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BN(p, )10 is one of the key reactions which trigger the onset of the hot CNO cycle. This transition occurs
when the proton capture rate @8N is faster, due to increasing stellar temperat{re 0° K), than the!sN
B-decay rate. The rate of this reaction is dominated by the resonant capture through the first excited state of
140 (E,=0.528 Me\j. However, through constructive interference, direct capture below the resonance makes
a non-negligible contribution to the reaction rate. We have determined this direct contribution by measuring the
asymptotic normalization coefficient fdfO— 13N +p. In our experiment, an 11.8 MeV/nucled?N radio-
active beam was used to study tH(*3N,140)13C peripheral transfer reaction, and the asymptotic normal-
ization coefficient,(C:?Z)Z:29.014.3 fm?, was extracted from the measured cross section. The radiative
capture cross section was estimated usingranatrix approach with the measured asymptotic normalization
coefficient and the latest resonance parameters. We firiftuetor for 3N (p, )40 to be larger than previous
estimates. Consequently, the transition from the cold to hot CNO cycle for novae would be controlled by the
slowest proton capture reactigfN(p, y)1°0.
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I. INTRODUCTION whereZq\o is the mass fraction of the CNO materixl, is

the mass fraction of the hydrogen, apds the density in

The nova is one of most violent observable events to 0Cycng 1], In Eq. (1), it has been assumed that about 50% of
cur in the Universe. It is believed to happen when a whiteho cNO material is stored 4N

dwarf in an accreting binary system acquires a hydrogen-rich \ysip, increasing temperature, the rates of the proton cap-

envelope from its companion star. The subsequent hydrogeye reactions in the cold CNO cycle exponentially increase.

ignition may take place under degenerate conditions an ventually the reaction rate f8#N(p, v)14O exceeds the rate
therefore lead to an explosion. Hydrodynamic calculation%f 13\ B decay (t;,=9.965 min and the hot(B-limited)

show that this scenarip occurs at temper_ature_s in the rangey o cycle takes over as shown in Fig. 1. B (p, 7)!50

2t1I§v-err<t2m3p;vrgi;ig |stht2ectt)?gﬁgeNrgtléryed|2 gggfa?és&gﬁ d this still the slowest reaction and it controls the energy genera-
. T : fion rate. As the temperature continues to increase, all of the

energy generation rate is dominated by the slowest prOtoBroton capture reaction rates in the hot CNO cycle exceed

capture reactiorN(p, 7)'0. The energy generation rate of B-decay rates of'*O and O (with half-lives t

the cold CNO cycle can be approximated by multiplying the:70.6 s and 122 s, respectivelfrherefore, the energylg/fen-

;‘i‘grgp,y)l% reaction rate with the energy release from fu'eration rate of the'hot CNO cycle is ap;’)roximately a con-

stant,
5 _ rla—l
€ono= 4.5 1(_)I_ZZZXHZCNOe—15.2287r§’3(erg gis?h, (1 €riono= 4.6 X 10°Zcyolerg gis™). (2
o In Eq. (2), about 50% of the CNO material is assumed to be
stored as**O and*®0 [1]. The energy generation rate of the
hot CNO cycle will remain constant until some breakout
*Electronic address: xdtang@phy.anl.gov processes begin to occur. The thermonuclear runaway in no-
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T .
2 N(p, )°0 rate by 54—84 % folfy<<0.1. This further so-

lidifies the importance of**N(p,y)*°0 in the cold CNO

FIG. 1. (Color online Density and temperature conditions for . .
( 9 Y ’ cycle and the transition from the cold to hot CNO cycle with

the transition from the cold to hot CNO cycle for a typical novae - -
hydrogen mass fractiok;=0.77. The solid line is the calculation To<<0.1. For temperatures fromiy=0.14 t0 To=0.59, the

with the competition betweelN(p, y)140 and theg decay ofl40 13N(P’ )0 reaction rate is the slowest and it completely
and 1°%0. The dashed line is the calculation with the competitiondoMminates this transition. Therefore, precise determinations
between®N(p, 7)1%0 and theg decay of“O and°0. The hot  Of the rates for these capture reactions are vital for predicting
CNO cycle operates in the upper unshaded region. The typical tenfh€ conditions where the transition from the cold to hot CNO
perature and density condition for novgH is also shown as the CYcle occurs. . L
circle in the upper left corner. The rates used in the calculation are FOr Te=0.2, the Gamow window for th&N(p, 1O re- .
taken from NACRE[3]. action is located at 148 keV with a width of 117 keV. At this
energy, the reaction is dominated by the low-energy tail of
the s-wave capture on the broad™ lresonance atE,

vae is driven by the energy release of the hot CNO cyclezo'529 MeV, which has a total width of 37.3+0.9 kesee

. ig. 2. The direct capture contribution is significantly
Because the peak temperature in the thermonuclear runawg}ﬁa”er than that due to the tail of the resonance within the

IS typlcally_be_IO\_N 3.5 108_ K, breakout processes are inhib- Gamow window. But since both resonant and nonresonant
ited by thew_ I|m_|ted_ reaction r_ates. _Ob_servatlon of the abu”‘capture proceed via waves and then decay 51 transi-
dance distribution in nova ejecta indicates large overabungons, there is an interference between the two components.
dances of nitrogen produced by tBalecay of the bottleneck Thus the resonant tail can be enhanced through constructive
nuclei, %O and*®0, in the hot CNO cyclg1]. interference or reduced through destructive interference. Pre-
As shown in Egs(1) and(2), a rapid change in the energy viously Decrocket al. [6] used the!*N(d,n)*O reaction to
generation rate occurs once the CNO cycle transits from coldetermine the spectroscopic factor of 0.90+0.23, from which
to hot. This transition condition, which is a function of tem- they then obtained the direct capture contribution to the re-
perature and density, can be determined by finding when th@ction rate. Based on their result, direct capture yields a non-
rates between th@ decay of40 and %0 and the slowest negligible contribution to the reaction rate at low energy.

proton capture reaction in the cycle are equal. This is shown Itis well known that direct capture is proportional to the
in Fig. 1 and given by2] asymptotic normalization of the tail of the bound state over-

lap integral and that this quantity can be determined by

peripheral proton transfer reactiof§]. We have used

the peripheral transfer reaction®N(*3N,0)*°C at

p = 1.0[(714+ 715 Xn(Na(T0)rmin) ], (3 11.8 MeV/nucleon to measure the asymptotic normalization

coefficient (ANC) for “0— 13N +p, thus yielding a more
precise determination of the nonresonant capture cross sec-

where ;4 and ;5 are the lifetimes of“O and O, respec-  tjon. The capture rate foP¥N(p, )0 has then been deter-

tively, Xy, is the mass fraction of hydrogen, aNd(ov)min IS mined from the measured ANC and the latest parameters

the smallest proton capture reaction rate in the hot CNQvailable for the resonance states usindRamatrix analysis

cycle. For temperatures less th@g=0.14, the'*N(p,7)'™0  similar to that described in a previous paj8r.

reaction rate is slightly slower than tHéN(p,y)*“O rate.

Thus theN(p, y)1%0 reaction controls the transition from IIl. EXPERIMENTAL PROCEDURE

the cold to hot CNO cycle. A recent result from The 3N radioactive beam was produced via the

14N(®He,d)*®0 [4,5] shows that NACRE overestimated the 'H(*3C,13N)n reaction using al*C beam of~600 enA at
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15 MeV/nucleon from the K500 superconducting cyclotron
at Texas A&M University. The beam bombarded a
10-cm-long, LN-cooled, cryogenic K gas cell with
12.7 um Havar windows*N recoils at 11.8 MeV/nucleon
were collected by the Momentum Achromat Recoil Spec-
trometer(MARS) at 0°. They were separated from the pri-
mary beam and other reaction products and focused on a
secondary target. For beam studies, aX%cm,
1000-um-thick, position-sensitive silicon detector was
mounted on the secondary target ladder. The detector con-
sisted of 16 3-mm-wide resistive strips on one side that pro-
vided for both vertical and horizontal position measure-
ments. The vertical position resolution along the resistive
strips was better than 1 mijfull width at half maximum
(FWHM)]. The total energy deposited in the detector was
provided by a read-out on the back plane. After tuning g F
MARS, the secondary beam spot size and divergence were P '1'5‘ - '_1'0‘ - '_‘5' - J(')' - ';' T
measured to be 3 mnFWHM) and 1.8°(FW) in x and Q value (MeV)
3.2 mm(FWHM) and 1.9°(FW) in y. The energy spread of
the beam was set to 1.6 MeV. The purity was better than
99%, with the primary contaminant beingC. Secondary
beam rates on target were typically over 600 kHz. For a de-
tailed description of radioactive beam production with
MARS, see Ref[9].

A secondary reaction target consisted of 1.5 mg/cm
melamine(C3NgHg) on 20 ug/cn? C and 20ug/cn? collo-
dion backings. The thickness and uniformity were verified by
direct measurements with theéN beam by observing the
beam energy spectrum with and without the target. With a
peak shift of 2.46 MeV, thelE/dx calculation from the ion-
beam-—target interaction prograseim [10] gave the central
target thickness to be 1.48 mg/€with an uncertainty of
6%, arising from thesrim calculation and the statistical un-
certainty from the peak shift. Reactions were also observed
from a '°C target of 1.9 mg/cfin order to obtain elastic :
scattering data and to verify that no peaks from the C in the L il bbby,
melamine target interfered with the transfer reactions of in- 20 -15  -10 -5 0 5 10
terest from™“N. Q value (MeV)

The reaction products from tHéN secondary beam bom- _ S
barding the two separate targets were recorded by two detec- F_IG. _3. (Color onling Th_e particle identification v€-value
tor telescopes, each of which consisted obaBcm 16-strip ~ distribution from the melamingtop panej and C (bottom panel
posion-sensive Si detccor, with a Mckness of 60, 13085 TS 90tp 0 e 00 e 5 e e ook
backed by a 50¢m Si detector. The telescopes were Sepa_contaminamt in the C foil that appears as a tail to posi@vealue.

rated from the target by a distance of 200 mm. Both tele_In the spectrum from the melamine target, the broad peak wigh a

SCopes were cooled t(.) ._GOC to reduce thermal noise. Ir\}alue of about —20 MeV is due to elastic scattering off H and the
o_rder to avoid beam h|tt|ng_the dete_ctors and to reduce th%ast negativeQ value peak il 0 is from “N(*3N, 10)3C .

yield from small angle elastic scattering, the two telescopes
were separated by 28 mm. A NE102A plastic scintillator
coupled to a photomultiplier tube by a lucite light guide was
mounted between the two Si telescopes to monitor‘fhe After calibrating the energy and position outputs for the
beam. Since the full beam intensity was too high for thetwo telescopes, a particle identification, based on the energy
scintillator, two screens, each with a transparency of 9%loss in theAE detector and the total energy loss, and recon-
were added to attenuate the beam intensity. The total effegtructedQ value were calculated from the experimental data
tive transparency, 1.5%, was measured in special runs thak described in a previous pap@]. The result from the
compared the™N vyield observed in the target detector and melamine target is shown in the top panel of Fig. 3. e

the plastic scintillator detector for equ&iC incident beam elastic scattering can be easily identified as the group with
intensities. Details of the detector setup can be found in #arge yield at zerdQ value. Elastic scattering occurs &N,
previous publicatiorf8]. 12c, and®™ nuclei in melamine. Due to the inverse kinemat-

AZ%637

AZ?%637

IIl. DATA ANALYSIS
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ics, the maximum allowed laboratory scattering angle for 180
H(BN,BN)H is 5.22° and the kinematic shift of tHEN 44,
recoils is large near the maximum angle. The detector systen
covered lab angles from 4° to 17°, so scattering fidlwas 140
easily separated fromN(N,N)!“N. The other two 12
elastic  scattering reactions, *N(**N,™N)*“N  and
12C(B3N, 13N)*2C, were indistinguishable at small angles due
to the finite energy spread of th€N beam. During the 80
analysis, a manual cut was set on the energy versus angl 4,
spectrum to accept both elastic processes, independent ¢
scattering angle. 40

The first excited states of®N, N, and 2C are at 4
2.37 MeV, 2.31 MeV, and 4.44 MeV, respectively. The tran- A
sition between the ground state YN and the first excited %0 a5 = A0 B o0 BT
state is a purdl1 transition. Inelastic excitation of this state Q value (MeV)

was found to be weak in a previous study of )
e : ; FIG. 4. Q-value spectrum fot*O reaction products. The peak at
13014y 19N) 13 :
(*N,™N)™C at a similar energy11], and it also is ex -3.0 MeV is from the*N(*3N, 20)1*C, ¢ reaction. The peak near

peCt?d to b? weak in Fzzecpresent C"_ise' IneIasFic excitation Qf? MeV reflects population ofC excited states. The peak at
the first excited state i occurs via a collectiv&2 tran-  _15 peV is mainly from the?C(1N,40)118, . reaction. After

sition. It was a strong inelastic process in our experiment andypiracting the contribution fro?C, which is obtained from the
appears as &N peak with aQ value around -5 MeV in Fig.  ryns with the2C target and is shown as the dashed peak located
3. The shift in theQ value from the actual energy of around -12 MeV, thé3N induced proton transfer reactions i\
—-4.44 MeV is due to the assumption, during analysis, thain the melamine target were fit with the simulation results. This is
scattering occurred off of*N. The first excited state dffN shown as the two dashed peaks located around -3 MeV and
is proton unbound and thus inelastic excitation to it does not7 MeV, respectively. The sum of these three contributions is
appear in the'®N group. The particle identification versus shown as the solid line.

Q-value spectrum fot?C is shown in the bottom panel of

Fig. 3. By comparing the two spectra, it is obvious that allfrom proton transfer reactions leading to the excited states of
the reaction channels relating N and*H disappear. Due 13, The amount of contamination grows to about 8% with a
to a trace amount of Ta contamination, a higher-enéfy  Q-value cut at -6.30 MeV. Therefore, the error from setting

recoil branch was observed in the total energy versus angl@is threshold was conservatively estimated as +5%.
spectrum for the elastic channel. The amount of Ta was de-

termined by comparing the cross section with Rutherford
scattering.

The Q-value spectrum for*O particles from reactions
between*N and the melamine target is shown together with  The experimental elastic scattering cross section'3ir
the sameQ-value spectrum for reactions on th€ targetin  on the melamine target is shown in Fig. 5 together with an
Fig. 4. No bound excited states 8O exist, so only proton optical-model calculation. The calculation has been
transfer reactions leading to the ground state could be olsmoothed to account for finite angular acceptance. Since we
served. The least negativ@-value peak corresponds to the cannot distinguish between the elastic scatterintffoff of
1N(*3N, 10)13C  reaction. The small peak with@ value 4N or *°C in the melamine target, the two reaction channels
around -7 MeV is due to reactions leading to excited statesrere summed together in the laboratory scattering frame ac-
of 13C. The peak at & value of —12 MeV is mainly from cording to their atomic ratios, then the combined result was
the *2C(*3N,0)11B ¢ reaction. This was verified by the converted to the center-of-mass frame using the kinematics
results from the'C target which are shown as the dashedappropriate fof3N+2“N. The optical-model parameters were
line in Fig. 4. The transfer reaction dAC contributes about obtained from double-folding-model calculatiofs?]. The
70% of the yield in this region. The additional 30% of the parameter sets for the tightly bound nuclei were chosen in
yield comes from transfer reactions leading to excited statethe calculation for*N elastic scattering off of the melamine
of 13C. target[8]. The forward angle cross section, which is domi-

During the data analysis to obtain the transfer reactiomated by Coulomb scattering, is not very sensitive to the
angular distribution, a manual cut was set on the particle@ptical-model parameters. Varying the normalization factors
identification versug-value spectrum to select the transfer for the 13N+12C and'3N+1“N real and imaginary potentials
reaction events of interest. Due to the large beam energwithin their uncertainties, as in Refl2], only resulted in a
spread, there is some overlap between i@ peak due to 1.2% change in the elastic scattering cross section for these
transitions to thé3C ground state and excited states. To es-angles. Therefore, this region is used to examine the absolute
timate this background contribution, Monte Carlo simula-normalization. A comparison between the first three experi-
tions were used to reproduce the two peaks. From the simunental data points and the smeared prediction shown in Fig.
lation we find that aQ-value cut at —5.63 MeV will accept 5 shows that they agree to within 8+4%, which is consistent
97% of the events of interest with a 3.4% contaminationwith the our estimate for the uncertainty arising from the

100

TT R
e
.-l—l—!

*3

IV. ELASTIC SCATTERING AND
OPTICAL-MODEL POTENTIALS
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FIG. 5. Elastic scattering angular distributions f&iN on FIG. 6. Elastic scattering angular distributions fSN on 1°C.

melamine. The experimental results are shown as dots. The statifhe contribution from Ta contamination in tAéC target is added

tical uncertainty is smaller than the size of the data points. There i$o the 13N scattering off'2C assuming it to be pure Rutherford

an additional 6.5% normalization uncertainty that is common for allscattering. The experimental results are shown as dots. The statisti-

the data points. The dashed curve is the summed predictioiNor ~ cal uncertainty is smaller than the size of the data points. There is

elastic scattering off of C and N in the melamine target. The solidan additional 6.5% normalization uncertainty that is common for all

curve is the smeared result for the prediction. the data points. The dashed curve is the summed predicticiiNor
elastic scattering off C and Ta in tHéC target. The solid curve is

incident beam normalization and target thickness. the smeared result for the prediction.

The experimental elastic scattering cross section'fir

on the'“C target was also measured and is shown in Fig. 6. . N\ 2
These data provide an independent check on the optical Coxy=(C 402)2 —_ P | bw

. 19 . exp Py 140, 14y P1/2:P1/2
model prediction for?C in the melamine target. The com- p1P011
parison between the first three experimental data points and 2
the smeared prediction in Fig. 6 shows that they agree to D

L % + M2 U'DW (4)
within 1+7%. 4o, 14y P12Pas |
P1/27P3j2
V. 1N(E3N, 40)13Cc ANGULAR DISTRIBUTION the value of the ANC for'*O— ¥N+p was found to be
AND THE ANC FOR M0 —N+p C§1/2=29.Oi4.3 fm™. Theb's in the equation are the single-

particle ANCs assumed in the DWBA calculations for the
The angular distribution for th&N(**N, *40)*3C reaction  two different transfers. The uncertainties feg,, in Eq. (4)

is shown in Fig. 7. The solid curve is a distorted wave Borninclude statistic§3.0%9), absolute normalization of the cross
approximation(DWBA) prediction for the proton transfer section(7%), and the error from setting th@-value thresh-
reaction that uses the tightly bound optical-model parametersid (5%). The uncertainties contributed by the inputs to the
for *N+%N and the loosely bound parameters O  Monte Carlo simulation were investigated by varying the
+13C2 [12]. The ANCs f0f14N?l3C+p were determined t0  peam center within its uncertainty and rotating the angle of
beCp ,=18.2+0.9 fm*andC; =0.91+0.14 fm*in previ-  the detectors within 1°. The overall uncertainty from these
ous studies of13C(14N,13C)143N [11] and B°C(®*He,d)!*N effects is 2.0%. By changing the normalization constants of

[13]. the real and imaginary optical potentials for the incoming
By normalizing the predictions to the experimental dataand outgoing channels within their uncertainties from Ref.
[14], [12], the variation of the DWBA calculations was found to
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i on the ANC[8], has the same sign as the nonresonant am-
- S plitude leading to constructive interference for these two
| FREEY terms. From the equations given [8,19], [l“ﬂjf(E‘gm')]éﬂ2
W =0.90+ 0.02 e\W? and the channel radiative width
S J; c.m. —_ H —
e I R B SN S N |[1“7'Jf(ER )]er/=0.81 eV for a channel radius=5 fm. The
5 10 15 20 25 30 35  total resonance radiative width Iéy(ECR"“')z|[1“$Jf(ECR-’“-)]iln’t2
0. m(deg) +[Fﬁjf(E%m')]3‘;r/12 2. Thus there are two possible solutions for

. f I st f the internal part, a large negative vaI@EﬁJf(Egm)]ﬂ,ﬁD
FIG. 7. Transfer reaction angular distributions for _ _ 2 i Ji ze.myl/2

UN(®N, 20)13C, i, The dashed curve is the DWBA prediction. 2.73 eV and a small positive valugl; (Br)linca
The solid curve is the smeared prediction. The ANC was found by 104
normalizing this curve to the experimental data. The two dashed-g
dotted curves show the separate angular momentum contribution=>
from Eg. (4), before correcting for finite angular resolution. The »¢
upper and lower lines represent tHéN(py;,) — O(py;) and wand

1N (psj2) — 0(py)2) proton transfer reactions, respectively. 10

(ke
R

S Facto

be less than 8.0%. A comparison of the DWBA calculations
from PTOLEMY [15] and Frescg16] shows that they agree to 10
5% for 6., <30°. The knowledge of thé“N«—13C+p

ANCs introduced an uncertainty of 6.4%. Combining these
gives a total uncertainty of 14.7%.

10

VI. SFACTOR FOR N(p, y)**0O LT

The cross section for direct and resonant capture througt 1
the broad first excited state can be calculated from the mea
sured ANC and the experimental resonance parameters usin

the R-matrix approact{8]. In the calculation, the same pa- I N T e
rameters(E;"=527.9+1.7 keV,I';,,=37.3£0.9 keV, and 10 0 100 200 300 400 500 600
I',=3.36+£0.72 eY as Magnust al.[17] adopted were used E (keV)

for the first resonance. What is not known is the sign of the ¢.m.
interference term between the two components. FIG. 9. Sfactor for 13N(p, y)10. The relatively flat solid line is

Itis possible to sometimes infer the sign of the interfer-y,q girect capture contribution determined from the ANC. This re-
ence to be used in aR-matrix calculation of the radiative gyt is higher than that obtained by Decroek al. (lowest dash-
capture cross section even in the absence of direct expelintted ling. Based on constructive interference, our updated result
mental date[8,18. Such is the case for the reaction being for the totalS factor, the top solid line, is about 38% higher than the
considered here. The resonant amplitude can be separatgfvious resultupper dash-dotted lineFor completeness, we show
into an internal and channééxterna) part [8,18. At ener-  the result that would be obtained with destructive interference as the
gies below the resonance, the channel part, which dependsashed line.
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»n 04r TABLE I. Reaction rate forN(p, y)1“O.
2?2 C

< C TAMU rateferro] NACRE rate TAMU/
C Ty (cm® s mold) (cm® st mol™) NACRE

0.01 4.18<107%9430.2%) 2.01x 107%? 2.08

0.02 5.72x1071930.1% 2.78x 10716 2.06

0.03 5.35< 1071930.0% 2.63x10°18 2.03

0.04 3.98x107129.8% 1.99x 10711 2.00

0.05 8.53x 1071929.79% 4.34x10710 1.97

0.06 8.84x 107929.6% 4.58x10°° 1.93

0.07 5.72< 10°829.4% 3.02x10°8 1.89

0.08 2.67x 107 7[29.3% 1.44x 1077 1.85

0.09 9.86<1077[29.1%4 5.43x 1077 1.81

0.1 3.04x 10°[29.0%4 1.71x 1078 1.78

R 0.13 4.27x107[28.5% 2.56x107° 1.67

F e 0.17 5.16x 107927.8% 3.34x 1074 1.54

C ] L L Preeer T 0.21 3.24<10°927.0% 2.22x 1073 1.46

0'-1--|--r--|-- edosjontuduachadeghalad daalalda.l N R A T ST LT A 2 3

0 100 200 300 400 500 600 0.25 1.3%<107926.3% 9.85x 10 1.42

E. . (keV) 0.29 4.84<10725.6% 3.47x 1072 1.40

0.33 1.51x 107[24.9% 1.11x 101 1.36

St T g o o g, O AAMAC243G  aabr 129

n;nce(dashed Iin; the ANC):/(upper dashedL-Jdotte(; linethe total 0.41 1.20<10723.79% 9.91x 107! 1.21

width of the resonancédotted ling, and the channel radius are 0.45 2.98<10°(23.2% 2.60x 10° 1.15

shown(lower dashed ling together with the total uncertainggolid ~ 0.49 6.69< 10°[22.8% 6.09x 10° 1.10

line). 0.53 1.36x 10[22.5%) 1.28x 10t 1.06

=0.93 e\W2 The first solution leads to destructive interfer- 057 2.56¢101(22.29 24010 1.04

) o . 0.61 4.38x 10'22.0%) 4.27x 10" 1.03

ence with the nonresonant component at energies below the

resonance, but it yields a high internal radiative width9-6° 7.09<10121.9% 6.99x 10" 1.02

[T, (EZ™)]ind =7.48 eV. The second solution leads to con-0-69 1.09<10721.8%4 1.08x 107 1.01

strucftive interference with the nonresonant component. ThiS-73 1.58<107(21.8%) 1.58x 107 1.00

solution is favored based on microscopic calculations wher®.77 2.22<10721.8% 2.22x 107 1.00

it was shown that the internal and external parts of Eie 0.81 2.99 104 21.8%) 3.01x 10? 1.00

matrix elements have the same sign and very similar magnip.g5 3.92x 10721.9% 3.95x 10? 0.99

tudes. Note that af-matrix approach similar to ours was ¢ gg 5.00< 107[21.9% 5.04x 107 0.99

also used by_Barke[llS] to mf_er the sign (_)f t_he mt_erference. 0.93 6.23¢ 107[21.8% 6.30% 102 0.99

However, neither the experimental radiative width nor the0.97 7.59¢ 107[21.7%4 7 70% 1 0.99

proton ANC for the ground state éfO were available at that
time. The experimental radiative capture cross section for
3C(n, y)*%C with thermal neutrons and the spectroscopic
factors from shell-model calculations and stripping reaction

ments. Bgrker also fou_nd_ two _solut|ons. His secon_d SO_IUt_'Or?adi(:ltive width using this simple single-particle model. Tak-
resulted in a total radiative width of 3.85 eV, which is in . . Y > 2
nto account the relatlonshlﬁﬁpllz) =S, by ., where

excellent agreement with the experimental value, and wa&'9 " . Pu2pyy
corroborated later by microscopic calculations with construc, , iS the spectroscopic factor of the configuratpna®®N in
tive interferencg20]. the 1“0 ground state, andpm is the single-particle ANC of
As an additional check we used a simple single-particléhe proton bound-state wave function, we can determine the
model to analyze the dipole matrix elemeft(r)|r|#(r)), spectroscopic factor. Using this spectroscopic factor, we
where ¢(r) and y(r) are thep+2°N radial Ip,,, bound-state fixed the normalization of the external matrix element to
ands, , scattering wave functions. The latter is dominated bycorrectly match the experimental value of the proton ANC
the %5,,, resonance at energies nd&y. This matrix element for the 4O ground state. For a channel radiars5 fm, we
determines the radiative width. The behavior of the integrandind that [ny‘Jf(EcR'm')]ilr{t2=1-41 eW? and [Ffjjf(EcR'm')]éﬁ
for this matrix element is shown in Fig. 8. The resona®j,2 =0.95 e\WW2. Thus we find that in the single-particle ap-
scattering wave function has one node in the nuclear interigproach the internal and external parts interfere constructively.
leading to the node in the integrand. The external and inter€orrespondingly, the total radiative width ifﬁJf(Egmﬂ
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'S bution from the ANC measurement. In Decrock’s calcula-
§105 tion, the resonance energy was taken to be 526 keV, which is
10" smaller than Magnus's recommendatiofl7] (EZ™
:;:,103 =527.9+1.7 keV. Therefore, the peak of the resonance is
'2102 shifted upward slightly to a higher resonance energy in our
) calculation. For completeness, we show the result that would
4 hot CNO be obtained with destructive interference as the dashed line

in Fig. 9. The sign of interference can be easily checked with
a direct measurement at high energy.
The uncertainties in the astrophysi&iactor were inves-
tigated by varying the ANC fot“O, I, ', and EZ™ of
the first resonance. Also the channel radius was varied from
s 4.5 fm to 5.5 fm. The uncertainty &;™ only produces less
%27 than a 2% fluctuation for th& factor for energies less than
' ' , 600 keV. The effects of all the other uncertainties on the
I(I‘IIII}!IlIT[lIIllii(liH)llllll!llltlllllll)! . . . . . .
01 02 03 04 05 06 0.7 08 09 1 astrophysicab factor are shown in Fig. 10. With increasing
T energy, the fractional uncertainty drops from 0.31 to 0.21.
The uncertainty of thé’, of the first resonance is the domi-
FIG. 11. (Color online The updated density and temperature nant component. The ANC and the total width of the first
conditions for the transition from the cold to hot CNO cycle with a resonance also make significant contributions to the uncer-
typical novae hydrogen mass fracti®X;=0.77). The solid line is  tainty for E; , <0.6 MeV.
the calculation with the competition between tHdl(p, y)**0 and
the B decay of“O and°0 with the updated reaction rates. The
dashed line is the calculation with the competition between VIl. REACTION RATE Of N(p, )0
1N(p, y)%0 and theg decay of'“O and'®0. The typical tempera-
ture and density condition for nové#] is also shown as the circle
in the upper left. For the typical novae temperature and density g \1/2/ 1 \3°2
condition, ¥N(p, y)'°0 is slower than'*N(p, y)**O and therefore Na{oV)NR= NA<—) (—)
controls the transition from the cold to hot CNO cycle. T kT

o
LU RRRALL AL R R AL UL RRRAU AL R SRR AL R RREAL

T

9

The astrophysical reaction raf22] was calculated with

=5.58 eV. This calculated single-particle radiative width is X f S(E)dVESE-EKDIGE, (5)
in excellent agreement with the updated single-particle mi- 0

croscopic calculations reported in RgR21]. We conclude here N, is A dro’ b €. is the G
that a simple single-particle model with the correct normal-WEr€Na IS Avogadro's number antg 1S the Lamow en-

ization of the tail and the spectroscopic factor determined'9Y [22]- Based on the arguments given above, $tfactor
from the ANC allows one to reproduce the microscopicfound for constructive interference was used to obtain the

single-particle radiative width, where the antisymmetrization"®action rate. _ _ _
effects in the nuclear interior have been properly taken into 1h€ new reaction rates are listed in Table | together with
account. As expected, the single-particle radiative width exNACRE’s compilation. The new rates are about two times
ceeds the experimental value due to a high contribution frofNACRE’s compilation at lower temperature and are almost
the nuclear interior. However, it has been shown in Ref] identical at higher temperature. The uncertainties, dominated
that the inclusion of3N excited states decreases the internay the error of they width of the first resonance, drop from
matrix element, bringing the total radiative width into agree-30% t0 20% by varying the temperature frofg=0.01 to
ment with the experimental radiative width. While all these 19=0.97. . o
arguments are indirect, they strongly suggest that the internal 1h€ new reaction rates were fit with NACRE’s formula
part of the radiative width is that given by the second solu-2nd are shown as the following:
tion, which has the same §ign_as the channel part and conse- 4.02% 107 15.048 Ty )2
guently leads to constructive interference between the reso- Np(ov) = 273 15 5355
nant and nonresonant terms. 9 9 :

The Sfactor calculated in th&-matrix approach is shown X (1+11.408, - 20.29673 + 44.133))
together with the result from Decrodait al. in Fig. 9. The
relatively flat lower solid line, which is our result for direct 3.25X 10° _ 6.47O>Cm3 s mol?
capture alone, is about 30% larger than the result obtained by TZ838 o '
Decrocket al, which is shown as the lowest dash-dotted line (6)
in Fig. 9. The two results just agree within the quoted uncer-
tainties. AtE, ,, =140 keV where the Gamow peak is located The overall fitting errors were less than 7% in a range from
for T¢g=0.2, our updated result using constructive interfer-Tg=0.01 toTg=0.97.
ence, shown as the upper solid line, is about 38% higher than The updated density and temperature conditions for the
the previous result, which is shown as the upper dash-dottetiansition from the cold to hot CNO cycle, with a typical
line in Fig. 9. This is due to the larger direct capture contri-nova hydrogen mass fractiqX;=0.77), are shown in Fig.
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11. The reaction rate fort“N(p,y)*°0 is slower than update the nonresonant capture contributiofi(p, y)14O.
13N(p, y)*0 whenTy<0.16 andT,>0.73. For the typical Based on our results and other theoretical calculationsSthe
novae temperature and density condition, the transition fronfiactor at low energy was calculated with constructive inter-
the cold to hot CNO cycle is still governed by the competi-ference. With the updated reaction rate, a new density and
tion between*“N(p, y)1°0 and thep decay of'*0 and'®0.  temperature condition for the transition was determined.
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