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The evolution of very low-metallicity, massive stars depends critically on the amount of CNO nuclei that
they produce. Alternative paths from the slow Brocess to produce CNO seed nuclei could change their fate.
The YC(p, y) 1N reaction is an important branch point in one such alternative path. At energies appropriate to
stellar evolution of very low-metallicity, massive stars, nonresonant capture dominates the reaction rate. We
have determined the astrophysi&ifactor for the *'C(p,y) **N reaction using the asymptotic normalization
coefficient for'?N— 'C+ p to fix the nonresonant capture rate. In our experiment, a 110 Mé\vtadioactive
beam was used to study fis(*'C,12N)*3C peripheral transfer reaction and the asymptotic normalization
coefficient, C;Ze’jf)zz(0:5‘2)%((:;23'72)2:1.7&0.25 fm 1, was extracted from the measured cross section.
The contributions from the second resonance and interference effects were estimated Uimatar ap-
proach with the measured asymptotic normalization coefficient and the latest valug. fave find theSfactor
for C(p,y) N is significantly larger than previous estimates. As a result, the required density for it to
contribute is reduced, and more CNO material may be produced.
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. INTRODUCTION He(s™v) 1'B(p,a)®Be(*He,*He) or be depleted by proton
capture into thed=12 region through*'C (p,vy) **N.

It has been known for many years that very massive stars An open question in the early evolution of the universe is
may have formed in the early Universe when the only seegyhether very massive primordial stars contributed any sig-
material available consisted of hydrogen and helium nucleinificant material to later generations of stars. Recent calcu-
In 1986, Fuller, Woosley, and Weavt] studied the evolu- |ations using standard reaction sequences indicate that non-
tion of radiation-dominated super-massive stars with a hyrotating stars with masses greater than 260 solar masses and
drodynamic code&EPLER, in which they considered the tra- zero metallicity undergo gravitational collapse to black holes
ditional pp chains, the triple-alpha process, the CNO cyclewithout losing any mas§3]. However, the results are very
and the rp process. Early on the stars were in a quasistatiensitive to the initial CNO mass fraction. Fractions as small
stage with a balance between thermal expansion and graviks 108 greatly change the nuclear energy generation rate.
tational contraction. After the stars ran outm chain fuel,  Therefore, processing even a small fraction of the relic deu-
they began to contract. Typically, the triple-alpha processerium and®He from the Big Bang into CNO material might
turned on too late to prevent the supermassive stars fromMave an impact on the stellar evolution if it occurs suffi-
collapsing to black holes without exploding, but Fulédral.  ciently early in the life of the massive star. In order to deter-
found that a significant primordial abundance of CNO nucleimine if the hotp p chain reactions play any significant role in
could slow the contraction long enough to permit the stars tahe evolution of massive stars by providing a means to pro-
explode. duce CNO nuclei prior to helium burning, it is important to

In 1989 Wiescher, Buchmann, and Thielemd@hrein-  determine the rates of the key reactions.
vestigated the reaction rates for nuclei up to oxygen. They In the !C (p,y) N reaction, direct capture into the
suggested several reaction sequences that would permit vegyound state of*?N and resonant capture into the first and
massive stars to bypass the process. They determined the second excited states dominate the reaction rate at stellar
required temperature and density conditions where capturenergies(see Fig. 1L Several indirect methods have been
reactions on short lived nuclei were of equal strength to comused to determine the parameters for this capture reaction.
peting 8 decays or inverse photo-disintegration. They foundBased on the lifetime of the first excited state 8B, Wie-
that the *He(a, y) ‘Be(a, ) *'C reactions could represent an scheret al. derived a valud',=2.6 meV for the radiative
important path from helium to carbon isotopes. THE pro-  width of the first excited state i#®N. Since no experimental
duced in this sequence may decay and returrfhie via v transition data were available for the higher excited states,

they used the Weisskopf limit as an estimate for the radiative
width of the second excited state. In both cases, a 100%
*Electronic address: tangxd@comp.tamu.edu branching ratio to the ground state 6fN was assumed.
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J E(MeV) T keV) T meV) from the measured ANC and the latest parameters available
2 1190 118414 13.0£0.5 for the resonance states in Rrmatrix analysis.

Il. R-MATRIX ANALYSIS FOR !'C (p,y) N
2% 0960 5.5(<20) 2.6+0.4

Let us consider the radiative capture react®#b—A
+v. The R-matrix radiative capture cross section to a state
§,~0.601 of nucleusA with a given spinl; is given by[6]

o

o= S 2Ji+1 U 2 "
ke i (23,+1)(23g+1) 13,3,

1" 00 J; is the total angular momentum of the colliding nuclei in
FIG. 1. Low lying energy levels of?N and the radiative capture the initial state,J,, andJg are their spins, ant} k, andl; are

processllc(p,—y) 12N, The solid lines leading to the ground state their channel spin, relative momentum and orbital angular

areE1 transitions. The dashed lines leading to the ground state ar@lomentum.

E2 andM1 transitions. The resonance parameters used in this pa- Uy 3., is the transition amplitude from the initial con-

per are shown on the right side of the figure. tinuum state to the final bound state. It is given by the sum of
the resonant and nonresonant transition amplitudes. The am-

According to their calculation, thé'C (p,y) 2N reaction plitudes _only interfere if they have the same channel $pin

will occur when 0.2 T4<0.4, whereTg is the temperature and orbital angular momenturh. In the one-level, one-

in units of 16 K, and the second resonance does not Cong:hannel approximation, the resonant amplitude for the cap-

tribute significantly to the reaction rate within this tempera-ture into the resonance with energy. an.d Sp'.nT]i ’ _and
subsequent decay into the bound state with Spinis given

ture region. by
Subsequently, a group at GANI[4] used Coulomb
breakup of 12N on ?°%Pb to measure the parameters needed [l“f)‘”_(E)]l’2 [I“inJ (E)]¥?
to determine the capture reaction rate. By fitting the relative U} ; ; =—iel(, =) - ! ¥
energy spectrum of'C+ p, they derived’",, for the 2° sec- o E_Eoti E
ond excited state (6¢ meV), and obtained a spectro- R 2

scopic factor (0.4€0.25) that they used to calculate the
direct capture rate. The 2 first excited state int?N decays
through anM1+E2 transition. TheM1 decay mode is ex- %!
pected to dominate based on the behavior of the analog levé given by

in the mirror nucleust?B. However, theE2 Coulomb exci- I

tation is about 1000 times larger than el excitation, so a w = tan?
small E2 admixture would give a larger Coulomb breakup L=l
contribution than that due to thiell transition. Since the
value of the mixing ratio is not precisely known, it is impos-
sible to extract a radiative width for the*2state from their ~ Width of the resonance in the chanrigtb with the given
experiment. With their experimental data, they concludedset of quantum numbers@,l“iiJf(E)]l’z is complex and its
that the main contribution to thfactor in the region below  modulus square is the observable radiative widt).
T9=0.3 comes from direct capture and above this tempera= 7, 7. ;.. /k is the Coulomb parameter in the initial state,
ture resonance population of the first excited state begins tQnq ., is the reduced mass of particlBsandb. The energy

dominate. _ _ dependence of the partial and radiative widths are given by
There are two shortcomings of the GANIL result. One is -
P,.(E

the 60% uncertainty of the spectroscopic factor. The other is 3 3
that they neglected the interference between direct capture Fbllli(E): P, (Ep) I bIIIi(ER) )
and resonant capture to the broad second excited state. This i
interference could make up to a 20% contribution to theand
reaction rate according to their data. Also, a recent prelimi- oL+1
nary result for 12N Coulomb dissociation carried out at ri (E)=( Sf)
RIKEN [5] showed that they width of the 2~ state is 13 7 s Ertes
+0.5 meV, a factor of two larger than the GANIL central , 3 3 .
value. respectlvely.l“b'”i(ER) and I'J Jf(ER) are the experimental
We have used the peripheral transfer reactionpartial and radiative resonance widtRs,is the penetrability,
UN(MC, Ny °C at 10 MeV/nucleon, to measure the g is the proton binding energy of the bound state in nucleus
asymptotic normalization constarfANC) for ?N—C A andL is the multipolarity of the gamma transition.
+p, and then determined the capture rate Y& (p,y) **N The nonresonant capture amplitude is giver{ 8l

HereE is the relative energyp;, is the solid sphere scatter-
ing phase shift in thé-th partial wave. The phase facta);i

ﬂ) , )

n

[I‘gi”V(E)]l’2 is real and its square is the observable partial

Iy, (Er), (5)
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UNS,5,= A, Fi(k,a) G (k,a)J( (6)

1
Al = —(2)32jlitL-lit1g I(wli_¢|i)FMBbL+1/2
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of the nuclear overlap function, whose normalization is given
by the corresponding ANC. Note that the internal contribu-
tion to the nonresonant amplitude is included in the reso-
nance term in th&® matrix method. Also, in the conventional

R-matrix approach, the channel radiative width and nonreso-

nant amplitude are normalized in terms of the reduced width
X @Jr(_ 1)t Ze e) (L+1)(2L+1) amplitude, which is not directly observable and depends on
mt m'é L the channel radius. However, it is more convenient to express
the normalizations in terms of the ANC that can be measured
% 1 (k,a)-"12C,, W, (2 xa) independenthyf 7]. Then only the radial matrix element de-
L+ U pends on the channel radius. .
Thus by measuring the ANC for the ground stat ,
X\Pi(E)(1;0 LO[I:0)U (LIt 31 1i 3, (") we are able to fix the absolute normalization of the channel
radiative width and nonresonant amplitudes simultaneously.
, W (2kr) The internal radiative width is determined by the nuclear
Julliln= f drr W, (2 ka) many-body system. This contribution can be estimated from
the experimental total radiative width and the channel radia-
Fi(kr) Gy (k,r) tive width based on Eq(9).
“|Fka G ka)| @

I1l. EXPERIMENTAL PROCEDURE

wherea is the channel radiusEJf”f is the asymptotic nor-

malization coefficient, which defines the amplitude of the tail
of the bound state wave function of nuclediprojected onto
the two-body channeB+b with the quantum numbers
Ji, 1, Is. W,(2«r) is the Whittaker hypergeometric func-
tion, k=+2upy, €5 andl; are the wave number and relative
orbital angular momentum of the bound state, dne-E

+¢&; is the momentum of the emitted photon. We use the

o1 P Momentum Achromat Recoil Spectromet@®lARS) at 0°.
system of units such thdt=c=1. They wer rated from the primary beam and other r

In a strictR-matrix approach, the resonant radiative width i ey Z € tsepa dafe 0 d ethp ary dea ta toFe beac-
amplitude is divided into internal and channel parts, lon products and focused on the secondary target. =or beam

N N 0 N U studies a 55 cn?, 1000.um-thick, position-sensitive sili-
(r 'J(E)]”2=[F ya (B int L1 (B) ek ©)

The !C radioactive beam was produced via the
reaction *H('B, 1*C)n, using ~800 enA of 13 MeV/
nucleon!'B beam from the K500 superconducting cyclotron
at Texas A&M University bombarding a 10-cm-long,
LNZ-cooIed, cryogenic kligas cell with 12.7um Havar win-
dows. IC recoils at 10 MeV/nucleon were collected by the

con detector was mounted on the secondary target ladder.
The detector consisted of 16 3-mm-wide resistive strips on
according to the channel radius. While the internal radiativgyne side that provided for both vertical and horizontal posi-

width amplitude is real, the channel part is complékand  tjon measurements. The vertical position resolution along the

is defined as resistive strips was better than 1 nfifull width at half max-
mium (FWHM)]. The total energy deposited in the detector
[r’ ", (E)]42= ([F (k,a)]*+[G (k,a)]?) was provided by a read out on the back plane. After tuning
\/— MARS, the secondary beam spot size and divergence were
< T (EL)A measured to be 3 mtfFWHM) and 1.8°(FW) in x and 3.2
o (ER) A3, mm (FWHM) and 1.9°(FW) in y. The energy spread of the
F,i(k,a)G|i(k,a) beam was 1.6 MeV. The purity was better than 99%, with the
X[ I+ 2 2 primary contaminant beindBe. Secondary beam rates on
Fli(k’a) + Gli(k'a) target were typically over 400 kHz. For a detailed description
(10 of radioactive beam production with MARS, see Ré&.
W, (2 The secondary reaction target consisted of 1.50 mg/cm
1(2KT) :
J(lil)= f drr —— = melamlne_ (GNgHg) on 20uglcn? C a_lnd 2_0,ug/cm2 co!l(_)-
W.(2ka) dion backings. The thickness and uniformity were verified by

direct measurements with th#C beam by observing the
beam energy spectrum with and without the target. With a
peak shift of 2.46 MeV, th@E/dx calculation from the ion
beam-target interaction prograsriM [9] gave the central
(11)  target thickness to be 1.48 mg/érwith an uncertainty of
6%, arising from thesrIM calculation and the statistical un-
Both the nonresonant amplitude and the channel radiativgertainty from the peak shift.
width amplitude are normalized in terms of the AI\KCJf”f. The reaction products from 11C bombarding the
Such a normalization is physically transparent: both quantimelamine target were recorded by two detector telescopes,
tites describe peripheral processes and, hence, contain the tadch of which consisted of a>85-cn? 16-strip position-

F|i(k,r)F|i(k,a)+G|i(k,r) G|i(k,a)
Fi(k.a)+Gi(k,a) '
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FIG. 2. Detector setugl) Melamine target(2) Target detector.
(3) Si detector telescope 14) Si detector telescope 2Z5) 9%
transparent screen®) Plastic scintillator detector with lucite light
guide. (7) Incident *'C beam. 600

650

' 13N

sensitive Si detector with a thickness of A backed by a
500-um Si detector. The telescopes were separated from thi
target by a distance of 200 mm. Both telescopes were coolet :
to —6°C to reduce thermal noise. To avoid beam hitting the 5001~
detectors directly and to obtain a reasonable event rate fo i
the transfer reaction, the two telescopes were separated by 2
mm. This distance was chosen by a Monte Carlo simulation
based on the measured beam properties and a calculation 1
the elastic scattering reaction rate with the optical model
codePTOLEMY [10]. A NE102A plastic scintillator coupled to

a photomultiplier tube by a lucite light guide was mounted
between these two Si telescopes to monitor tHe beam. _
Since the full beam intensity was too high for the scintillator, S ol
two screens, each with a transparency of 9%, were addedt 25 -20 -15 -10 -5 0 5 10 15
attenuate the beam intensity. The total effective attenuation Q value (MeV)

~ 98.5%, was measured in special runs that compared the

YC yield observed in the target detector and the plastic SCin- Fig, 3. The particle identificatioAZ? vs theQ value distribu-
tillator detector for equal'B incident beam intensities. The tion, after applying the detector thickness correction described
details of the detector setup are shown in Fig. 2. With thisn the text. The!’C group withQ value of 0 MeV is the elastic
geometry, the'’C elastic scattering rate was about 10 Hz,channel, and the least negati@value peak in!N is from
and the N(*C,*2N)*3C, s proton transfer reaction rate *N(*C,*N)%c, .

was above 100 per day.

550 - -

according to the grid. Then the elastic and primary transfer

channels were clearly separated from the other reaction prod-

ucts. The results shown in Fig. 3 were obtained after apply-
After the calibration of the energy and position for the ing the thickness correction.

two telescopes, the particle identificati®ID) vs. Q value The IC elastic scattering channel can be easily identified

was calculated for each event, as shown in Fig. 3. The PIDvith its large yield at zer® value. But it is not purely*'C

was based on the measured energy loss inAtRedetector ~ €lastic scattering ort“N nuclei since the melamine target

and the total energy. The reconstruc@dalue for reaction also contained carbon and hydrogen. The maximum allowed

IV. DATA ANALYSIS

A(a,b)B was calculated from scattering angle féH( *'C,*'C)'H is 5.22°, while the detec-
tor system only covered angles between 4° and 17°. The

M, My VM M E.E, kinematic shift of the!C recoils is large near the maxi-
Q:<M_B_1 Eat M_B+1 Eb—ZM—Bcosﬁ. mum angle, so this scattering process was easily separated

(12 from ¥N(*'C,*'C)"N using the energy difference. The
other two elastic reactions?N('C,C)*N and
Of course, the masses of the particles varied from reaction t6°C(*'C, *'C) *°C, were indistinguishable at small angles
reaction. For convenience, ti@value shown here was cal- due to the energy spread of th&C beam. During the analy-
culated assuming that all of the recoils corresponded’®  sis, a manual cut was set on the energy versus angle spec-
elastic scattering of*N. Consequently, th€ value is well  trum to accept both elastic processes, independent of scatter-
focused for the elastic events, while it is slightly smeared foring angle.
other channels. During our analysis, tQevalues were cal- The first excited states of'C,*N and *°C are at 2.0,
culated separately according to the channels of interest. Du231, and 4.44 MeV, respectively. The transition between the
to a thickness variation of th&E detectors, the PID varied ground state of“N and the first excited state is a puvkl
at different locations by as much as 10%. This was largdransition. Inelastic excitation of this state was found to be
enough to degrade our isotope resolution. To eliminate thisveak in a previous study of*C(**N,*N)**C at a similar
effect, each telescope was divided into ax1® grid. The energy[11], and it is expected to be weak in the present case
PID of every event was normalized to the averag€ PID  also. The transition between théC ground state and the
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Q value (MeV) FIG. 5. Q value spectrum fof?N reaction products. The peak at

—6.9 MeV is from *N(*'C,*N)*3C, ;. The peak near-10.5

L .
o FlG'l 4. ZSerct?oQb_valge rs]pectra forflc arOL;nd theTEIastlc lYIeV reflects population of3C excited states. The peak atl5.0
channel in 2° angle bins in the center-of-mass frame. The centralyey, is from 12c(1C, 12N) g, .

angles are shown beneath each curve. The inelastic scattering,

12c (Mc,Yc)2c*, is clearly observed with & value near—5 ) 10 1ie. 12 1t

MeV in each angle bin. For the 29° angle bin, the energy differencé@ Q Value of —15.0 MeV is from the™*C(*°C,™N) “Bgs
between “N(11C, 11C)N and 12C (}C,C)2C can be observed, eaction. In the discussion below, only elastic scattering

) . X Ldnf 11~ 127y 13 :
and the small peak noted with an arrow may arise ffd@ inelas- and _the N(*C,N) ~Cy s proton transfer reaction are
tic scattering off**N or 12C. considered.

first excited state is a collectie2 transition. It was a strong
inelastic process in our experiment and appears’a€ peak
with a Q value around-5 MeV in Figs. 3 and 4. The shift of
the Q value is due to the assumption that scattering occurred The experimental elastic scattering cross section is shown
off of YN. The transition between th€'C ground state and in Fig. 6 together with optical-model calculations done with
the first excited state is dd 1+ E2 transition. According to  two different sets of parameters. Both calculations have been
an estimate by Descouvemdni®?], the E2 transition can be smoothed to account for finite angular acceptance. Since we
as large as 9.8 Weisskopf units, which implies that inelasticannot distinguish between the elastic scatteringaf off
excitation of this state could make a significant contributionof N or *2C in the melamine target, the two reaction chan-
to the spectrum near the elastic scattering peak. To investirels were summed together in the laboratory scattering frame
gate the effects of inelastic reactions near the elastic pealaccording to their atomic ratios, then the combined result
the Q value spectrum fot’C was generated in 2 ° angle bins was converted to the center-of-mass frame using the kine-
in the center of mass. The results are shown for selected binaatics appropriate fof'C+ “N. The optical-model param-
in Fig. 4. Inelastic scattering to the 4.44 MeV state'f€ is  eters were obtained from double-folding-model calculations
clearly observed. At large angles, the energy difference bd-13]. The folded potentials were renormalized to match the
tween the elastic scattering fC on 2C and *N can be  systematics observed in elastic scattering-shell nuclei at
observed, and a small additional peak may arise from th® to 16 MeV/nucleon. For loosely-bound nuclat least one
inelastic excitation of*'C off of ¥*N or 2C. In our analysis, nucleus has very low minimum separation energy betow
all ’C events with aQ value greater than-2 MeV were 2.5 MeV), the renormalization parameters were found to be
considered to be due to elastic scattering off4f or 12C.  N,=0.366 and N,=1.000. For tightly-bound nucleimini-
This criterion may overestimate the elastic events, particumum separation energies well above 2.5 Methe renor-
larly at larger scattering angles, due to a possible contribumalization parameters arge,N 0.455 and N,=0.844. In this
tion from the excitation of*'C. paper, both sets were used to compare with the experimental
No bound excited states of’N exist, so only proton data. The forward elastic scattering cross section, which is
transfer reactions leading to the ground state could be okdominated by Coulomb scattering, is not very sensitive to the
served. The energy of the first excited state'd€ is 3.0 optical-model parameters. The difference between the two
MeV. Thus transfer reactions leading to excited state§’6f  predictions for angles less than 12°-s4.2%. Furthermore,
should be clearly separated frofN (*'C,*?N)*°C,, . The  varying the normalization factors for th&C+*°C and
Q value spectrum for?N from the reactions betweeh'C ~ C+!N real and imaginary potentials within their uncer-
and the melamine target is shown in Fig. 5. Thealue peak tainties as in Ref[13] only resulted in a 2.6% change in the
from N (MC,2N) *3C, ¢ is well separated from the other elastic cross section for these angles. Therefore, this region is
reaction products. The small yield aroundl10.5 MeV is  used to examine the absolute normalization. The overall dif-
due to reactions leading to excited states. The peak at ferences between the best fit to the first three experimental

V. ELASTIC SCATTERING AND OPTICAL-MODEL
POTENTIALS
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5 10 15 20 25 9::10( deg:);s FIG. 7. Transfer  reaction  angular  distributions
. ) ooem for MN(™C,*N)**C, . Two sets of predicted DWBA angular
FIG. 6. Elastic scattering angular distributions f&C On  distributions are shown. The solid curve used the parameters for
melamine. The experimental result is shown as dots with statisticalgply-hound nuclei for the incoming channel and those for loosely
uncertainty only. There is an additional 6.5% normalization uncerys,nd nuclei for the outgoing channel. The dashed curve used the
tainty that is common for all the data points. Two sets of predictedyarameters for loosely-bound nuclei for both the incoming and out-
distributions are shown. The solid curve used the parameters fQjoing channels and the same ANC as found from the fit using the
tightly-bound nuclei, while the dashed curve used those for l00selyg|iq curve. The four dotted curves show the separate contributions
bound nuclei. The dash-dotted curve is the predictiongom gq.(13), before correcting for finite angular resolution. From
for N(C,C*) N with a B(E2) of ten Weisskopf units. top to bottom, they represent thdN(p1)— 2N(p1), “N(pyy)
— "N(pa), *N(ps)— *N(p1s), and “N(pz») — N(ps))
data points and the predictions in Fig. 6 are within 5%,pProton transfer reactions.
which is consistent with the previous estimate for the uncer-

tainty arising from the incident beam normalization and tar'quently, the experimentdfiC elastic scattering cross section

get thickness. : : :

The optical-model prediction for tightly-bound nuclei pro- :;r;g;hznrggs m;r;ivéigetth?;aé 2; ?ingeT;lyioo;/(e:éiitlqu?;re(ilhgt
vides a better description of the elastic scattering at angletsuII difrerencé between’the experimental result and the opti-
beyond 20° than that for loosely-bound nuclei. This is rea-Cal model prediction at large scattering anales
sonable sincé'C is tightly bound when compared with nu- predict 9 INg angles.
clei such as®B and °N. Both the first excited state and
proton separation energies #C are large compared to the

. . . . IEINTRS 12n) 1
loosely-boundp-shell nuclei used in the elastic scattering VI. ¥N(*'C, *N)**C ANGULAR DISTRIBUTION

studies of Ref[13]. In the following DWBA calculations, AND ANC FOR N « *C+p
the parameters for tightly-bound nuclei were adopted for the
incident channel*C+N. The angular distribution for th&N( 1C, *2N)3C reaction

To investigate the influence from inelastic scattering ofis shown in Fig. 7. The solid curve is a DWBA prediction for
e, the reactionN(*'C, 'C*)'N was calculated with the proton transfer reaction that uses the tightly-bound
PTOLEMY [10] using aB(E2) of ten Weisskopf units. The optical-model parameters fot'C+1*N and the loosely-
result is shown in Fig. 6. Clearly the contribution from this bound parameters fot°N-+*3C. In the DWBA calculation,

process is negligible for small angles, but it may contributethe ratio of the two ANC component@ézNz)Z/(ClzNz)z [Fin
at angles larger than 25°. As shown in Fig. 4, inelastic 3 Py

events just below the elastic scattering peak may be observéefl- (131 was put at 0.17/0.71, which Wa5140btal|2ed from
in the Q value spectrum for 282 ¢, . <30°, where the pre- shell model cglculatlon514;. The ANCs for 71N<—> Cv;p
dicted ratio of inelastic to elastic scattering cross section¥d/ere determined to be&; =18.2+0.9 fm * and Cp,_
becomes a maximum. Only the last few angle bins showed-0.91+0.14 fm ! in previous studies of*C(**N,**C)**N
any hint of inelastic excitation of'C. We did not attempt to  [11] and **C(®*He,d)**N [15].

remove these events from the elastic yield via peak fiting By normalizing the predictions to the experimental
since we could not do this in a systematic way. Consedata[16],
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Yoy 2 width, and additional stronger limits may be obtained if as-
— (C12N)z - pl/i oW sumptione are made about the interference between the two
P12 pr bp4N Pi2:Pir2 real contributions. For constructive interference of the real
4 v parts, the channel contribution gives a stronger lower limit.
CpSI2 ow In the case of destructive interference|df>|c|, the chan-
W T p1s2P3m nel contribution gives an upper limit for the radiative width.
P12~ P These limits depend on only one model parameter, the chan-
cin ) 2 nel radius.
n Prz_| ow The radiative width of the second resonance!#N de-
biN N | 7 ParzPi2 caying to the ground state has been a controversial subject
p3’21 Parz ) theoretically[2,12]. The experiment at GANIL4] found
sz’l\‘z oW I',=6.0"{s meV. Recently, a measurement at RIKEB]
TF | Opgppan) (13)  found 13.6:0.5 meV. It is informative to see how the mea-
bp3,2 bp3,2 sured ANC for*?N imposes limits on the radiative width of

the second resonance with respect to the experimental value.
We find thatF“;iJf(ER)Ch=54 meV for a channel radius of

C; ,=14x02fm ' andC; =0.33-0.05fm *. The un- 5.0 fm. Takom it T - ental value of th
- . . - a=5.0 fm. Taking into account the experimental value of the

0,
;Egg;ﬂ:fié?ggﬁzpégOiqbgltﬁ)e'ré?(')usdse:g?tt%ggés'(_)I_go)eaunnd_ total radiative width, one can find the internal contribution
N from Eq. (14). There are two solutions, 15 and 112 meV.

e v et oy ey . b camGASSUMING 1t he second vlue s (00 NG e con
within its uncertaint ang rotatiny theyangle of the detectorsCIUde that the internal part of the radiative width is 15 meV,

A y 9 9 ._and destructive interference between the real parts of the
within 1°. The overall uncertainty from these effects is

. - hannel and internal contributions gives the experimental
2.0%. By changing the normalization constants of the rea\ﬁ 9 P

and imaginary optical potentials for the incoming and outgo- alue, 13 meV. In this case, the channel contribution alone
ing channels within their uncertainties from R§L3], the represents an upper limit for the radiative width, while the

variation of the DWBA calculations was found to be less Sauare of the imaginary part of the channel contribution, 1.8

than 8.0%. A comparison of the DWBA calculations to meV, gives a lower limit.

others that adopted the optical-model parameters for loosely- The relative phase between the direct capture amplitude
bound nuclei in the entrance chanfste Fig. 7 contributed and the channel contribution to the width of the second

an additional 4%. The knowledge of tHéN«13C+p resonance is fixed in the-matrix approactisee Eqs(6) and

g : - (10)]. Therefore, when the channel contribution to the
ANC'’s introduced an uncertainty of 6.4%. Combining these . . .
gives a total uncertainty of 13%. The individual ANC's width dominates, the sign of the interference effects may be

. . 12 .
also depend on the theoretical predictionZaf A variation determined unambiguously. FSIC (p,7) N, we find that

o _ . . the nonresonant and resonant capture amplitudes inter-

-+ 0, 0,
ij:w'thmlz;ZO/o leads to & 5.2% chenge "_1 the inferred fere constructively below the resonance and destructively
value of (Cpm)2 and a* 14.8% change in the inferred value gpgye it.

the values of the ANC’s fof?N — !C+ p were found to be

of (C;Z’/\'z)z. Given this anti-correlation, the overall

C(p,y) N direct capture rate, which depends on the lin-

ear combinationcg =C2 +C2 =1.73+025fm ! is
eff P12 P32

VIIl. SFACTOR FOR C (p,y) ™N

essentially independent of the choice &r The summed cross section for nonresonant capture and
resonant capture through the broad second excited state was
VII. ANC AND RADIATIVE WIDTH calculated from the measured ANC and the experimental

resonance parameters using Bxeatrix approach. The cross
The ANC gives useful information not only about the section due to capture through the first resonance was esti-
overall normalization of the direct capture amplitude, butmated separately with the Breit-Wigner formula. In the cal-
also about the radiative width of the resonances. Accordingulations, the experimental proton widths were taken from
to Egs.(7) and(10), the channel part of the radiative width Ref.[18]. Only an upper limit of 20 keV is available for the
may be determined from the ANC. Since the channel part igproton width of the first excited state. It was set to 5.5 keV,
complex, i_e_[riiJ (E)]g/h2=a+ib, while the internal part is as suggested in Reff4], but the contribution from this nar-
f row resonance over the region of interest only depends on
. I',. Thel', width for this resonance was set at 2.6 meV, as
written as adopted in Refd.2,4]. Its uncertainty was assumed to be the
N - same as that of the lifetime of the first excited state'4.
I (B)=(a+c)"+Db% (14 The updateds factor is shown together with the GANIL
result in Fig. 8. The upper solid line gives our result for the
The relative phase af andc is, a priori, unknown, so these total Sfactor. The relatively flat lower solid line, which is our
real parts may interfere either constructively or destructivelyresult for direct capture alone, is slightly larger than the
Hence,b? always provides a lower limit for the radiative GANIL result at energies less than 0.25 MeV, but it is much

real, i.e.,[FinJf(E)]illﬁ:c, the total radiative width can be
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FIG. 8. S factor for 11C(p,y) **N. The upper solid line is our 't Of the second resonancdotted ling, and they transition
updateds factor. Our direct capture contribution is shown as thewidth of the first resonanc@lashed-dotted lineare shown, together
lower solid line. For comparison, the direct capture result from thewith the total uncertaintysolid line).

GANIL measuremen{4] is shown as the dotted line, and the reso-

nant contributions, which were treated as noninterfering in [2éf. 32 5
are shown by dash-dotted lines. Na(ov)gr=Na| —=| 7%
ukT
more precise. We find no change in the contribution from the y (2J+1) Ul Cerin
first resonance compared to the GANIL analysis, but the con- r € '
o ; (23 +1)(2J1c+1)
tribution from the second resonance is larger by a factor of P
about 2.5. The low energ$ factor is enhanced by the inter- (16

ference between direct capture and resonant capture to the . , .
second excited state. In Egs. (15 and(16), N, is Avogadro’s number, anBig is

The uncertainties in the astrophysi&flactor were inves- the GamO_W energj19]. In Eq.(16), I';~T', so the _reacﬂpn
tigated by varying the ANC for?N, ', of the first reso- rate fqr this narrow resonance depends only onyitsansi-
nance, the total widtl' o, of the second resonance, afig tion width. The rate of the first resonance was fit with
of the second resonance within their respective uncertainties.
Also the channel radius was varied from 4.5 fm to 5.5 fm.
Only the ANC,I",, of the first resonance, and the total width
of the second resonance are found to make significant con-
tributions to the uncertainty fdg. , <0.7 MeV. The effects while the summed rate for nonresonant capture and the sec-
of these uncertainties on the astrophysiB#dctor are shown ond resonance was fit with
in Fig. 9. At energies below 400 keV, the total uncertainty is

less than 20%. 2.148< 1P 13.281
NA<UU>NR:—TS/3 exp — —Téls

1.670< 10%

(- 4.166T¢) 1 -1
=z e Jcm’s tmol™?, (17)

Na(ov)r=

IX. REACTION RATE OF C(p,y)*N

_ _ X (1+4.639T3/°— 2.641T27— 1,543,
The astrophysical reaction raf&9] for the sum of non-

resonant capture and the second wide resonance was calcu- +2.0307¢°%+4.6573%) cm®s *mol™. (18
lated with
The overall fitting errors were less than 3% in a range from
g8 \12/ 1 \32 T¢=0.05 to 0.6. The sum of the nonresonant contribution
Na(ov)ng= NA(W_) (ﬁ.) and capture from the second resonance completely domi-
H nates for the temperature region beldw=0.2, and they
o B B contribute more than 55% to the rate over the range from
X fo S(E)el~VEeE-(EKDDgE,  (15) T4=0.2 toTo=0.4.
Descouvemont argued in R¢12] that the radiative width
of the first excited state if°N was overestimated based on
and the reaction rate for the first narrow resonance was cathe result in?B, since charge symmetry is not an accurate
culated with approximation forM1 transitions. His microscopic model
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FIG. 10. Reaction rate fot'C(p,y) *>N. The solid line shows 1031 . 0|15 -

our result when using’,=2.6 meV for the first resonance. The
dotted line shows our result when usilig =0.67 meV. The dashed

line is from Wiescheret al. [2], and the dash-dotted line is the  FIG. 11. The temperature and density conditions where the
GANIL result[4]. 1C (p,y) N reaction is important. Curve 1 shows where the rates

for 11C proton capture, based on the solid curve in Fig. 10, and beta
decay will be equal. The proton capture reaction will dominate over

This would reduce the contribution of the first resonance t eta decay above this curve. Curve 2 shows the previous estimate

. . - y Wiescheret al. [2]. In addition, the temperature must be to the
the astrophysical reaction rate by a factor of 4. In this caseﬁght of curve 3 to permit the’Be(e, y) *1C reaction to producélC

the first resonance can be neglected for the temperature rgﬁectively and the density must be above curve 4 to proddise
gion belowTy=0.35, and it contributes less than 30% to the, ., thar’I it can be photo-dissociated.

rate atTo=0.6.
The sum of the reaction rates is shown in Fig. 10, togetheéapture into theA= 12 region through*’C (p, y) °N.

with the previous results. The contributions to the uncer- 5 - ravised reaction rate fdtC (p,7) N implies that it

tainty in the revised reaction rate were determined by using ., compete successfully with!C (8% ») at lower densities
the uncertainties in th8factor as described above. The over- than previously believed, as shown in Fig. 11. Therefore, the

all uncertainty is approximately 14% for 0.693<<0.6. At reaction sequencéBe (a,y) 'C (p,y) N will provide a
T¢=0.2, our result is more than 1.7 times that obtained by,

. ; eans to produce CNO nuclei, while bypassing tlera-
zlr\]/(iaesiﬁgrltla_t ({;]Joup and 14 times larger than the estimate O'Jz::ction, in lower-density environments than anticipated by

Wiescheret al. Detailed understanding of the implications of
the new reaction rates relies on new hydrodynamical calcu-
X. CONCLUSION lations with the updated reaction sequences.

provided a lower value of 0.67 meV for the width fiN.

Calculations based on consideration of traditional re-
action sequences have set limits on the initial mass and
metallicity that the stars can have without imploding with  This work was supported in part by the U.S. Department
no significant mass loss. ThtHe(e,y)'Be(e, y) *C reac-  of Energy under Grant No. DE-FG03-93ER40773, the U.S.
tions are the main path other than thex $rocess from National Science Foundation under Grant No. INT-9909787
helium to carbon isotopes in such stars. THE produced and project ME 388000, MSMT, CR, Grant No. GACR
in this sequence may decay and return féle via  202/01/0709, the Robert A. Welch Foundation, and NSF
He (B1v) 1'B(p,a)®Be(*He,*He) or be depleted by proton award No. PHY-0140343.
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