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Astrophysical S factor for 3C(p,y) ¥*N and asymptotic normalization coefficients
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We reanalyze thé*C(p,y)*N radiative capture reaction within thRmatrix approach. The low-energy
astrophysicalS factor has important contributions from both resonant and onresonant captures. The normal-
ization of the nonresonant component of the transition to a parti¢fibound state is expressed in terms of
the asymptotic normalization coefficie@NC). In the analysis we use the experimental ANC’s inferred from
the 13C(**N, 13C) N and *C(3He,d) N reactions. The fits of the calculat@ifactors to the experimental
data are sensitive to the ANC values and are used to test the extracted ANC’s. We find that for transitions to all
the states it“N, except the third excited state, the ANC’s determined from the transfer reactions provide the
best fit. The astrophysical factor we obtaB(0)=7.7+1.1 keV b, is in excellent agreement with previous
results.
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I. INTRODUCTION nonresonant and resonant amplitudes on channel spin was
also neglected in the analysis done in Hdf.

The 3C(p,y) N reaction is one of the important reac- Here, we reanalyze the experimental data of Rél.
tions in the CNO cycle. It is a predecessor of the slowestvithin the framework of theR-matrix approach. The
reaction in the CNO cyclé!N(p,y) 150, which defines the R-matrix nonresonant amplitudes are p_a_rametrlz?d in terms
rate of energy production in the cycla]. In addition, the of the asymptotic normalization coefficient&ANC's) for

130 14N radiati ; o is i ant | 13C+ p«— ¥N. We show that this reduces the uncertainty in
(p.7) radiative capture rate 1S important for NUCIEO- yna nonresonant capture amplitudes to their dependence on

synthesis via thes process because it can deplete thejhe channel radius. It also provides a means to test the ex-
seed nuclei required for the neutron generatorperimental values of the ANC's, which were derived in pre-
reaction*3C(a,n) 0 [2,3]. The most accurate and thorough vious proton transfer reaction studigg-9]. Our analytical
measurements of th&factor, including captures to the first form of the astrophysice factor reproduces the experimen-
six excited states of*N, were carried out by Kingt al.[4]  tal data in the energy interval 105—876 kéW the c.m) for

in the energy rang&=100-900 keV. Their extrapolation the transitions to each bound state. We e_xtrapolate this ex-
of the total S factor down to stellar energies ga®0) Pression down to zero energy to determine &(@) and
=7.64 keVb andS(25 keV)=7.7+1.0 keVb. This was S(25) factors. In the analysis we neglected the contribution
higher than the recommended value because the contributi the first resonance because it is so narrow that it does not

from excited states was found to be larger than previoushé ect the low-energys factor. The nonresonant transitions to
expected5] 9 P ¥he ground and all the first six excited bound states are domi-

, nated byE1 transitiond4]. The second resonance can decay
There are o low lying resonances N at center-of-  intg the ground and first five excited statesfiN, thus con-
mass energiesg,;=417.9 keV (07=2",T=0) andEg, tributing to the corresponding resonant captures. In our fit, as
=518.9 keV ("=1",T=1) [6,4]. The first resonance is in Ref.[4], we assumed that the third resonance contributed
very narrow and does not affect the astrophysically importanbnly to radiative capture to the ground state. The parameters
region. The second resonance dominates the capture crogthe second and third resonances were allowed to vary in
section in the energy region around and belyy down to  the intervals reported in Reff4,6].
zero energy. There is also a very wide resonancENnat A crucial fitting parameter in th&matrix method is the
Ers=1232 keV "=0",T=1), but its effect on the low- channel radiug. We find thata=5.0 fm provides the best
energySfactor is small. The"*C(p, y)**N reaction populates fit for all the transitions to the ground and first five excited
the first seven bound states N, proceeding through reso- states. For the transitions to the sixth excited state, we find a
nant and nonresonant captures. In the conventional analysigtter fit witha=4.0 fm. The interference between the reso-
applied in Ref[4], the nonresonant capture amplitudes werenant and nonresonant amplitudes occurs only for the transi-
parametrized in terms of spectroscopic factors that wergons to the ground, first, and second excited states. For the
treated as free parameters. In addition, Réf.used the tra- transitions to excited states beyond the second excited state,
ditional potential model. However, when it is applied to cap-the S factor is given by the incoherent sum of the resonant
tures to tightly bound states such as thosé’M, the capture  and nonresonant captures, and hence is expressed in terms of
amplitudes are sensitive to the assumed initial state opticahe observable resonance widths. Other fitting parameters are
potentials. Also antisymmetrization effects, which are typi-the resonance energies, widths, radiative widths, and ANC'’s.
cally neglected, are important due to the contribution fromThe resonance energies, widths, and radiative widths for
small radii. The dependence of the interference between thgansitions to each bound state were varied within the inter-
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TABLE I. The ANC's for 3C+ p— *N. TheJ ,E; are given in

the first column for states iA’N; the corresponding proton orbital 1E10 ;
and total angular momentd; and j¢, are given in the second 9]
column. The ANC's determined from the*C(**N,%C)*N 1E8

and*3C(3He,d) N reactions 7—9] are given in the third column.
The superscripte and b denote the ANC'’s determined from the
1N and ®He induced reactions, respectively, while the superscript
a+b indicates those that come from the average of the two experi-§ 100000 |
ments. The ANC’s providing the best fit to ti&factors are pre- % 10000
sented in the last column. F

1E7 |
1000000

1000 |

100

State 1N Proton orbitals ~ ANC'{7-9] Present J

J7Er (MeV) I, c? (fm™ b 2 (fm™Y 0y
1%,0.00 P12 18.2+0.9P 18.2 1

P 0.91+0.14+b 0.91 o1

0*,2.31 P12 8.9+0.9 8.9
1%,3.948 P12 2.88+0.172"P 2.71 s 1 )
0~.4.915 S1 12.66:089  33.0+3.81 FIG. 1. *°C(p,vy) "N astrophysicalS factors for _the capture
2~ 5.106 dsy 0.40+0.03 043 to (a) the ground state (1,0.00 MeV), (b) the flrs_t excited
1 5.690 S 10.33+0.72 10.95 sta+te (0,2.31 MeV), and (c) the second excited state
B (17,3.948 MeV). The squares are the data po[dts In (a) and
37,5.834 ds 0.19+0.02 0.21

(c), the solid line gives the calculategifactor, which includes the
resonant and nonresonant capture terms and their interference, and
the dotted line is the nonresonant capt8riactor only. In(b), the
vals determined in Ref4]. We find that the best fit occurs solid line and dashed-dotted lines are the fits calculated using the
when all the fitting parameters are taken within the correANC's C?=8.37 fm *[7,8] andC?=16.0 fm * [8], respectively.
sponding intervals found in Reff4]. In principle, the ANC's The two dotted lines are the nonresonant capfifactors calcu-

| 3 . ) 2__ =1 i i
can be inferred directly from the fit to the experimengal 'gge_dlév'éh fth,el fgi'((:sc =8.37 fm  (wide spacing [7.8] and
factors for each transition. However, the uncertainties of the” =~ m narrow spacing
ANC's determined from such fits are quite large due to the

experimental uncertainties and resonance contributions. In The pest fit to the ground state give3(0)=5.36

this paper we use another approach. As noted above, thep.71 keVvb. Although the nonresonaStfactor gives a
ANC for the synthesiB+b— A, leading to thenth bound  small contribution at zero energg{"?(0)=0.32 keV b, its
state of nucleug\ defines the absolute normalization of the contribution is important due to interference with the reso-
nonresonant captui@factor to this state. The ANC’s for the nant amplitude. The calculated reson&factor at zero en-
captures to the ground and first six excited states™  ergy is S(R(0)=3.72 keVb and the interference contribu-
have been measured in thC(¥N,C)"N [7] and tion is S!"0(0)=1.32 keVb or 25% of the total. The
13C(®He,d) *N [8,9] proton transfer reactions. Comparison uncertainty of the fit takes into account the uncertainties of
to the capture data allows us to check these ANC’s. Thehe resonance parameters determined in RéfANC's, the
ANC's for each state were varied within the uncertainty in-channel radius and experimental systematic and statistical
tervals found from the transfer reactions as shown in Table luncertainties. The inclusion of amwave background pole,
For all the states, except the third excited stateEat which interferes with the direct and second resonance terms,
=4.92 MeV as discussed below, the best fit was providedmproves the fit slightly at energies above the second reso-
by the ANC'’s determined from the nonresonant proton transnance peak, but makes the fit somewhat worse at energies
fer reactions. The final column in Table | gives the ANC'’s below 400 keV. An additional uncertainty of 9% has been
determined by the fits to the appropri@éactors. Since the included in the extrapolation to zero energy of the tdal
uncertainty intervals for the ANC’s found from the transfer factor due to the background pole. The results of the fit of the
reactions are significantly smaller than the uncertainties o§ factor are displayed in Fig.(a).

the data[4], the uncertainties of the ANC’s providing the  Capture through the second resonance to six excited states
best fit for all the states, except for the third excited state, aren N contributes to the tote factor. With the exception of
given by the uncertainties determined from the transfer reache first excited state, which has isosfir 1, all transitions
tions. To estimate the uncertainty of the fit, the ANC’s wereare toT=0 final states. The nonresonant capture to the first
varied as noted above and the resonance parameters wesecited state is ai1 transition. The ANC extracted for this
varied within the intervals determined in R@4]. The chan-  state from theé"*C(**N, *3C) *N [7] and *3C(3He.d) *N [8]

nel radius was varied by 20% from the central valye proton transfer reactions differ by nearly a factor of 2. We
=5 fm that provides the best fit. We took into account alsoattempted fitting the experimental data with both values of
the 11.3% systematic uncertainty of the experimental datéhe ANC. The results are presented in Fi¢h)1 The ANC,
reported in Ref[4]. The results of the fit of th&factors are  C2=8.9+0.9 fm !, determined from the heavy ion reaction
displayed in Figs. 1 and 2. [7] provides a better fit thailC?>=16.0+1.1 fm ! deter-
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T2 L AL eitherM 1 or E2 transitions, making it difficult to distinguish
between the two. The results of the fit to the third excited
state are shown in Fig.(@. This state was weakly populated
in the 13C(“N, 13C) 1“N reaction due to an angular momen-
tum mismatch and could not be resolved from the fourth
excited state [7]. However, it was resolved in
the 13C(3He,d) *N reaction and an ANC,C?=12.66
+0.89 fm ! [9], was extracted assuming &2 configura-
tion for the transferred proton if“N. The best fit to the
capture data and the fit using the ANC from Réfl. are both
shown in Fig. 2a). The best fit is achieved withC?
=33.0 fm L. The uncertainty of the ANC determined from
! the data is~15%. With this value, the tot& factor for the
001 L, transition to the third excited state at zero energys(s)
BkeV) =0.33+0.07 keVb, with SNF(0)=0.28 keVb and
S®(0)=0.06 keVb.

FIG. 2. %C(p,y) N astrophysicalS factors for capturda) to We obtain an excellent fit to the data for the transition to
the third excited state (04.915 MeV) andb) to the fifth excited  the fourth excited state including resonant and nonresonant
state (I',5.691 MeV). The squares are the data pojdis In (a), captures, with a magnitude given by the ANC from R&i,
the solid Iing and dashield-dottezd lines are Ehle fits calcula_ted usingngd taking into account a background pole, that interferes
the ANC'sC*=25.4 fm " andC"=12.66 fm " [9], respectively. \ ih the second resonance destructively at energies

Etf dtvzsitgog]eed Xr,l]eg,saéezihzeslo:ﬁ,sf r}iv?égasi'z%or;nzagg' <0.517 MeV. The calculated tot&® factor for this transi-
e i i = (NR)
=12.66 fm ! (narrow spacing[9]. In (b), the solid and dotted tion is $(0)=0.045-0.009 keVb, where ST7(0)

- R(0)—
lines are the calculated total and nonresogfactors, respectively. = 0-027 keV b.ands( _)(O) =0.018 keVb. _ .
The total low-energy astrophysic8lfactors for the3C(p, y) 1N As for the third excited state, the ANC for the fifth excited

capture to the ground and first six excited state¥'fhare shown in ~ state was determined only from the data obtained in
(c). The solid and dotted lines are the total and total nonresddant the **C(3He,d) **N reaction givingC?=10.33+0.72 fm !
factors, respectively. [9]. With this result, the direct and resonant capture contri-
butions to the fifth excited state were calculated, and the
results are shown in Fig.(B). In contrast to the third excited

) ) ) ) state, the ANC obtained from the transfer reaction gives a
mined from the {He,d) reaction[8], especially at energies %ood accounting of the direct capture for this transition. The

above the resonance. we gonclude that ”!?‘ lower valu_e Palculated total factor for the transition to the fifth excited
more appropriate and obtain for the transition to the first

' —0.77+ ith SINR(O) =
excited state5(0)=0.32+0.08 keV b, with the nonresonant state s $(0)=0.77=0.09 keVb, with ST7(0)=0.66

(R (0)=
term contributing about 33% to the totaffactor. ke\'l/'f?eagi()j(tsh e(fc)iteg .itlatl;ei;/ ?ﬁe highest energy level popu-
The nonresonant capture to the second excited state pr 9 9y pop

- H 13 14 inti
ceeds through ak1 transition. The result of th8 factor fit ?ated in the “C(p,y) N radiative capture process. Very

for the transition to the second excited state is displayed ifitt!€ IS known about this transition. The calculated nonreso-
Fig. 1(c). The fit for the transition to the second excited state"@nt captureS factor for this transition isS(0)=0.031
gives total S(0)=0.88+0.12 keVb, with SNR(0) +0.007 keV b which contributes less than 0.5% to the total
=0.11 keVb, S}(0)=0.37 keVb, and S'"™(0)=0.40 S(O) factor.
keV b. The Sharp drop I1e at h|gher energies justifies the The totalSfactor is the sum of the individu& factors for
assumption that the radiative width for the decay of the thirdhe transitions to the ground and the first six excited states.
resonance to the second excited state is so small that ifdur result for the low-energy part of the totlfactor is
contribution can be neglected. The inclusion of tawave  shown in Fig. 2c). The value obtained for the tot&lfactor
background pole, which interferes with the direct term andat zero energy i§(0)=7.7=1.1 keVb. This is in excellent
provides the best fit, only slightly improves the overall fit but agreement with the result found in the analysis by Két@l.
it degrades the fit at higher energies. The uncertainty due tp}]. However, it is important to note that our result is ob-
the background pole is 9% and is taken into account in théained by extrapolating the appropriate analytic form of$he
total Sfactor uncertainty. factor for each final state to zero energy. In contrast, Khg
The ground state and first two excited states are of posial. used an empirical parametrization of the energy depen-
tive parity and both resonant and nonresonant capture tdence of theS factor to obtain their extrapolation to zero
them are dominated b1 transitions. The remaining four energy. We find that the individual contributions to the t&al
excited states are all of negative parity. The nonresonant cagiactor are SN®(0)=1.54 keVb, S(®=4.33 keVb, and
ture transitions to these states proceed throEghtransi- SUNT(0)=1.87 keVb. AtE=25 keV, the total calculated
tions, but the resonant captures proceed through eiltieor ~ Sfactor isS(25)=8.2+1.2 keVb.
E2 transitions. Generally the fits are very similar assuming The reaction rates fot3C(p,y) **N calculated using our
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S(E) factor for temperature3,<<1.0 defining the hydro- ACKNOWLEDGMENTS
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