PHYSICAL REVIEW C, VOLUME 62, 025803

The “B(p,y)?C reaction below 100 keV

J. H. Kelley}? R. S. Canort;® S. J. Gafft® R. M. Prior!* B. J. Ricel® E. C. Schreibet;® M. Sprakert* D. R. Tilley,*?
E. A. Wulf,*? and H. R. Wellet?
Triangle Universities Nuclear Lab, Duke University, Durham, North Carolina 27708
2Department of Physics, North Carolina State University, Raleigh, North Carolina 27696
3Department of Physics, Duke University, Durham, North Carolina 27708
“Department of Physics, North Georgia College and State University, Dahlonega, Georgia 30597
(Received 5 April 2000; published 6 July 2000

The B(p,y)'2C reaction was studied by measuring therays that were produced when 80—100-keV
polarized protons were stopped in a thite target. Cross sections and vector analyzing powers at 90° were
determined as a function of energy for capture to the ground and first excited stdf€ dhese analyzing
powers are particularly sensitive to the interference betvge@md p-wave contributions, and to the relative
phase between direct and resonance amplitudes. The results were used to produce a reliable extrapolation of the
astrophysicab factor at 0 keV by means of a direct-capture-plus-resonances model calculation. The value of
S(0) that was obtained foV'B(p, ), 1.8+0.4 keV b, is in agreement with previously determined values, but
for 11B(p,y,) the value ofS(0) is 3.5+0.6 keV b and is more than twice as large as previously determined
values.

PACS numbegs): 25.40.Lw, 21.10.Pc, 24.78s, 27.20+n

. INTRODUCTION o,=158 pb) by more than 20%. More recently, Cecil
et al. [3] deduced values df =5.4 keV ando,=130 u b,

The B(p, y)'2C reaction has been studied in an effort to and found that this resonance plays a key role in determining
better determine the low-energy reaction dynamics. Difficul-the *'B(p,y) reaction rates at very low energies.
ties presented by low count rates, cosmic-ray backgrounds, Reaction rates at projectile energies below the Coulomb
and rapidly changing energy-dependent cross sections harrier decrease expone.ntlally with decreasmg.beam energy,
very low beam energies complicate an accurate determin&’-ecause. rate; are dominated by the probability for barrier
tion of absolute cross sections for this reaction. ThereforeP€netration. Since beam energy changes of 10-20 keV can
the goal of this work is to measure spin-dependent obsen/62d 10 orders of magnitude changes in the cross section in
ables with polarized protons, and to use these results to coﬂirJIS energy regime, the astrophys@\factor S|mpl|f.|es the
strain a direct-capture-plus-resonances model and obtain IRterpretation of reaction cross sections by removing _the en-
more reliable extrapolation of the astrophysi&dactor for ergy_dependence W.h'Ch arises from thg Coglomp barrier pen-
this reaction. Measurements of the energy-dependent rea tration. The reaction cross section is written in terms of
tion cross sections and vector analyzing poweks) (at 90° (E), the astrophysicas factor, as
have been conducted at proton energies ranging from 80 to
100 keV. S(E)exp( —277)

The cross section for proton capture Y8 leading to'*C o(E)= £ : (1)
is small at astrophysically relevant energiesE,(
<100 keV) because of the large Coulomb barrier. In pri-
mord_ial nucleos_ynthesis, the less favorable pr_oton capturghere 27”7=31-2%argetzprojecme‘/M/E, w is the reduced
reaction on!!B is often neglected, and’C creation is as- mass in atomic mass units, afdis the center-of-mass en-
sumed to proceed by neutron capture'dB followed by the ergy in keV.
subsequeng decay of'?B into '°C. In stellar nucleosynthe-  The S factor could be expected to have a simple energy
sis, the“He density, produced in thg-p chain, is large so dependence, if only the Coulomb barrier influenced the reac-
that the tripleer reaction is responsible for generating mosttion rates. However, capture strength from near-threshold
of the *2C nuclei. However proton capture dfB cannot be  resonances can lead to rapidly varying reaction cross sec-
entirely neglected. tions, and their influence on th&factor must be fully con-

Measurements of the low-enerdyB(p,y) reaction rate sidered. Relatively small nosswave contributions from
have mainly focused on the narrow5-keV-wide capture near-threshold resonances are measurable due to the fact that
resonance aE,=163 keV. Because of the low proton en- their interference with the usually dominasivave ampli-
ergy of this resonance and narrow width, level parameters foiude can be observed in asymmetric cross-section angular
this state must be deduced from thick target yield measuredistributions and in nonzero vector analyzing powersdat
ments. A study of this resonance VigB(p,yo:+1), by  =90°. The analyzing power ai=90°, Ay(90°), is finite
Andersoret al.[1], deduced a width and a peak cross sectioronly if multipoles of opposite parity are present. The quan-
(I'=6.7 keV and 0,=125 ub) that differ from the tities that we measured, including,(90°), are used to con-
adopted values of Ajzenberg-Selof2] (I'=5.3 keV and strain a direct-capture-plus-resonances model in an attempt
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to better predict the capture rate at astrophysically relevan
energies, at a few tens of keV.

Previous studies of polarized protqn capture on’Li
[4,5] and °Be[6], at proton energies of 100 keV and below,
have found evidence for nastwave contributions in the
capture strength. In the case @fi(p,y), for example, sig- &
nificant p-wave strength from the resonance tail of a sub- g‘
threshold state leads to a factor of 2 increase oveSflaetor 3
deduced without this resonani&. The discovery op-wave
strength in proton capture ofLi and °Be [4—6] challenges
the common assumption that, at very low energies, anly
waves contribute significantly to capture because of sizable
angular momentum barriers.

Il. EXPERIMENTAL DETAILS

In the present measurements, we detectedytnays that FIG. 1. A typical y-ray spectrum showing, andy; obtained at
were emitted when a 30—5@A beam of polarized protons  ¢=90° andE;,.=100 keV. They-ray capture lines are discussed
from the Atomic Beam Polarized lon Sour@&BPIS) at the  in the text.

Triangle Universities Nuclear Laboratory impinged on a

thick 118 target. The proton beams were 70—85 % polarizecEN€rgies ranging from 80 to 100 keV, with 10-keV steps,

in the spin-up—spin-down directions, and a fast spin-flip conwere carried out in a matter of 70 min. This relatively short

troller was used to reverse the proton polarization axis at geriod was divided to 9“"? approximately equal yield for
rate of 10 Hz. rays at the sampled energies. At the completion of a cycle the

Jprocess was repeated.
A 25-cm diameter by 25-cm long Nal detector was used
to detect they rays (y,~16 MeV andy;~12 MeV) with

The target was produced by electron-gun evaporation
98.5% pure samples of'B onto a Ta foil backing. The
evaporated”'8 layer was 260ug/cn? thick, and was suffi- 3~ 5o, energy resolution. A 4-in.-thick plastic annulus acted
cient to stop the proton beam. Therefoserays were pro- 5 an anticoincidence shield to reject cosmic-ray events. The
duced for the entire range froB,=Eincigent 0 E,=0. DUe  apticoincidence shield provided over 98% cosmic-ray rejec-
to the rapidly decreasing cross section85% of the de-  tion, and greatly minimized the background. A typigatay
tected y rays were produced in the first 15 keV of energy spectrum, obtained &;,.=100 keV using the anticoinci-
loss. dence shield, is shown in Fig 1. The dashed curve shows the

To obtain measurements at proton energies higher than &bsmic-ray background that was measured during a beam-off
keV, the maximum energy that the ABPIS can deliver, arun, and normalized in the region above 19 MeV. The solid
computer controlled negative high-voltage power supply wagurve in the figure shows the response function of the Nal
attached to the target, and was used to increase the energydsitector, measured in th#(p, y) reaction, fit to they, and
the H" beam. However, because it was not possible to meay; capture lines.
sure the beam current while strongly biasing the target, the The y-ray flux was extracted from the measured spectra
beam intensity, and target stability were monitored by meafollowing a background subtraction. The response function
suring thea particles @, and a;) that were produced in of the detector has been measured and yields an efficiency of
1B(p,a) reactions. These reactions have a much higheb7% for detectingy rays in a region that is approximately
cross sectiorfa factor~500 for ) than the p,y) reaction ~ one width above the-ray peak energy and two widths be-
and have essentially no background for theparticle reac- low the peak energ§g]. The background, which was prima-
tion products. Therefore, using the cross section data of Anfily from cosmic rays, was measured during “beam-off”
gulo et al.[7], the ™B(p,a,) count rate provided a reliable runs, and was fit with a polynomial function. The back-
means to measure the beam current and to monitor the targétound was subtracted from the beam-on spectra following a
condition. normalization in the region above 19 MeV.

We were able to accelerate the tbns by as much as 20 ~ Because the/ rays andw particles are produced at proton
keV using the negative high-voltage supply. This permittedenergies fromg,=E;,. to E,=0, the energy-dependent
measurements of the energy-dependent reaction cross s&§0SS sections were obtained using a convolution integral
tions at energies from 80 to 100 keV. The energy depenthat included a parametrizedfactor and the proton stopping
dence of the cross section was obtained from a systematfgowers. As in Cecikt al. [3] the y-ray cross section is de-
measurement of the relativeray flux for runs with different ~ termined from a comparison of theray to charged-particle
beam energiegtarget biases In an attempt to average out (ag) ratio using the expression
possible beam fluctuations, data collection was grouped into
relatively short cycles of runs. During a cycle, data were f o (Ep)f(Ep)/e(Ep)dE,
taken at all sampled energies, and it was assumed that the Yy(Einc) :eﬁv(Ev) 7
beam and target characteristics did not change appreciably. Y, (Einc) eff,(E,)

For example, a cycle of relatively short runs with proton f 7o(Ep)T(Ep)/ e(Ep)dE,

.2
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TABLE I. Measured reaction cross sections and analyzing powprevented a direct measurement of the beam current. Also,
ers at 90°. the large 25-cm-diameter detector was placed very close to
the target &£22.5 cm from the target to the front face of the
Epeam Ay 90°  Measuredr(y,) A, 90° Measuredr(y1) detecto), so that finite geometry corrections were substan-
(keV) Yo (nb) 71 (nb) tial. In addition, measurements of low-energy reaction cross

B sections are sensitive to impurities in the target which result
80 0.12(0.18)  0.94(0.18)  0.29(0.11)  2.17(0.41) from oxidation or other processes that affect the composition
90 +0.14(0.12) 2.41(0.47) 0.45(0.07) 6.42(1.16) of the target. Previous studies using boron targets, for ex-
ample by Andersoret al. [1] and Anguloet al. [7], found
significant oxidation. Although we did not rigorously study
the composition of our targets, theray to a-particle ratio
should be relatively insensitive to the effects of small target
Y is the yield of y rays ora particles that were produced as impurities. For these reasons, we place most emphasis on the
the protons were stopped in the targe, € Ei,c to E;=0),  analyzing powers an8 factor slopes. The statistical uncer-
the eff(E)’s represent the detector efficiencies, #E,)'s  tainties in our data are about 5-10 %, while uncertainties in
are the energy-dependent cross sections, B(f},) and the detector efficiencies and solid angles are about 10%, and
€(E,) are the atomic fraction of target nuclei and the stop-the uncertainties in the convolution integrals are taken as
ping power in the target foE,, respectively. 10%. The E,=100 keV S factors that we measured are

The stopping powers that were used in the convolutiorsyozg_ogio_sﬁ keV b for B(p,y,) and S,1=9.49
integral were from Anderson and Zieglg9], the cross sec- +1.65 keVb for ™'B(p,y,); these values are in agreement
tions for "'B(p,ao) were from the evaluation of Rauscher with the values that were previously determined by the pa-

and Raimanr10] and the cross sections fop, and y; used  rametrization of Ceciét al.[3] (S,o=2.29+0.46 keV b and
parametrizeds factors that had the forms of a constant term S,;=8.79+1.32 keVb forE,=100 keV).

plus a Breit-Wigner contribution for the resonance B
=163 keV. The cross sections of the present work were
obtained by fixing the Breit-Wigner terms of the param- IV. ANALYSIS AND CALCULATIONS

etrized S factors_ to reproduce thEp=_163 keV resonance The measurement of analyzing powers &fdctor slopes
peak cross sections deduced by Cecidl.[3], and adjusting 4t |ow energies, in combination with higher-energy cross-
the constant terms to reproduce teay yields observed in - section data, usually collected with much higher statistics,
our measurement. The cross sections &fattors presented can provide sufficient constraints so that a reliable extrapo-
below correspond to the values of the parametri@éactors  |ation of the value of th&factor atE,=0 can be performed.

at E,=Ej,.. Alternatively, we fixed the constant terms in Fig. 2 shows the high-energy data of Segehl. [11] and

the S factors, and adjusted the strength of the Breit-Wignera a5 et al. [12] (500 keV and above compared with a
terms to reproduce our observgeray yields. The small dif-  girect-capture calculation that is based on the spectroscopic
ferences in the cross sections deduced by these two methoglgtors from Cohen and Kurafti3]. Low-energy resonances
are about 4—8 %. Finally, the shapes of 8factors deduced gt 163 keV, 675 keV, and 1.4 MeV are seen to dominate the
from our direct-capture-plus-resonances model, discussegoss section, while the giant dipole resonance is seen at

below, were used in the convolution integral with a normal-pigher energies. These correspond {3C states at
ization factor, and the cross sections deduced with thi516.10(f), 16.57(2), 17.23(1), 22.6(1), and

method agreed with the results of the former method, de25_4(1—) MeV, respectively.

scribed above, within 5%. We used the data of Seget al. [11], the spectroscopic
factors from Cohen and Kurafii3], and the resonance pa-
Il RESULTS rameters from Ajzenberg-Selovg2] to determine the
strengths of the resonances in our direct-capture-plus-
We measured the energy dependence of both the crogesonances calculation. Extrapolations of 8factor to zero
section and the analyzing power at 90° f88(p,y)!°C at  energy based solely on reaction cross-section data can be
Einc=80-100 keV. The results are presented in Table lambiguous because solutions with different relative phases
The method described above to obt&rfactors and cross for the resonance interference terms can be found which rea-
sections yields values that correspondets=E;,.; however, sonably reproduce the existing data while predicting signifi-
because the experiment uses thick targets the analyzing powantly different results & ,=0. Our analyzing powers argl
ers correspond to the values at an “effective” energy whichfactor slopes provide additional constraints on the calcula-
is ~6 keV below the incident proton energy. The system-tions, thus permitting a more reliable extrapolation of the
atic uncertainties for determining absolute reaction cross se@strophysicalS factor into the as yet unmeasured but astro-
tions, discussed below, lead us to place most emphasis on tipdysically important energy region beldi,=50 keV.
analyzing powers anfl factor slopegrelative cross sections
since these observables are not strongly affected by system-
atic effects.
A determination of absolute cross sections from our data Our model uses a direct semidirect formalifid] to in-
is complicated by the fact that the target bias of up to 20 kVclude interference effects between direct-capture and reso-

100 +0.06(0.07)  5.14(0.94)  0.40(0.07)  15.8(2.7)

A. Direct-capture-plus-resonances model
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Solution 1 a)
Solution 2
. Segel et al. [10]
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FIG. 2. Previously reported cross-section data plotted as astro- FIG. 3. The reaction cross-section data for #iB(p,y;) reac-
physicalSfactors for the™'B(p, y,) (2) and “B(p, y,) (b) reactions  tion, shown asS factors, compared with predictions from a direct-

at higher energiefl 1,17 compared with a calculatioflashed ling ~ capture-plus-resonances calculation. The solid and dashed curves

of the direct-capture contributions. indicate the sensitivity of the calculation to the details of the inter-
ference effect¢see Table ). The dot-dashed curve of Fig(t8 was

nance strengths. The direct-capture amplitude and the res@btained using th& factor parametrization of Cect al. [3].

nant (semidirect amplitude radial matrix elements are

combined as sumed that the low-lying 1 resonance aE,=1.4 MeV

was dominant in our energy regime.

g(r); .
T L olX (r) .
E—Eri+il',/2

()

<U(r)|r|x+(r)>+i§1 <u<r>

B. First-excited-state capturey, rays

Capture to the first excited state has a cross section that is
The single-particle bound-state wave functiam@) were  considerably larger than capture to the ground state at the
generated from Woods-Saxon potentials=(.25 anda  energies we studied. Therefore, because of the low statistics
=0.65) whose depths were adjusted to reproduce the expeidbtained, we have focused most of our attention on capture
mental values of the binding energies. This same potentiab the first excited state. Our calculations for capture to the
was used to generate the scattering wave funckiofir).  4.4-MeV state of*?C includeE1 direct-capture amplitudes
The ‘“resonance strengthsy(r); are based on derivative and resonances at 16.10 (2 16.57 (2°), and 17.23
Woods-Saxon shapes whose magnitudes were adjusted to fit~) MeV. Because of uncertainties in the precise values of
the on-resonance cross sections, while the sign{iof, de-  the width and peak cross section for thg=163 keV reso-
termine an overall relative phase between the various directance, the strength of this resonance was adjusted to repro-
and resonance amplitudes. duce the peak cross section measured by @al. [3].

Our aim is to perform a simple calculation that takes into  The relative phaseésigng of the resonance amplitudes
account the influence of near-threshold resonances, and desee Eq.(3)] determine whether the interference contribu-
scribes the low-energy behavior of the cross section. In ordeions are constructive or destructive, and the importance of
to simplify the calculation we limited the model El direct  these interference effects is seen in Fig. 3. The solid and
capture and the three lowest resonan@be E2, E3, and dashed curves of Fig. 3 represent different predictions that
M1 direct-capture strengths were found to have a negligibl@re obtained by changing the relative phases of the resonance
influence on the calculated cross sections and analyzingmplitudes as detailed in Table Il; the different values of the
powers, and have therefore been omitfedthough interfer- S factor atE,=0 show the sensitivity to this interference.
ence with the tails of the giant dipole resonance may influThe B(p,y;) resonance parameters used in this calculation
ence the low-energy reaction cross sections. Our model usese given in Table II.
the single-level approximation, and is not appropriate for Our measurement of the relative cross sectiddigactor
treating the interference of states with identid& we as-  slop@ is not, by itself, adequate to determine which solution
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TABLE Il. Resonance parameters for capture to #R€ first
excited statey,.

Solution 1 ( a)
————— Solution 2
. Segel et al. [10]

Eesonance Tcmy Solution | Solution Il
(keV) (keV) strength strength
(keV?/fm?) (keV?/fm?)

163 keV 5.3 keV —399.3 —409.2 = w0 P TN E

675 keV 300 keV -825 +90.0 > : .

1388 keV 1150 keV ~80.0 ~65.0 & 107t e 'wloo' = 'zoloo' — '30|00' —
E_-q\ F T T T T | T T T T | T T T T | T ]
S’

. . . w0 2 B Solution 1 (b) 7

is the physically correct one, as can be seen in Fi{g).3 10 = _ ____ Solution 2

Fortunately, the analyzing powers can be used to select th Eo . Cecil et al. [3]

“correct” solution. Figure 4 displays a plot of the predic- (ol i . Present work ]

tions of the value ofA,(90°) for the two solutions, along E_ E

with the measured values. The analyzing powers are sensi Coo i 3 ]

tive to thes- andp-wave interference effects of the reaction, 100 == T - —

while having little sensitivity to most experimental effects ET T T E

that complicate absolute cross-section measurements. N T T

The measured'B(p,y;) analyzing powers are in best 10 50 100 150

agreement with the solid line in Fig. 4, which corresponds to E_lab (keV)

a value 0fS(0)=3.5+0.6 keV b; the uncertainty is obtained P

from the uncertainty in the measuremen&g{.=100 keV, FIG. 5. Predictions of thé factor of the *B(p, yo) reaction.

and does not include any systematic error associated with thghe solid and dashed curves (@ show the sensitivity of the cal-
extrapolation procedure. This extrapolation is significantlyculations to interference effectsee Table Il). The dot-dashed
larger (=2.5 timeg than that obtained by Cecét al. [3]:  curve of (b) was obtained using th& factor parametrization of
S(0)=1.3+0.3 keVbh. Cecilet al.[3].

C. Ground-state capture y, rays for capture to the ground state 6fC that include onlyE1

The poor statistics of our measurement limit our commenfli"€Ct capture and the two resonant states at 16.1 MeVy (2
in regard to the*'B(p, y,) reaction, and although our mea- and 17._23 MeV _(I)_. As above, th_e _solld and shor_t dashed
surements are in agreement with the measurements of Ce&§rves in Fig. 5 indicate the sensitivity of the reaction to the
et al.[3], within the uncertainties, our values are systemati-details of the interference effects. Changing the relative

cally larger[see Fig. 8b)]. We have performed calculations phases of the resonance amplitudes leads to significantly dif-
ferent values of thé& factor atE,=0. The *'B(p, y,) reso-

T nance parameters used in this calculation are given in Table
1 Il
The solid curve yieldsS(0)=1.8+0.4 keV b, and is in
agreement with the measured values of Cetial. [3] and
their extrapolation to lower energies, which giv&0)
=2.0£0.4 keVb. The solid curve yields a rather poor fit to

05—

2 > the data of Segedt al.[11] above 1 MeV, which may indi-
} cate contributions from the giant dipole resonance at 22.6
‘ MeV (17) and 25.4 MeV (1). The dashed curve is clearly
cos Solution 1 a not in agreement with either the data of Segehl.[11] or
et Solution 2 1 the present results. For reasons stated above, our model is
L] Present work i
i | TABLE Ill. Resonance parameters for capture to tf@ ground
b e stateyg.
0 50 ) blO(?k V) 150 200
oo (ke E esonance Tem) Solution | Solution Il
FIG. 4. The analyzing powers measured at 90° for the(keV) (keV) strgngtf; strzengtzh
1B(p,y,) reaction compared with predictions from a direct- (keV</fm?) (keV/fm?)

capture-plus-resonances calculation. In the figure the data are givel%3 keV
in terms of E;=Egjtecive, Which is ~6 keV below Ej,.. The
solid and dashed curves indicate the sensitivity of the calculation tqa388 keV 1150 keV —60.0 +60.0
the details of the interference effe¢tee Table I

5.3 keV —729.1 —729.1
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V. CONCLUSIONS

o8 7] We have measured the energy-dependent reaction cross
sections and analyzing powers for th#(p, y) reaction be-
tween 80 and 100 keV. Nonzero vector-analyzing powers
were found at 90°, indicating and p-wave interference in

N proton capture ont'B at energies below 100 keV. Using

% these measurements and previously measured higher-energy

< reaction cross-section data as constraints, we made detailed
s Solution 1 h calculations that include interference effects between the
[t [ Solution 2 | direct-capture strength and the participating resonances.

These calculations give insight into the low energy reaction

° Present work . dynamics, and emphasize the importance of interference ef-
N T fects. The value o5(0) that we obtain for the'B(p, o)
1% 50 100 150 200  reaction, 1.80.4 keVb, is in agreement with previous
E,"" (keV) measurements. However the value for th&(p,y;)*’C*

) N reaction,S(0)=3.5=0.6 keV b, is considerably larger than
L FIG. 6. The analyzing powers measured at 90° for thegapjier extrapolations. This illustrates that the influence of
B(P.y0) reaction compared with predictions from a direct- |ow-lying resonances is important for determining low-
capture-plus-resonances calculation. In the figure the data are giveshergy reaction rates, and that polarization data are essential
in terms of E,=Eeftectve, Which is ~6 keV belowE;,.. The  in order to understand the effects of these resonances in any

solid and dashed curves indicate the sensitivity of the calculation tattempt to extrapolate measured cross sections to astrophysi-
the details of the interference effectee Table Il cally relevant energies.
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