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The strengths of low-energy resonances'iN(a,y)'®F at 573 keV and 1136 keV have been measured
using an activation method. In addition, their relative strength and the energy of the lower resonance have been
determined in a prompg-ray experiment. The results of these measurements are used to reevaluate the stellar
reaction rate of““N(«,y)'®F. The present reaction rate at temperatures of astrophysical interest is a factor of
2 smaller than previously reported.

PACS numbes): 26.20+f, 25.55~¢, 25.70.Ef

[. INTRODUCTION energy of 572 keV for temperatures of astrophysical inter-
est, T=0.1-0.5 GK. For higher temperatures the contribu-

tions of resonances at higher energieg€ 1136 keV, 1398

Stellar.He burning is the domlnapt energy source durmq(ev' 1527 keV, 1529 keV, and 1618 kp\become more
the red giant phase of stellar evolution. The energy genera-

tion is determined by the triple reaction and the subsequent Important. Below 0.1 GK additional contributions are pos-
1 16 . - ythe triple re . q sible from the low-energy tail of the 572 keV resonance, the
%C(a, y)%0 with the helium being produced in the preced- . o A

. . . direct capturdDC), and theJ™=4", T=1 resonance at 305
ing hydrogen burning phadd]. In massive stars hydrogen keV. All other contributions can be neglectet-9

burning is dominated by the CNO cycles which not only : 9 ‘

. . . The lowest known resonance is th&=1" resonance at
fusion catalytically hydrogen to helium but also convert the572 keV. The strenaths of this resonance and the resonance
initial °C and %0 abundances td“N [2]. The *N abun- ' 9

dances provide one of the neutron sources gqrocess at 1136 keV were measured by Couehal. [7] using an
nucleosynthesis in massive stars. During stellar He burnin@i'svzttgon ren det_rllﬁcei Z:irthlcgtglNsit;gﬁttshlig g:lcer;iﬂiet%vrgs 100
1N is converted via thé“N(«, y)*®F (B, v) 0 reaction se- bped. dy step s pernr

ol8 ' . a0 22 large (AE=60 keV) for a meaningful determination of the
quence to ‘O, fur.ther alpha capture T?“"‘C“O (a,7)""Ne . resonance energy. They identified the resonance a&the
produce?’Ne which has been identified as one of the main_ 019 keV J—1 .state in 8%, which was the only state
neutron sources?Ne(a,n) [3-5]. Due to the negative o ; ’ .
value of the?’Ne(a,n) reaction, neutrons are not released known at the timd10] in the relevant energy windo00-

during the relativel I burni h b | g 600 ke\) and deduced a resonance energy of 559 keV. This
uring the relatively cool He burning phase but only towards,eqonance energy has been used in all previous calculations

the end of He burning when due to He depletion the energy the reaction raté7—9]. More recent results locate the state
generation decreases, and the core starts to contract gravitre = 4860 keV[11] resulting in a resonance energy of 572
tionally. This leads to an increase in core temperature anle\/, The strength of the 1136 keV resonance was indepen-
pressure which ignites thé’Ne(a,n)*Mg reaction[4,5].  dently measured by Parkft2] also using thick TiN targets
This reaction is considered to be the main neutron source fa§nd an activation method. Before comparing the results for
the weak component of treprocess which is responsible for the 1136 keV resonance the values have to be renormalized
the nucleosynthesis of the ligbfprocess nuclei in the mass to the same set of stopping powers. The stopping power of
range ofA=60—90 [4,5]. The development of temperature Ziegler[13] was adopted and a correction of 14/18 was ap-
and density conditions during the He burning phase of a 13plied to both values to derive the center-of-mass resonance
15, and 20M, star is shown in Fig. 1. The details of the strength. The results of this renormalization are shown in
model are described in Reff6]. Figure 2 shows the main Table | and reveal that the strength of Couetal. [7] is
reaction branches during the He-burning phase. For a reliab@pproximately 50% larger than the value of Pare?]. The
interpretation of the-process nucleosynthesis during the laterecent NACRE compilatioi9] adopted the renormalization
phase the preceding processing il and 80 needs to be of Rolfs et al.[14] leading to slight differences to the present
understood to obtain the ignition abundance?®fe and the Vvalues(see Table)l

subsequent development of the neutron flux. This requires a 10 investigate this discrepancy we have measured the
detailed study of botH*N(a, y)“6F and 80(«, y)??Ne reac- strength of both resonances using an activation method. In

tions in the stellar energy range. In both cases the reactiofiddition we applied the prompt-ray technique to measure
rate at stellar temperatures is determined by low energy resd€ relative strength of both resonances and to measure the
nances which need to be studied in detail.

The reaction rate of thé*N(«,y)®F reaction is domi-
nated by the contribution of 8"=1" resonance at aw 1Al « energies are given in the laboratory system.
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10° 14 14 14 14 14 .16 17, i
00  1x10° 2¢0° 3x10° 4«0 50 reaction *°O(p,y)*'F [16] at several energies over the en-
time [s] ergy range of the experiment, and thé&N(a,y)®F reso-

nance at 11363 keV [11]. Targets were directly water
FIG. 1. Temperaturdupper paneland density(lower panel ~ cooled and mounted at 45° with respect to the beam direc-

development for three massive star modéls= 13, 15, 20M, . tion. The position of the beam was defined by a set of hori-
The development is calculated from the beginning of the hydrogeZontal slits and a collimator. The beam was swept horizon-
burning phase to the end of the helium burning phéBeurtesy of  tally and vertically across an effective target area of £ by
Alessandro Chieffj. steerers to illuminate the target homogeneously. A liquid ni-

trogen cooled copper tube was placed between the collimator
resonance energy of the lowest resonance for the first timend the target to minimize carbon deposits. Target and cham-
The following sections describe the experimental setup antler formed the Faraday cup and a negative voltag8Q0
the experimental results. In the final section we present &) was applied to the Cu tube to suppress secondary electron

reevaluation of the stellar reaction rate YN(«, y) 8. emission.
The nitrogen targets consisted of a thin layer of TiN on a
Il EXPERIMENTAL SETUP 0.25 mm thick Ta backing. For the relative measurement of

the resonance strengths layers of TiN {240 ug/cn?)

The experiment was performed at the KN accelerators alvere prepared by evaporating Ti onto the Ta backing and
the Institut fu Kernphysik of the Forschungszentrum then heating the target in a pure nitrogen atmosphere to
Karlsruhe and at the Nuclear Structure Laboratory at theabout 800 °J14]. For the activation measurements TiN tar-
University of Notre Dame in an energy range of 550 keV togets were prepared by sputtering of TiN onto the Ta back-
1300 keV witha-beam currents of 56100 nA. The beam ings. This procedure is well studied because of the technical
energy was calibrated ta2 keV using the well known applications, e.g., in the hardening of tools. Tests have
27Al( p, v)?8Si resonances at 632 keV and 992 KghB|, the  shown that deviations from the stoichiometry of TiN:1
observedy-ray energies of primary DC transitions in the are<2%. The targets had a thickness of @@/cn? which

TABLE I. Yield and resonance strengthty of low-energy resonances MN(«, y)*éF. The errors of the
wvy values do not include a common uncertainty of the stopping powey.

Er Yield Resonance strengihy

[keV] [*F/(10°°a’s)] [meV] [meV] [meV] [meV] [meV]
present present [12]2 [712 [9]® adopted

573+34 1.26+0.07 (45-3)x10°3 (96+14)x 1072 (6+1)x10 2 (46+3)x10°3

1136+3°¢ 323+4 21.0+0.3 22.4:1.0 35.1£3.2 24+ 1 21.1+0.3

8Renormalized; for details see text.
®Adopted by NACRE9]; see text.
CSee text.

dadopted valug(see text
®From[11].
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FIG. 3. Yield of the 1042 keVy-ray transition at the 573 keV . .
resonancéleft pane) and the yield of the 2523 key-ray transition 200 400
at the 1136 keV resonancaght panel (for more details see text

time (minutes)
corresponds to aw energy loss of 46 keV at an energy of

600 keV. The targets proved to be extremely stable under the FIG. 4. Decay curves obtained for the two resonances at 573
bombardment with a low-energy beam. The target stability keV and 1136 keV. The solid lines represent fits to the decay curve
has been verified repeatedly during the course of the experffor more details see text
ment by measuring the strongfN(p,y)'°0 resonance at
1058 keV[17] before and after measurements witlbeams. same thickness as the targets. The efficiency is given inde-
No noticeable change in the reaction yield and thus in stopendently of the source strength by the ratio of the triple
ichiometry has been observed even after an accumulatezbincidence raté511:511:1274 keYand the single rate of
charge of 11 C. In addition, Cougt al.[7] have shown that the 1274 keVy line corrected for the 10.8% decay via elec-
no *F activity produced in the target is lost during the bom-tron capture[15]. For a point source an absolute counting
bardment of the target witlx beams. This last point is of efficiency of €,=(3.457£0.012)% was found. This effi-
special importance for the activation measurements. ciency has to be corrected for the fact that € activity
Prompt reactiony rays were detected with a Ge-clover produced during the activations is distributed over the entire
detector in close geometry at 45° with respect to the beamirradiated area of 1 cf Monte Carlo simulations of the
The Ge-clover detector consisted of four individual crystalscounting efficiency for a point source and for a extended
each with a relative efficiency of 20% and was shielded bysource using the computer codeANT [18] were performed
10 cm of Pb to reduce thg-ray room background. The large resulting in a correction factor of 0.961. The background rate
angle opening of the clover detector would lead to a largeof the counting system was (0.58.07)/h.
Doppler broadening of the lines. In order to minimize this
_broadening_the clover dete(_:tor was subdivided elec_tronically IIl. EXPERIMENTAL RESULT
into two pairs of crystals with both crystals of a pair at the
same reaction angle. The relative efficiency was determined In a first step we have measured the energy of the lowest
from the knowny decay of the'*N(p,y)*°0 resonance at known resonance in the reactiohN(a,y)F and its
1058 keV, of the'N(a,y)*F resonance at 1136 keV, as strength relative to the resonance at 1136 keV using prompt
well as by calibratedy sources. y-ray spectroscopy. The energy has been listed as 559 keV
During the activation experiment th&’F activity was in the latest compilation§9,11]. However, this energy has
measured by counting the 511 keV annihilatipnrays in ~ not been measured directly but had been deduced from the
coincidence. The detection system consisted of two Ge cloexcitation energy of thd”=1" state at 4849 keV and the
ver detectors mounted face to face. The detectors wereeactionQ value[7]. More recent information on the excita-
shielded by 5 cm of Pb against room background and th&on energy E,=(4860+2) keV [11]) and Q value (Q
distance between the front surfaces of the two detectors was (4414.9-0.6) keV [19]) lead to a revised value of the
5 mm. The activated targets were mounted in a holder whicliesonance energy of (5%2.7) keV. To verify this reso-
placed them at the center of the detection system. The hold&ance energy we have measured an excitation function
was made out of plastic and filled out the whole volumeacross the expected resonance energy in 5 keV steps. Figure
between the clover detectors except for the space needed f8rshows the yield of the isotropic 1042 keyline from the
the target. The absolute counting efficiency was measureground state decay of th&#"=0" state at 1042 keV. This
with a weak ?Na source mounted on a Ta backing of the secondaryy transition represents (6611)% of all y decays
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TABLE Il. Stellar reaction rate for thé*N(«, y)'8F reaction.

Temperature Na(ov)pe Na(aV) 305 NA(TV )expt Na(ov)cres Na(ov)nacre
present present present (8] [9]

[GK] [cm®/(s molg]

0.0700 7.08x10°2° 3.24x10°28 5.66x10 3! 5.64x10°2° 1.05x10°2¢
0.0800 2.91x10°?7 3.60x10°26 4.76x10°%7 6.80x10 24 1.19x10°24
0.0900 6.73x10° 26 1.38x10°2* 5.25x10°2* 3.07x10° %2 7.27x10° %3
0.1000 1.00x1072*  2.51x10°2 1.41x10°21 1.25x10°20 7.37x10° 2t
0.1500 1.40x10°2° 1.32x10°1° 2.35x10714 8.14x10° 7.18x10° 14
0.2000 5.68x10 8 8.43x 10718 8.47x10° 1t 2.41x10°1° 2.09x10°10
0.3000 1.05x10 4 4.50x10 16 2.56x10° 7 5.96x10 7 5.10x10°7
0.4000 1.18x10°1? 2.90x10°1® 1.24x10°° 2.61x10°° 2.22x10°°
0.5000 3.39x10° 8.22x10°15 1.20x10°* 2.34x10°% 2.00x10°*
0.6000 4.36x10° 10 1.57x10714 5.58x10°* 9.79x10°* 8.73x10°*
0.7000 3.34x10°° 2.39x10° % 1.98x107°3 2.87x10°3 2.83x10°3
0.8000 1.79x10°8 3.21x10° ™ 6.81x10°3 7.89x10°3 8.75x10°3
0.9000 7.37x1078 3.93x10° 2.27x1072 2.28x1072 2.71x1072
1.0000 2.49x 1077 4.56x10° 6.82x10°2 6.48x 1072 7.81x1072
1.5000 1.80x107° 6.21x10 2.59x10° 2.43x10° 2.90x10°
2.0000 2.65x1074 6.39x10 1.59x 10" 1.54x 10" 1.84x 10!
3.0000 7.50x10°3 5.49x10 ™ 9.07x10* 9.14x 10" 1.05x10?
4.0000 6.08x10°2 4.50x10 4 2.39x10? 2.10x10? 2.77x10?
5.0000 2.66x10°! 3.69x10° % 4.58x10? 3.35x 107 5.30x 107
6.0000 8.17x107?! 3.00x10° % 7.42x10? 4.48x10? 8.59x 107
7.0000 1.99x10° 2.61x10° 1.10x10° 5.42x 107 1.27x10°
8.0000 4.13x10° 2.24x10° 1.53x10° 6.17x10? 1.77x10°
9.0000 7.64x10° 1.95x 10714 2.04x10° 6.77x 107 2.36x10°
10.0000 1.30x10° 1.72x10° 2.65x10° 7.23%x102 3.07x10°

of the 4849 keV stat€l1]. The excitation _function shows a put only on the well-known decay properties 6F. At these
resonance at (577354.5) keV. The error is the sum of the |ow « energies no other reaction channel leading to the for-
uncertainty due to the step size-2.5 keV) and the error of  mation of 18F is open[7,11].
the beam energy calibration-2 keV). This is in very good In the present experiments the targets were activated for
agreement with the previous result and we adopt a resonangsg min(two half-lifes). After the activation the targets were
energy of (57% 3 keV). removed from the target chamber and transferred to the
The excitation function across the 1136 keV resonance IBounting station(see Sec. )l where the decay curves were
also shown in Fig. 3. Eor t.h'S resonance the yield of themeasured for at least two half-lives. For the measurements of
strong 2523 keVy transition is shown normalized to the on the resonance strengthsenergies of about 20 kehalf the

resonance yield of the_1042 keV transition. Correcting the[ rget thicknessabove the resonance energies were chosen
observed count rates with the corresponding decay branchir@ '

ratios [11] results in a reaction yield ratio of the two reso- - "9 the activations the beam current was _r_ecorded as a
nances of Y1136 keW/Y (573 ke\) = 275+ 77. This is in func_tlon of time to correct t_h_e prod_uced activities for fI_ucT
good agreement with the ratio derived from the results ofuations of the beam intensities which were constant within
Couchet al. [7], 200+ 35. The large error of the present <10%. Figure 4 shows the decay curves for the resonances
result is equally caused by the statistical error and the unce@t 573 keV and 1136 keV. The data for the lower resonance
tainties of the branching ratid4.1]. is the sum of four individual activations. Additional activa-

In a second step, the resonance strengths of the resBons were carried outl) at an energy below the 573 keV
nances at 573 keV and 1136 keV have been measured in &&sonance an@) with an Al target of similar thickness at
activation experiment. The reaction produtif, has a half the same energy as the activation runs for the 573 keV reso-
life of (109.77£0.05) minutes and decays to (96.73 nance. No activity in excess of the background fate Sec.
+0.04)% byg™ decay producing two 511 key rays[11]. II) was observed in both cases.

For this reason the reactidfiN(a, v)*®F is well suited for an The resulting resonance yields are presented in column 2
activation experiment. The advantage of this method is thef Table |. The quoted errors include the statistical uncer-
large sensitivity(see Sec. )land the fact that the determina- tainty and the errors of the detection efficien€y35% and

tion of the resonance strength does not depend on thdae charge integratiofil%). The resonance strengthy is
vy-branching ratios of the resonance and their uncertaintieslefined by
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FIG. 5. The upper panel shows the development of the isotopic FIG. 6. The upper panel shows the development of the isotopic
abundances ofH and “He (dotted liney, *2C and %0 (dashed abundances ofH and “He (dotted line$, °C and %0 (dashed
lines), and N, 180, ??Ne, and ?®Mg during the hydrogen and lines), and N, *®0, #Ne, and ®Mg during the hydrogen and
helium burning phase of M =13 M, star(see Fig. 1 The lower  helium burning phase burning phase ofla= 15 M, star(see Fig.
panel shows the rapid depletion 8N into 20 and subsequently 1). The lower panel shows the rapid depletion'dfl into *%0 and
into 2?Ne during the contraction phase of the core of the mainsubsequently intd?Ne during the contraction phase of the core of
sequence star and the ignition of helium burning. the main sequence star and the ignition of helium burning.

20pt1  T,T,

[7], 200+ 35, is within the errors in good agreement with the
Y 2, F (2 +1) T @

present values from the prompt and the activation method,
275+ 77 and 256 15, respectively. The adopted strength of
with Jg (jp.jr) the spin of the resonanderojectile,target ~ (46=3) weV for the 573 keV resonance is the weighted
andT" (I',,I'y) the total (v,y) width of the resonance. It average of the present absolute measurement and the relative
can be calculated from the reaction yielg ¥ccording to measurements. The errors of the resonance strengths quoted
in Table |1 do not include the uncertainty in the stopping
power, because all values have been calculated using the
2 stopping powers of Ziegldil3]. From the relevant figures in
Ref.[13] we estimate an uncertainty of 7% for the stopping
power for TiN at thea energies of interest. This common
error has to be added to the uncertainties given in Table I.

m 2€
wy= —F — Yr,
(Mp+m) )2
with m;, (m;) the mass of the projectiléarge}, e the stop-
ping power[13], and\ the center-of mass De Broglie wave
length at the resonance energy. The results are shown in
Table | together with the resonance strengths of Pdrker IV. STELLAR REACTION RATE AND ASTROPHYSICAL
and Couctet al.[7]. For the 1136 keV resonance the present IMPLICATIONS
resonance strength is in excellent agreement with the value
of Parker[12]. We have adopted the weighted average of
(21.3=0.3) meV. In contrast the present strengths for both
resonances are about 40% smaller than those of Ceuah
[7]. However, the relative resonance yield of Cousthal.

The contributions of resonances to the reaction rate of
¥N(a,y)*F is given by

NA( TV ) res= 2.81X 10Ty ¥2 ye = 1160%em/To  (3)
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with T4 the temperature in GKy vy the resonance strength in
eV, andE. ,, the center-of-mass resonance energy in MeV.
We have calculated the experimentally determined reaction
rate from the strengths of the two resonances studied in this
experiment and the contribution of additional resonances at
1398 keV, 1527/9 keV, and 1618 ke\L1]. For these reso-
nances we adopted the resonance strengths of PEIREr
normalized to the present strength of the 1136 keV reso-
nance. For temperatures above 2 GK the number of contrib-<2
uting resonances increases rapidly with temperature. For this
reason we have adopted the Hauser-Feshbach rate of th
NACRE compilation[9] for T=2 GK normalized to the ex-
perimental rate aff=2 GK. The resulting reaction rate
Na{0ov)expt 1S listed in Table Il as a function of the tempera-
ture. ForT=<0.7 GK this rate is completely dominated by the
contribution of the lowest resonance at 573 keV.

At low temperatures possible contributions could arise
from the nonresonant DC, the low-energy tail of the 573 keV
resonance and thd=4" T=1 resonance at 305 keM].

We have calculated the cross section of the direct capture to
the low lying states in®F assuming a spectroscopic factor of
0.1. The resultings factor S(0)=0.085 MeV b is in good
agreement with the previous value of 0.1 MeMH. The
reaction rate is given by

16
l"‘>{:- 0
[N 12c,
“: 22Ne

25

ta

abundances

He

180

180 |
M:ZOMO 0

10 00 10" 2:40" 34

10 | | |

22Ne

ol
&

abundances

=y
oI
&

1/3

Na(ov)pe=1.01x 10°T4 2% ~36:0235 (4)

and also listed in Table II. The contribution of the low-
energy tail of the 573 keV resonance has been previously

14N

2.36410" 2.38-10" 2.40<10"

calculated using a total width df=1 eV [7]. In a later
experiment the lifetime of this state has been measiz2éfl

time [s]

FIG. 7. The upper panel shows the development of the isotopic

leading to a width of 10 meV. This reduces the reaction ratgp . 4ances ofH and “He (dotted lines, 2C and %0 (dashed

by about two orders of magnitude and its contribution to the“nes) and N 80 22Ne. and

Mg during the hydrogen and

total rate is now small compared to that of the direct capturepgjium phase of a1=20 M, star (see Fig. 1 The lower panel

The firstJ=4",T=1 state is located at am energy of 305

shows the rapid depletion dfN into %0 and subsequently into

keV. The resonance energy was derived from the excitatiod2\e during the contraction phase of the core of the main sequence

energy ofE,=4652 keV[11] and aQ value of 4414.9 keV.
Its analogue int®0 is the 4" state at 3555 keV which has a
known a-spectroscopic factor 08,=0.03 [21]. However,
the formation of this state is isospin forbidden in th#

star and the ignition of helium burning.

to the reaction only for temperatures beldw0.1 GK even
with a considerably larger isospin mixing than presently as-

+a channel. Based on experiments and theoretical investsumed.

gations of T=1/2 impurities inT=3/2 state§22] and of T
=1 admixtures inT=0 ground state$23] a suppression

For comparison, we have listed the reaction rate of
Caughlan and Fowldi8] and NACRE[9]. The present reac-

factor of f,,=~10"2 has been estimated for this state. Thetion rate is a factor of 2—5 smaller than the previous rates in

a width of the state is given by

Fa: Safisorzp' (5)
The single particle widtH *P=2.85< 10 2 eV has been
calculated in a Woods-Saxon potential with a radiusRof
=3.01 fm and a diffuseness af=0.65 fm. This results in a
resonance strength ofvy~3I',=2.6x10" 1 eV. The

astrophysical important temperature rangeTef0.1-0.5
GK. This change results mainly from the revised energy of
the lowest known resonance from 559 keV to the present
value of 573 keV.

To investigate the development of tHéN abundances
and the subsequent production’80 and ??Ne network cal-
culations have been performed in post-processing mode
within the framework of a 1-zone model for the temperature

present result is about a factor of 300 smaller than the estiand density development of a 13, 15, and\2@ star shown

mate of Couchet al. [7]. There are two reasons for this in Fig. 1 [6]. The calculations followed the hydrogen and
change:(1) the more realistic calculation dff’ leads to a helium burning phase and were performed with an initial
reduction by a factor of 10, an@®) Couchet al. [7] chose solar abundance distributid@4]. Figures 5-7 show the de-
S, fis,="10"2 as a conservative upper limit. The present re-velopment of the isotopic abundances YN, %0, #Ne,
action rate of the 305 keV resonance is listed in Table Il. Itand >>Mg during the initial hydrogen burning phase and the
should be noted that this resonance contributes significantlgelium burning phase of these stars. Also shown are the iso-
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topic abundances ofH and “*He as well as of*’C and'%0  fuel on the other side puts severe limits on the neutron pro-
to monitor the development of these abundances. It can bauction. An expansion of the helium burning zone plus rapid
clearly seen that after exhaustion of hydrogen burning thénixing of fresh helium material into the core region towards
increasing density and temperature due to core contractiotihe end of the helium burning phase may enhance neutron
(see Fig. 1 initiates the helium burning phase after<3) production. These processes also bring unproce¥¥eihto

X 10" s, depending on the mass of the star. The heliunthe burning zone which will be rapidly converted ¥Ne
burning causes rapid depletion of th@\ abundance gener- causing a further increase of the neutron flux. A more quan-
ated during the preceding CNO burning. The lower panels ofitative consideration is, however, beyond the range of this
Figs. 5—7 focus on thé*N nucleosynthesis during the core model.

contraction phase. They show that already within less than

10° years after the ignition of the helium burning phaésl
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