MeV)
5)7ration hggs two main advantages: theays arising from the Y
Al(p, y)<°Si reaction have a wide energy range from 1.77 to . o -
10.7 MeV and the intensities are well studigD]. The y ‘ eF]!Sé(yila)E;r?:grg;;;alnggnScI|Ctphtc’top?rahk efﬁuen_cyl curve Iﬁr
rays produced from the resonance were observed with tw . ) © e[:g\ors' de open circies are the
(60% and 123% HPGe detectors, positioned &t45 and experlmental data obtained from th&\l (p, y)<°Si reaf:tlgn and the
90 deg at distances of 19.5 cm and 14.5 cm from the end ?pen triangles were taker_1 froff®Ra source. The solid lines are the
. . y - Y Qbsults of anvenp simulation(see text

the aluminum target, respectively; 3 h of collecting data with
an average beam current of 300 nA allowed us to obtairsition system for 429-keVy rays, produced by the
statistical uncertainties in the photopeak area of 0.5-5 % fot’B(p, o;)'Be reaction and, after some irradiation time, the
the strongest branches. A plot of the data obtained from thd77-keV vy rays emitted in the 53-day decay of ‘Be, a
27Al(p, v)?8Si reaction is shown along with the data obtained0.3-cm-thick lead absorber was placed between the target
using a calibrated?®Ra source in Fig. 2. Th&®%Ra source and the detectors. The 429-keV line was observed for two
covers the energy range from 0.180 to 2.4 MeV, which overpurposes. First, thg factor for the'%B(p, y)*'C reaction can
laps the data obtained with tRéAl(p, y) reaction. The solid be normalized to théB(p, a;)'Be reaction by measuring the
line represents a fit to these data usingniaaip Monte Carlo  429-keV decay line to the ground state ‘&fe. Second, this
code[11]. The energies of the simulations were chosen to bédine also provided information on the intensity of the beam
the same as these of thetransitions in?Si and??®Ra. The and the quality of the target. When the count rate coming
calculated detector efficiencies were in very good agreemeritom the 429-keVy line dropped by 20% from its initial
with the predictions of theiCNP calculations over the entire value, the'B target was replaced.
energy regior(0.180 MeV<E,<10.7 MeV). A typical y-ray spectrum for the reactiol¥B(p, y)''C at

All measuredy-ray yields were corrected for attenuation E,=160 keV and#=90 deg is shown in Fig. 3. Intensity
through the stainless steel target cham{@B5-mm-thick  distributions from spin-up- and spin-down states are pre-
and Plexiglag1.0-cm-thick shielding. From 0.1 to 2.4 MeV sented for four regions of the-ray spectrum. In Fig. 3)
the experimental values for the attenuation coefficients werd29-keV line represents the line stemming from the
obtained using &°°Ra source. Measuring the relative inten- °B(p, o;)’Be reaction. In Fig. @) the peak at 4510 keV
sities of they lines of this source in the position of the target, represents the primary transition to the second excited state
with and without the chamber, allowed us to determine th€J™=5/2") and the peak at 4319 keV is its subsequent transi-
total attenuation coefficients up to 2.4 MeV. At higher en-tion to the ground state. Figurgc3 shows the full energy
ergy this information was obtained from a simulation usingpeak, and the single escape p&&EP for the transitions
MCNP. from the fifth excited stat€]"=7/2") to the ground state. The

The background was reduced by placing 10 cm of passivéull energy peak aE,=8824 keV in Fig. &) is 45 keV wide
Pb shielding around the HPGe detectors. In order to miniand corresponds to capture to the ground stafe3/2).
mize the effect of the high counting rate on the data acquiThis width arises because the 160-keV proton beam is

MCNP .
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wheree is the detector efficiency for the corresponding
line andA is the attenuation factor for a givepline. The
yield of the proton capture reaction is given by

20000 |-
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200 [ §§ 3 - where STRE) represents the stopping power of thé8
<3 <

100 [ a target. However, the cross section at projectile energies
- ] below the Coulomb barrier decreases exponentially with

4200 4300 4400 4500 4600  decreasing beam energy. To extrapolate the data to the

|

Counts

40 ‘ ‘ ‘ ‘ ‘ — very low energies relevant to astrophysics, it is advanta-
30 C) £ ] geous to transform the cross section into the astrophysical
- % g 1 S(E. ) factor defined by the relatiofl2]
20 + ) -
I | S(Ec m)exp(= 2m7)
o(Eg ) = —2 E ) ©)
c.m.

5800 6000 6200 6400 6600 . .
where 5 is the Sommerfeld parameter aid, is center-

of-mass energy irkeV. The quantity # is related to the
center-of-mass energy as follows:

_~ Spin "up"” ]
Spin "down" 7,231'2%122 | _H (4)
* ] 27 Ecm.
" 1 AL n e o em AN oM o
8640 8730 8820 8910 9000 \whereZ, andZ, are the charge numbers of the interacting
Ey (keV) nuclei andu is the reduced mass in amu. Substituting Eq.

(3) into Eqg.(2) and Eq.(2) into Eg. (1), we obtain
FIG. 3. HPGe spectrum for thé€B(p, 7)11C reaction taken at a

0 —27
lab angle of 90 deg. Four energy regions of the spectrum are shown: SM(E)e ”dE
(@) 429-keV line stemming from th¥B(p, ;) "Be reaction(b) the N, (E,) e ESTRE)
. . prEp p
proton capture to the second excited sté&tgthe secondary transi- N, (E.) 0 (E)g2 (5)
tion to the fifth excited state, arid) the capture to the ground state. p.at=p J SP'“—edE
The solid line labels spin state “up” while the dotted line is for spin E, E STRE)
state “down.”

where the constant is the ratio of the detector efficien-
cies and attenuation coefficients for thg y) and (p, aq)
reactions, respectively. The available dfi&] show that

stopped in the thick%B target. It should be pointed out that th€ angular distribution of they rays is isotropic at the

in Figs. 3a-3(c) there are no differences in the intensity 'é/evant low energies for thep, y) and (p, a) reactions,
distributions between the spin-up and spin-down state. How@nd this was assumed in the present analysis. The func-
ever, for the capture to the ground state, the spin-up statgonal form used to describe the energy distribution of the

shows 57% more net counts than observed for the spin-dow@strophysical factor for botlip, ay) and (p, y) channels
state. are polynomials of second degree and are given by

S(Ecm) =So+ SiEem + SE2m. (6)

where S, S;, and S, are parameters determined from the
In order to determine th& factor of the!®B(p, y)*'C re-  fit, and E. , is in keV. As will be shown in the following
action, the measured reaction yield was compared with theection, these three parameters for flpeay) reaction
yield of the1%B(p, ;) 'Be reaction, which is measured in the were obtained by fitting the experimental data from Ref.
same experiment. As has been mentioned in the precedifd]. Consequently, the uncertainty in the value of the
section, the intensity of the 429-keV line, corresponding tofactor for the(p, y) reaction depends on the uncertainties
the decay of the first excited state’iBe to the ground state, in the detector efficiencies, the attenuation coefficients,
is proportional to thé®B(p, a;)’'Be cross section. Th8fac-  and theSfactor for the(p, a;) reactions. Since we assume
tor of the (p, @y) reaction was previously measured in Ref. a polynomial distribution of second order for the form of
[7]. The ratio of photopeak areas of tlfp, y) and (p,y)  the Sfactors for both thep, y) and the(p, a;) reactions, a
reactions can be written as system of at least three linear equations is required in

C. Data analysis
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order to unambiguously determine tikg, S;, and S, pa- 350 o T e
rameters for the(p, y) reaction. In the present analysis, I © "B(p.a) Be (Ref.4)
data at four different incident proton energies have been 5, — Polynomial fit

used to determine the parameters of ti$e factor, I
which makes the system of linear equations completely 250

T

determined. i~ »
E 200 - present energy region .
D. Legendre fit 5 1s0f [ ]
Based on the formalism presented in R&#], the vector & r
analyzing power is defined as v 100- .
Y.(0,E)-Y_(6,E) 50 - 1
AS(6,E) = — . , @) '
pyY+(0! E) + pyY—(ea E) 0+ 1
where Y, and Y_ denote the number of events from the 40 60 80 100 120 140 160
10B(p, y)'C reaction with the spin polarized along the E, (keV)

spin-up and spin-down directions, respectively, @(jdmd

p; denote the polarizations of the beam for the two differ- FIG. 4. AstrophysicalS factor as a function of center-of-mass
ent proton spin states. A fit to Legendre and associate@nergy. The solid line is the second-order polynomial fit to the
Legendre polynomials was performed on thed, E) and ~ experimental dat7].

a(6, E)A/(6, E) data at each energy. The vector analyzingorder to represent the energy dependence of the experimental
powerA, (6, E) relates the polarized beam cross sectign data from Ref.[7] in the range from 50 to 160 keV. The

to the unpolarized cross sectiar in terms of the vector smooth curve presented in Fig. 4 is the result gffamini-

polarization of the beams,, by mization fit to the data points. The functional form used in
this case is a polynomial of second degree and is given by
op(6, E) = a,(6, E)[1 +pyA/6, E)]. (8 Eq. (6). The values of thes, S, and S, coefficients are
The cross section can be written in terms of Legendrét05-8+38.7 keV b, —4.8+£0.7 b, and 0.016+0.003 Kew,
polynomials as respectively, and thqﬂ_from fthe fit is 0.94 per degree of
freedom. If theE? term is not included, thg? per degree of
n freedom is 1.31, indicating the necessity of using a polyno-
a(0,E)=Ag| 1+ aQP(cos0) |. (90 mial of second degree.
k=1

In the present experiment, measurements of the 429-keV

The product of the cross section and the analyzing power# transition from the'%B(p, a;7)'Be reaction have been used

can be written in terms of associated Legendre polynomi{0_determine theS factor and the cross section for the
als as 10B(p, y)*'C reactions by direct normalization. The astro-

physical S factors for thel®B(p, y)''C reaction have been
n determined from four measurements of the rajg/N,, , of
o6, E)A/(6, E) = AgY, BQPi(cos ), (100 Eq.(5) performed at beam energiesgf=160, 130, 120, and
k=1 100 keV, corresponding to c.m. energies of 145 keV,
where theQy are the finite geometry attenuation factors, 118 k€V, 109 keV, and 91 keV. These were used to generate
a, and by are the coefficients of the normalized Legendrefour simultaneous versions of E(_f:) in the three unknowns
polynomialsP, and P, the Legendre and first associated <o S @ndS,. Results were obtained for the three strongest
Legendre polynomials, respectively, is the absolute transitions: capture to the ground state, to the second exited

cross section normalization constant: state, and to the fifth excited state. These results are pre-
sented in Table I. The experimental errors of Béactor
o = 4ThA,. (11) values are mainly determined by uncertainties in the mea-

suredy rays from the(p, y) reaction[(3—10%], the relative
v-ray efficiencies(x2%), and the attenuation coefficiencies
IV. EXPERIMENTAL RESULTS (£2%). All transitions to the ground, the second, and the fifth
excited states show the same behavior: all of them have
negative slopes. The energy dependence ofStfextor was
The absolute cross section of the reactt¥B(p, @;7)’Be  extracted from our data and found to rise by a factor of 7, 4,
has been previously reported at effective energiesEof and 7 for the capture to the ground, second, and fifth excited
=48-159 keV[5,7]. Figure 4 shows these data for the astro-states, respectively, as the energy is decreased FEgm
physicalS factor from the reaction®B(p, a;)’Be, as a func- =145 to 91 keV. These results are all summarized in Table I.
tion of center of mass energppen circles The S factor
exhibits a strong energy dependence at very low-energies
due to the low energy resonanceEt10 keV. For this rea- The measurement of the analyzing power for the
son a quadratic function was used in the present analysis i¥B(g, y)'C reaction,A (6, E), was performed using the po-

A. S-factor determination

B. Analyzing power
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TABLE |. Sfactor data for the reactioHB(p, y)*'C.

Sfactor (keV b)

Coefficient Ground state Second excited state Fifth excited state
J7=3/2 J7=5/2" =712
S (keV b) 16.38+0.53 15.93+0.37 3.59+0.04
S (b) -0.25+0.01 -0.22+0.01 (-0.05+6 x 104
S, (kev 9.64x104+3.85x 107° 8.30X10%+2.81x 107° 2.14x104+2.69x 1076

larized proton beam from the ABPIS. The positivaxis was  and parity of the constituent particles need to be examined.

defined asc, X ko, Wherek, is the direction of the incident The incident proton and®B target have spin and parities of

a N . 1/2" and 3, respectively. For the ground state capture, the
proton beam andt, is the direction of the outgoing ray. 1 ground staﬁa haé”islz andgfor e capturepto e

For the case of a detector on the left side of the beam line, d and fifth excited iy 437=7/
the spin quantization axis corresponds to tlyedirection. second and fifth excited statel=5/2" andJ"=7/2", respec-

The primary advantage associated with measuring thHVelY: At the low energies of the current experimesiyave
vector analyzing power is that it depends only on the ratio off1 andp-wave M1 radiations are expected to dominate. So,
yields, not on the absolute magnitude of the yields themin the present analysis we neglect alltransitions higher
selves. This means that the measuring\pfunlike the cross ~than dipole. The diagram in Fig. 6 shows the four dipole
section, does not require any knowledge of the stoppingransitions, labeled by the quantum numbg&¢, J of the
powers or relative detector efficiency and attenuation. Théncident channel and the multipolarity for tHéB(p, y)*'C
flipping of the spin state every third of a second ensured€action. Since th&'C ground state has a negative parity, the
similar experimental conditions for each spin state. As a re-
sult, A, can be expected to be independent of the systematic 05

T T T

o gs. (32)

errors which are present in cross section measurements. 0al v 2% sme 52) E, = 160 keV |
The experimental analyzing powers, measured at three A 5" state (717) 3

proton energies, are shown in Fig. A, was obtained by o3 3 2 1
comparing the yields for spin-up and spin-down states within 02p 0 ]
the same gate. This gate was set to the photopeak and first o1} % 1
escape peak of the ground, first, and fifth excited states. The 0.0 _é ......... iii ..... % ......... % ....... -
background, which was fitted using a second order polyno- o1l I L ]
mial was subtracted from each peak and was less than 1% of J

0.2 — } } : : : } } }
0.4} Ep =130 keV |

the total photopeak area.

It can be seen from Fig. 5 that the analyzing power for

capture to the ground state is nonzero and shows a maximum osr 3 ]
at 90 deg for all three energies. In addition, this distribution @ 02t % :
is symmetric around 90 deg. Itis also seen that the maximume™ o1} ]
value of A/(90 deg is 0.32 for E,=160 keV and drops to vo--z} _______ i ___________ % _______ A
0.22 atE,=100 keV. Unlike the transition to the ground oal 1
state, the analyzing powers to the sec@ifd=5/2") and fifth ' J

(J7=7/2") excited states are consistent with zero to within 02 = — 100’ .y
error. This picture demonstrates that in addition to the influ- 04r P e
ence of theEl s-wave resonance, the proton capture to the o3f .
ground state is governed by a significgrivave component 02l ]
since pureEl radiation would giveA,(90 deg=0.0. _ 9

C. Transition-matrix element analysis o1

Z,il-i ......................... ]
|

The angular distribution of the cross section and the ana- 02l ‘ ‘ ‘ ‘ s s s ‘
lyzing power can provide further information on the reaction 0 20 40 60 B0 100 120 140 160 180
via the extraction of transition matrix elemer®&VEs) [15]. 6., (deg)

This analysis provides a model-independent determination of

the amplitudes and phases for the individual channels. The g 5 The angular distribution of the analyzing powerEgt

procedure used here is to vary the amplitudes and phases ©f0o, 130, and 160 keV for tH€B(p, )11C reaction leading to the

the TMEs to fit the data, while searching for a minimum in ground statéO), the second excited stat¥), and the fifth excited

the y-squared. state(A). The errors bars represent the statistical uncertainties as-
In order to determine the appropriate TMEs to be considsociated with the data point and the uncertainty in the beam polar-

ered for thel%B(p, y)''C reaction, the angular momentum ization.
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_

E =E +8.6896 MeV section, and they, and b, coefficients were extracted from
e these fits. The results of the Legendre polynomial fit to the
cross sectiorfa; anda,) and vector analyzing poweb;, b,)

are displayed in Fig. 7 and listed in Table Il. It can be seen

10
B (J =3 v - decay here thata, and a, are nonzero only for the ground state
case. The other two cases are consistent with the assumption
(E1 or M1) of isotropy (straight-line fij sincea,; anda, are statistically

consistent with being equal to zero. The physical significance
of this is that an isotropier(6) is predicted for the case of
pure swave capture. Thé, coefficient, which by Eq(10)

e (J" = 3/2) arises fromE1-M1 mixing, is consistent with zero for the
capture to the second and fifth excited states, while for cap-
ture to the ground state it reaches a value of 0.31. Ghe

et - e e e - = 4

;' :=:Z §=? j":gg ((;3 coefficient is consistent \(vith zero for_all three states. The
) - X?v for the overall TME fits are given in Table Il

3. 8=5/2 £=1 J"=5/2" (M1) A T-matrix element analysis was performed using the one

4. §=7/2 =1 J"=5/2" (M1) E1 and threeM1 matrix elements listed in Fig. 6. To deter-

FIG. 6. Thel%B-p system captures into HC continuum state Mine a unique solution, both the ol& and the threev1
(Ex~E.m+Q) which then decays labeled byemission. The four ~Matrix elements were treated as free parameters with all of
dipole TMEs to the ground state are shown by the quantum numthe M1 TME phases set to be equal to one anotheg?A
bersS, I, andJ, and by the multipolarity of the outgoing ray. minimization routine was applied to both the cross section

and analyzing power data simultaneously. Table Il shows
s-wave(£=0) continuum states decay Vil radiation while  the numerical results of the TME analysis for the
the p-wave (¢=1) continuum states decay vM1 radiation.  %B(p, y)*'C for the sswave E1 amplitude, thep-wave M1

Equations(8) and(10) were fit simultaneously to the an- amplitude, the fractiori%) and the relative phasgeg, and
gular distribution data of the analyzing power and the crosshe y-squared per degree of freeddi/v). The transition-

Capture to the g.s. (3J"'=3/2) Capture to the 2™ ex. st. (J"=5/2)  Capture to the 5" ex. st. (3"=7/2)

16— T T T T T T T L e R B
141 1 F 4 F E
o
g 121+ 1 F 4 F 4
g
o
.
Lo} 11— %7 1] % % I I l
0.8} 1 F 4 F 4
0.4} 1t 1L ]
o
<
o) 0.3} 1F 1 F E
\_/>
;(-\ 0.2} - = 4
e
o
0.1}
0.0}
.01l . . . . . . . . . . . . . . . . . . . . . . . .

L L
0 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180
eh’:lb (deg) elab (deg) elab (deg)

FIG. 7. The experimental data for the reactfdB(p, yo, v2, 5)*'C atE,=160 keV. The solid lines are the results of a simultaneous fit
to both observables in terms of the TME®e Eqs(8) and(10)].
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TABLE II. Results of Legendre polynomial fit. Coefficients for the fits to the cross se@ioanda,) and
vector analyzing poweib; andb,) are presented for the proton capture to the ground 61ate3/2°), second
(J™=5/7"), and fifth (J7=7/2") excited states.

E.m=132 keV
Coefficient Ground state Second state Fifth state
J=3/2 J7=5/2" J™=7/2
ay -0.044+0.041 -0.012+0.475 -0.07+0.12
a 0.050+0.034 -1.¥10°+4%x10° 4.3x10%+2x 10
b, 0.309+0.037 0.024+0.036 -0.008+0.01
b, 0.0 0.0 0.0

matrix elements are expressed as the percent contribution talculations, single-particle resonance amplitudes for the di-

the total cross section. The phases are relative t&Etheerm  pole transitions are added to the amplitudes.

that has been set arbitrarily to zero. The TME analysis indi- The radial part of the electric dipole transition amplitude

cates that 87% of the cross sectionEt=160 keV arises Ty, for the direct-capture process, is given by

from E1 s-wave radiative capture while the rest is due to the

M1, p-wave capture. In Table I, th®11 contribution is the Tr = (Wyler|'¥;), (12

sum of all threeM1 transitions to the ground state. The frac-

tion of the cross section due to tli€=3/2~ M1 amplitude whereW; is the initial elastic-scattering state wave func-

(see Fig. 6is (12.3+2.23%, while for the second and third tion, W; is the single-particle component of a final bound

J7=5/2" M1 contributions these numbers a@®2+0.63%  state,e is the dipole effective charge of the proton, and

and(0.5+0.21%, respectively. Hence, thewave capture to is the form of the electric dipole operator in the long-

the ground state is dominated more than 95% by ifie wavelength approximation. The initial wave function is

=3/2° M1 p-wave term. At the same time, the radiative cap-calculated from a Woods-Saxon potential, where the pa-

ture transition to the second and fifth excited states are domiameters are taken from optical model fits to elastic scat-

nated(more than 99%by E1, swave capture. After exclud- tering [18]. The radial wave function of a final single-

ing the second and thirt1 amplitudes, the analysis shows particle state is determined by adjusting the depth of a

that the relative phases between e and M1 TMEs is  Woods-Saxon potential so as to reproduce the proton

86+3.2 deg, which is in very good agreement with the pointinding energy. The resulting resonance parameters along

charge Coulomb phase shift val(@6.4 deg [16]. with the other parameters of the calculation are given in
Figure 7 shows the relative cross sectiar(0)/A;] and  Table IV. The excitation energies and widths for these

analyzing powefo(6)A,(6)/A,] data for proton capture to the resonances were taken from Ré4]. As has been men-

three final states @,=160 keV. We also notice from Fig. 7 tioned in the Introduction, at low energi¢g,<0.6 MeV)

that the transition-matrix element fit does a fairly good job ofthere are two s-wave resonances ag,=0.010 and

representing the angular distribution at all measured enef.56 MeV. Theanalyzing power for capture to the ground

gies, indicating that the assumptions made in the TME analystate has a value of 0.32 at @leg. A finite analyzing

sis were reasonable. power at 90 deg requires the presence of radiations of op-

posite parities. In Refl4] it was shown that only strong,
V. DIRECT-CAPTURE-PLUS-RESONANCE CALCULATION destructive mterference_ between th&,=0.01 and
0.56 MeVresonance can fit the low energy structure of the

In order to understand the origin of the analyzing powerSfactor curve. Howevers-waveEl resonances alone can-

observed in the present experiment, a series of dEéadnd  not reproduce the observed analyzing powers. The only

M1 capture plusEl and M1 resonance calculations were way to produce a large analyzing power at 90 deg in the

performed using the computer programiARrI [17]. In these  ground state channel is to have a spin-parity of 302

TABLE Ill. TME fit for the reaction®B(p, y)!'C atE, ,=145 keV. Partial wave contributions to the cross section for the transition to
the ground, second, and fifth excited state$'@® via polarized proton capture as predicted by a TME analysis yfhevalues are given for
each fit.

Ground state Second excited state Fifth excited state
€in I TME Jm=3/Z J7=5/2 =717
Fraction(%) Phasegdeg Fraction(%) Phasgdeg Fraction(%) Phasgdeg
0 5/2¢ El 8713 0.0(Fixed) 99.9+0.6 0.0(Fixed) 99.6+2.3 0.0(Fixed)
1 3z M1 13+£2 86.0+3.2 0.1+0.09 76.0£21 0.04+0.06 134+121
lv 0.576 0.536 1.988
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TABLE IV. The parameters used to calculate the analyzing power Siufactors for 1°%B(p, y)1'C. The energy and the resonance
parameters are given in the center-of-mass frame.

Final state Spectroscopic Excitation Single-particle Resonance parameters
Jdm factor energy(MeV) state J7 Er (keV) It (keV) wy (keV)
Ground(3/2) 1.09 8.699 3/ 5/2° 9+1.0 15+1 8.x10°%2
Second(5/2)) 0.0964 4.83 13 5/2* 509+55 500+100 3.1+10°
0.0388 4.83 1/ 3/7) 955+55 210+50 3.310*
Fifth (7/2°) 0.0539 6.48 3 (5/7) 1091+45 240+60 1.810*
Subthreshold 0.39 8.420 10 s -265.0 0.0000154

5/2" contributing M1 strength. Our transition-matrix nance of theswaveEL resonance &Ez=10 keV.

analysis also indicates th1-E1l interference is the ori- The strength of the subthreshold state which reproduced
gin of the large analyzing power observed in the case othe observedA (90 deg can be expressed in terms of the
capture to the ground state. Besides dirbtt strength, spectroscopic factdiC?S) of the 8.420 MeV state. To do this
there are two types of states that can contribute toMiie we used the previously reportedwidth I',, and wrote the
strength: the first ones are the conjectured high lying resoproton particle width asC?S times the proton penetrability
nances with spin and parities of 3/2E,=9.65 Me\) and  with the reduced width taken to be equal to the Wigner limit.
5/2~ (E,=9.78 MeV) [19], which can M1 decay to the

ground state aftep-wave proton capture. The second is 05 : : : :
the M1 contribution from the weakly bound subthreshold
state at an excitation energy 8420 MeV(J"=5/2"). We 04 E=160keV |
would like to explore these possibilities.
A direct-capture-plus-resonance calculation was per- 03 1

formed by simultaneously fitting th@factor or cross section
data and the analyzing power data at the measured protoE o2 |
energies. These calculations were adjusted to best represe <

all of the data presented in Fig. 8. The results indicate that 01 8
the two p-wave M1 resonances at 9.65 and 9.78 MeV can
yield a maximum ofA(90 deg of 0.20 compared to the of .

observed value 0f-0.32. The results of these calculations
are shown in Fig. 8. The other possible source for the miss- ~ : ' : : :

ing analyzing power is the weakly bound, 5&ubthreshold 0ot s 6‘;b(d3‘§,) 1o a0 ee
state at 8.42 MeV. This1 strength could interfere with the
direct E1 strength in order to produce the observed value of
A,(90 deg.

The resonance parameters used in the present calculatic
to fit the Sfactor as shown in Fig. 8 are presented in Table IV ¢
[4]. The resonance strengths were adjusted to fit simulta: i
neously the analyzing power data and the low-energy part of
the Sfactor data(E,<1.3 MeV). Increasing the strength of
the subthreshold resonance can increase the analyzing pow
from a value of 0.20 aE,=160 keV to the experimental
values of 0.32. At this strength, the direct-capture-plus-
resonance calculation fit both ti&factor and the analyzing
power data reasonably well. It has to be mentioned that the
subthreshold state has a negligible impact on $factor 0 ‘ ‘ . L
data at very low energies, since tBdactor in this region is e (kez{);)) S0 00 560
completely dominated by thBl resonance aE,=10 keV. e

Oyr calculation shows, for ex_ample, _that in the_wcmlty of rG. 8 Experimental and calculated) analyzing power ob-

.thIS resonance the cross section coming from this resonangg,oq atE,=160 keV (E=132 ke\j and (b) S factor for the ra-

is more than four orders of magnitude higher than the crosg;aive proton capture to the ground st4#8=3/2) in 1C. Tri-
section from thep-wave M1 resonances. Experimental data anges are the present experimental data and the open circles are the
for the analyzing power together withiKARI calculations  gata from Ref.[4]. The solid lines represent calculations for the
are shown in Fig. 9 for proton energies of 100 and 130 keV direct-plus-resonance calculation performed at an effective energy
As can be seen, the calculation is in very good agreemenif 132 keV. The dotted line is the same calculation when the sub-
with experimental data. At the same time, the analyzinghreshold state is not included. The results in this case forSthe
power at 16 keV is zero, which is expected due to the domifactor are indistinguishable from the solid curve.

10

Sfactor (kev b)

0F §§ 4
¢
§§§
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0.5 T T T T T T T T T 0.5 T ———— T —————————T
I —A—E, = 130 keV oal v Presentdata a)
04l —— Ep =100 keV | ' —— HIKARI calc.
—— HIKARI | 03k ,
03 g 0.2} -
» 1 o
0.1} ,
@ 0.2+ l T 4 91) /
<>' t < 0.0 | B
0.1F Y . o1l ]
0.0} ‘I\ ] 02} i
0.3 } f
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FIG. 9. Analyzing power aE,=130(Ee=108 ke (A) and 2
100 keV (Eq;=84 keV) (V). HIKARI calculations are presented with [‘xf‘
continuous lines. The calculations were performed at effective en-—_, 10'E 4
ergies of 108 and 84 keV, respectively. The lowest curve shows the bE
results of the calculation &,=16 keV. \E
© 10t 5
O TME
#2 — HIKARI
I',(E) = 2P|(E, RN)C25<T!2>. (13 10° e A O
HPN 10 100 1000
Then, with['=I',+I',, we find thatC?S=0.42. This value E. (keV)
is in good agreement with the value 0f39+0.4obtained
from a previous direct-capture experimgna{. FIG. 10. Energy dependence of the analyzing power and the

Combining the analyzing power and the cross section datgstio of theE1 vs M1 cross section calculation. The present data for
allows a deeper understanding of the reaction mechanism IR,(90 deg are shown in@), and the result of our TME analysis is
the low-energy region. This information is valuable to under-shown ate, ,=132 keV in(b).
stand the interplay between the two major transition-matrix o
elementsEl andM1. The calculated values @%,(90 deg
and the cross section ratio of tih@l versusEl transitions,

resulting from HIKARI calculation, is shown in Fig. 10. Fig- experimental data &, below 160 keV as represented by the

ure 10(a) shows that the\(90 deg increases as the proton h4rameters of Table I. Together, these data cover the region
energy increases, reaching a maximum value of about 0.46 gi, " E =01 to 17 MeV. In the energy range below
,=0. .

Ec.-m.-:245 .ket\r/]' g?e ?rea arcr)]und 2'45|:I'<e\g c_ol_ihr!cidels V\Ilit? theEp<90 keV, no experimental data are available, so for
minimum In thestactor as shown In Fig. . This caicuiation 1<E,<16 keV, theS factor is approximated by a Breit-

also reproduces the preseff(90 deg data at the three ef- . . .
fective energies as shown in Fig. 9. The effective energ)yv'@mer expression using the parameters of the 9-keV reso-

. - - 14
corresponds to that energy within the target at which one—halfiniel'i*?_vl%z kevhar—(2.07li(_).4()>< 100 "éb » and T h
of the reaction yield is obtaingd 2]. Calculation shows that — 51 keV. A smooth extrapolation was used to connect the

atE, =245 keV theM1 cross section becomes almost equa|Bre|t-W|gner curve to the present result. The expe_rlmer_ltal
to the E1 cross sectiofisee Fig. 1()]. As reported in Ref. data for the Iow proton energy region as well as the fltted line
[4], there is strong destructive interference between the firsiré presented in Fig. 11. The toalfactor, obtained in the
two E1 resonances. As can been seen in FigbjlGhere is  Present experiment, was defined as the sum ofStfectors
also strong distructive interference between BieandM1  of all primary transitions involved except the transition to the
components, giving rise to the large analyzing powers in thigourth excited state which was neglected due to its very
energy region above 100 keV. A, ,=145 keV the calcu- small contribution(less than 1% Typical values of the
lated value of the ratio of th®11 versusEl cross sections is present results, obtained by summing thé&ctors as given
0.12, which is in good agreement with the results of thein Table I, are showigalong with their uncertaintig¢sat four
transition-matrix element analysi6.13. energies in Fig. 11. In the energy range<8B,<170 keV,
10 1 even theSfactor to the second excited state from the original
VI THE REACTDE;:JEOO,\T THE B(p, m"C data[4] is larger than the totdb factor adopted in Ref22].
For this reason the NACRE data from 8&_. , <170 keV
The reaction ratéNa(ov) was calculated taking into ac- were excluded from the present fit. Above 170 keV, the non-
count the experimental data from Reff4,20) and the present resonant data from Ref$20] and [4] were adopted. They
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1000 : : : and x=log;o(Te). Ty is the plasma temperature in units of

~-BW —— Polynomial Fit — 10°K. The total error of the fit is 15%.

. At very low temperatureéTy<<0.01) and relatively higher
° _’ﬁjﬁfgaf:mp"a“"“ (Ref.21) | temperaturegT,>1), the present reaction rate is identical

______ NACRE extrap. with the latest NACRE compilatiof22]. The difference ap-
—_TUNL extrap. pears between these two regions, where the largest contribu-

tion to the integral in Eq(15) comes from energies between
E.m=20-170 keV. The present experimeng&factor data

in this energy range exceed the data used in the NACRE
compilation by a factor of 2.6. However, it has to be men-

tioned that despite this discrepancy, the original differential
Sfactor data presented in Fig. 6 of R¢#] are in good

593 35 37 % agreement with the present experimental results.

iy
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ECm (keV) VII. CONCLUSION

In the present work the astrophysic&@lfactors for the
FIG. 11. Total$S factor for 1°B(p, y)1C reaction. The present °B(p, y)'C reaction have been determined for the three
experimental daté\) are presented simultaneously with the experi- strongest transitions: capture to the ground state, to the sec-
mental dataO) from Ref. [4]. The solid line is the result of the ond exited state, and to the fifth excited states’af. The
Breit-Wigner function joined smoothly to polynomial fit to the ex- experiments were performed by measuring simultaneously
perimental data described in the text. the number ofy rays, integrated over the thick-target yield
curve, coming from(p, y) and(p, ay,) reactions.
cover the reaction rate region from 170 keV to 17 MeV. The The present study of the reactidfB(p, y)*'C at E;
Sfactor in this energy region was represented using a poly=91-145 keV found a substantial vector analyzing power at
nomial fit to the data set from Reff20] and[4], which was 90 deg for capture to the ground state, indicating a signifi-
matched smoothly to th& factor curve used at and below cantp-wave component. The results of the present measure-
170 keV. ments show that\(90 deg=0.32+0.03 atE =145 keV
The upper limitEq, for the integration was given by the for capture to the ground state B, with smaller values of
highest energy investigate@,=17 MeV) [20]. The lower A (90 deg for the capture to the other excited states. Direct-
limit of the integral isE=0. The reaction rate was obtained capture calculations including the known resonances have
by numerical integration of the tot&ifactor curve using the peen performed in an attempt to determine the origin of the
expression p-wave capture strength and its effect on the extrapolation of
2 (E the astrop_hysical S fa(_:tor.. The observed analyzing power
Na(o) =N (8/m) J max E)eXp<— E 27777>dE was explained by considering the subthreshwldave (M1
A Aut?(kgT)%2 ), kT ’ radiation resonance in addition to two high lying1 reso-
(14) nances interfering with the direct-capture plus-resonance
swave (E1) component. TheM1 strength was adjusted in
where u is the reduced maskg is the Boltzmann con- order to fit both the observed, data and the astrophysical
stant, andy is the Sommerfeld parameter defined by Eq.factor data. The spectroscopic factor which is deduced from
(4); E is the particle energy in the center-of-mass systemthis strength was found to b&?S=0.42, compared to the
T is the plasma temperature in K, andis the relative previously determined experimental value of 0.39. Our cor-
velocity of the nucleus and the proton. As in Rg#1] the  rected values of thé factor for the 1%B(f, y)*'C reaction
evaluation of Eq.(14) was performed using a numerical between 20 and 170 keV differ from the previous NACRE
integration technique in order to calculate the value of thecompilations by a factor of 2.6.
integral to a high degree of accuracy. Regions of fast
variation in the integral are automatically subdivided into
smaller subregions and integrated separately to minimize ACKNOWLEDGMENTS
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