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19Ne(p, ¥)?°Na and ®Ne(d,n)?Na reactions and its astrophysical implications for the transition
of the hot CNO cycle to therp process
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The population of thé®Na resonances at 448, 661, 797, and 887 keV above the proton threshold has been
studied in measurements of tH&Ne(p,y)?°Na reaction with radioactivd®Ne beams. The data have been
analyzed fully in terms of resonance strengths, enabling a comparison with theoretical estimates and the
extraction of upper and lower limits on the resonant part of'fiNe(p, v)?°Na astrophysical reaction rate. The
total cross section of th&’Ne(d,n)?°Na reaction has been measured from 0.6 to 1.8 NteR). On the basis
of the results of a subsequent distorted-wave Born approximation analysis the direct component of the
®Ne(p, y)?°Na astrophysical reaction rate has been calculated in a potential model. The astrophysical impli-
cations of the resulting total reaction rate have been investigated: the conditions for the breakout from the hot
CNO cycle into the rapid-proton capture process are determined by the pre¢édifag y) °*Ne reaction and
the photodisintegration of the producé®a nuclei will not impede the breakoyS0556-281®8)05305-9

PACS numbs(s): 25.40.Lw, 25.45.Hi, 25.60:t, 27.30+t

I. INTRODUCTION 2C(p, y)3N(p, y)HO(BT v)**N(p, v)

Explosive hydrogen burninfl—3] is thought to occur at Bo(B* v)™N(p,a)*C.
various astrophysical sites in the Universe, either under de-
generate conditions such as in novas and x-ray bursts, &imilar reaction cycles can, in principle, operate starting
under nondegenerate conditions such as in the shockwave om heavier even-even,=0 nuclei and nuclear matter will
type-Il supernovas passing through the hydrogen-rich outedeak from one cycle into the following depending on the ratio
layer of the progenitor star and supermassive stheslatter  of the closing f,«) reaction and they, y) reaction on the
still being hypothetical Typical values for temperature and T,= +1/2 nucleus. However, an oxygen-fluor cycle starting

density are indicated in Figs. 1 and 2. from %0 does not exist because already at the compound
At temperatures below ¥ 1% K the principal burning nucleus ®Ne the « channel is open and th&F(p,«)°0
mode is the hot carbon-nitrogen-oxyge@NO) cycle, reaction leads the flow back into the hot CNO cyple5].

This effectively decouples the CNO region, containing the
vast majority of nuclear matter, from th&>20 region and
*Present address: Argonne National Laboratory, Physics Divisiorthe sequence®O(p,y)*'F(p,y)'®Ne (8" v)'®F(p,a)®0 is
Bldg. 203, 9700 South Cass Avenue, lllinois 60439. considered as a sidebranch of the hot CNO cycle.
'Present address: Oliver Lodge Laboratory, University of Liver- From temperatures of>810° K on, capture reactions in-
pool, Liverpool L69 3BX, UK. volving B-unstable nuclei with long half-liveg“waiting
*Present address: Bureau International des Poids et Mesures, S@mints”) become important due to the faster time scale of the
tion des Rayonnements lonisants, 92310r&g, France. nuclear burning and the cycles break up and transform into
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One has to wait for the CNO cycle to open up until the
temperature is high enough~@x 10% K) for a-induced re-

77 actions to take place. It has been suggested that the link
//’ between the CNO cycle and thp process is formed by the
%0(ar, y)*®Ne(p, v)?Na reaction sequencél]. At still
higher temperatures thé*O(a,p)*’F(p,y)'®Ne(e,p)?Na
reaction chain would form an alternative escape r¢Qié.

Jg; The consequences of a breakout from the CNO cycle into the
o P rp process are considerable. Large scale nucleosynthesis
18.21 ‘ would take place up tAA=56 and the energy generation
1084 would increase by two orders of magnitude compared to the
10 e hot CNO cycle[1]. The transition of the hot CNO cycle to
Ry 05 10 15 20 therp process has been proposed as a possible explanation
T (109K) of the observed overabundances of Ne and heavier elements
_ _ up to S in nova ejectf7] and of Ne and Na in cosmic rays
FIG. 1 A (densﬂy,temperfa.tu)q)hase diagram of a stellar [8l.
g:risr:g \;Vr']tg Lhe?ijﬂaégg;n?:;sc';'g;"Hf:d Xt*.'e Sltan_?hfor dt.h.e _hy-b _ The conditions of the breakout are determined by the
9 : . . , respectively. 1he dVISIOn Bey eakest reaction of the escape sequence. In this light mass
tween reaction-dominatehigh p andT) and decay-dominated re- - . .
gions has been calculated for bofiNe(p,y) and °O(a,7) region the reactions are charac'genzed by @walues(a few
I]VIeV) and are dominated by single resonances, so that the

reactions. The gray band is due to the uncertainty on ou e . o
1Ne,<(p,7) ?Na astrophysical reaction ratésee Fig. J. The knowledge of their individual propertieggxcitation energy,

hatched areas indicate typical values for temperature and density fPin @nd parity, partial decay widths or resonance strérngth
explosive hydrogen burning in nova$), x-ray bursts(2), type-Ii indispensable. In order to evaluate either reaction rate of

supernovas3), and supermassive sta. the O(a, y)**Ne(p, y)*°Na sequence one has had to rely on
the properties of théassumeg analog levels in the mirror
Quclei, 19 and 2%F, until now. Whereas thé®0(a, v)*Ne
reaction rate is presumed to be known within a factor 2
[2]—an estimate that was borne out by later publications
[9,10—the situation is less favorable in the case of
the ®Ne(p, y)?°Na reaction.
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therp process. In the case of the CNO cycle proton captur
on Y0, 10 or 8Ne leads to proton unbound nuclei, respec-
tively, 'F, '°F, and ®Na, nor can two-proton captures on
these nuclei be of importance for realistic densifigs The
CNO region remains decoupled from the process region, . X
thereby preventing the onset of the process on a massive Figure ?;Osummarlzes the current knowledge on thg lower
scale. part of the?°Na level scheme. Four resonancesiNa situ-
ated 448, 661, 797, and 887 kkxbove the proton threshold
at 2195 keV have been identifi¢l1]. The states irf°Na at

e 2992 and 3082 keV that correspond to the latter two have
108 been unambigously assignef=1" and J"=0" in the
1074 resonant scattering d?Ne beams o a H targe{12]. This is
10:- //////,,,l in agreement with the distorted-wave Born approximation
f'?E‘ 184: 2, : (DWBA) analysis of the triton distributions of the
S ] 4/ 20Ne(®*He,t)?°Na reaction[13,15 and the population of a
;; 102 J, @ level around 3 MeV in a Gamow-TelldGT) transition in
[ 18; A7 A7 oot e valtng pont the B8 decay of?°Mg [16—18. The two levels are considered
8 0] to be the mirrors of states if°F at 3488 and 3526 keV,
102 respectively, and irf°Ne at 13.484 and 13.642 MeV, respec-
1004 tively. The observed excitation energiesifNa are consis-
18:5" i I tent with a shell-model calculation of the coefficients of the
0.0 05 10 15 20 isobaric mass multiplet equatigri3] and with calculated
T (109K) Coulomb shiftg19]. Furthermore the observed total widths

. _ in Ref. [12] agree with calculations based on these analog
FIG. 2. A (density,temperatuygohase diagram of a stellar assignmentssee Sec. Il ¢
plasma with th(.e solar compos_ition.Q@nd .XHe stand for the h_y- . However, the spin and parity and the identification of the
drogen and helium mass fraction, respectively. The gray region in. . iate in29F of the lowest, and therefoie priori most
dicates the conditions for whictp(y)-(y.p) equilibrium exists be- jmportant, resonance and of th’e second lowest resonance are
tween®Ne and?°Na. The dark gray band represents the uncertainyyT'Portant, :
still subjects of debate. The state at 2643 keV corresponding

due to the uncertainty on odPNeg (p, ) *Na astrophysical reac- :
tion rate(see Fig. 7. The region in which'®Ne is a waiting point to the 448 keV resonance has been observed in the

due to the photodisintegration éfNa is delineated by the dashed

line taking into account only th@"* decay of?°Na and by the full . . _
line taking into account thé’Na(p,y) Mg reaction in addition. We adopt the values from @es and Wieschell1], except for

The hatched areas indicate typical values for temperature and dethe fourth state because mutually inconsistent data have been aver-
sity for explosive hydrogen burning in novés), x-ray bursts(2), aged. We use the value from their reanalysis of thée(t) data of
type-ll supernovas3), and supermassive stag$. Lammet al. [13] and from Coszaclet al.[12].
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2ONe(PHet)®°Na reaction [13-15,20-22 and in the ?°Ne(t,*He)?%F [28] and other transfer reactions. Moreover,
20Ne(p,n)?Na reaction at 30 MeVY15]. DWBA analysis of  the calculated Coulomb shift disagrees with the proposed
the triton and neutron distributions led to & Jssignment. analog assignment. By a process of elimination based on
The level, however, was not observed in tBedecay of Coulomb shifts they arrive at the conclusion that the 2643
20Mg which preferably populate3™=1" states in GT tran- keV state in?*Na most likely has)”=3* and is the mirror
sitions[16—18. Furthermore in the®Ne(p,n)?°Na reaction  of the 2966 keV state iR%. The nonobservation of the 2643
at 135 MeV, which is also a sensitive test of the GT strengthkeV state in the3 decay of °°Mg [16—19 and the charac-
the neutron distribution is characteristic forAd=2 transi-  teristic Al=2 neutron distribution of thé°Ne(p,n)?Na re-
tion without discernibleAl =0 componen{23]. Both facts action at high energid3] are consistent with the proposed
could be consistent with the identification of being the mirrorassignment. The strength of the 448 keV resonance within
state of the 3172 keV level it that was proposed by this assignment has been calculated in a shell model by
Lammet al.[13]. This state had been assign&@=1" and  Brownet al.[19] to be 80 meV. Likewise they conclude that
had been identified as gp@h intruder state with little or no  the ?°Na state at 2856 keV ha&’=3" and is the mirror of
4p0h mixing [24]. The characterization of thi&’F level is  the 2°F level at 2865 keV.
still tentative and the assignmenE=1" [25] and J” As for the direct capturéDC) into the bound states of
=0~ [26,27 have also been proposed. The strength of the’Na, Langankeet al. [29] also had to rely on information
448 keV resonance within the'lassignment has been esti- from the mirror nucleus’F in their evaluation of the DC
mated by Lamnet al.[13] to be 6 meV. The level if°Na at  rate. They used the neutron spectroscopic factors of the
2856 keV corresponding to the 661 keV resonance is assound states irf% to rescale the DC rate obtained from the
signed)J™=3" and is considered the analog of the 2966 keVpotential model by Rolf$30].
state in2°F. Recently we have studied the population of the four low-
Brown et al. [19] question this characterization of the est resonances in th€Ne(p,y)?Na reaction using'®Ne
2643 and 2856 keV levels. They note that the population obeams at the Louvain-la-Neuve radioactive ion beam facility
the 2643 keV level in the?®Ne(®Het)*Na is profoundly [31-33. The experimental setups that have been used are
different from that of the 3172 keV level in the reviewed in Sec. Il and the normalization is discussed as
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well. In Sec. Il the results are globally analyzed in terms ofrecoil protons(deuterons or scattered beam particles in the
resonance strengths. On the one hand, this will allow us tease of(deuterated polyethylene target foils and by means
compare them directly with theoretical estimates; on theof backscattered beam particles on a thin gold layer on the
other hand, lower and upper limits will be deduced for theentrance window in the STAR-fsetup. The normalization
resonant reaction ratgSec. V B. In the same series of ex- spectra were registered in Si detectors. We deduced the av-
periments the!®Ne(d,n)?’Na excitation function in the en- erage cross section using the following expressions in the
ergy domain from 0.6 to 1.8 MeV in center-of-magsm,)  case of a solid target or the gas cell, respectively:

system was measur¢g81-33. In Sec. IV the DWBA analy-

sis of our data is discussed and information on the proton Nreaction”norm< d‘7>dQ

spectroscopic factors of the lowest bound states, which are {0 )sore= Nporm N\ dQ

needed in a calculation of the DC rate, is extracted. A new

calculation of the DC reaction rate in a potential model using NreactionNaudau/ do

a folding potential and the results of our DWBA analysis is (0)gas= N1o T< @> dQ.

presented in Sec. V A. In Sec. VI the astrophysical implica- 7 Ne

tions of the new total’Ne(p, y)*°Na rate are investigated. A Here N eacion iS the number of counts originating from
comparison with the"®O(«,y)*°Ne is made and the effects the 2°Na nuclei produced in the reaction under stueyis

of photodisintegration of thé°Na nuclei, which could be the total efficiency of the setup, consisting of the detection
important at higher temperatures because of theQovalue  efficiency, the branching of the specific decay mode one is
of the ®Ne(p, y)?°Na reaction, are considered. registering and, in the DSSSD and SSNTD setups, the effi-
ciency of transporting the®Na activity to the detectors.
Nom is the number of scatterg@dr recoiling particles reg-
istered in the monitoring Si detecton,,, is the number
density of target atoms active in this scattering asa/d(})

The radioactive'®Ne (T;,=17.2 9 beam(typically 100 is the scattering cross section averaged over the energy loss
ppA) impinged on a polyethylene target foil or, in the case ofof the beam in the target and in the direction of the monitor
the STAR-H, setup, on a closed gas cell filled with hydro- detector which subtends a solid angledéi. n is the number
gen gas. The advantages of a gas target are threefold. Firslensity of target atoms active in the reaction under study
one does not have to care about the target stoichiometry. It igprotons or deuteronsNigy is the number of beam particles
a well known fact that the proton content of the polyethylenein thenormalization spectrum that have backscattered on the
foils, which we will denote by CH, gradually decreases gold layer on the entrance window of the gas aej|, is the
during irradiation. Second, using depleted deuterium hydronumber density of Au atoms in the gold layer adg;, its
gen gas one gets rid of the problem of parasitic counts due tdepth.d is the length of the gas cell.
the ®Ne(d,n)?°Na reaction, which is 1000 to 10 000 times  The energy loss of the beam in thgeuterate polyeth-
faster than the ff,y) reaction. Third, the stopping of the ylene target is easily deduced from the width of the proton
beam is solely provided by the protons of the target so thatdeuteron peak in the normalization spectrum. For the gas
the reaction yield is maximal. In the same series of measurdarget the energy loss is calculated from the length of the cell
ments deuterated polyethylene foils, denoted by,BD, and the gas pressure.
with typically 95% of the hydrogen being deuterium, oragas In the case of the,y) reaction using a polyethylene
cell filled with deuterium were used as a target in order totarget Nyacion €quals the?Na signal S corrected for the
measure the total cross section of thte(d,n)?°Na reac- number of counts due to the parasitit; i) reaction on natu-
tion over similar energy intervals as in thg,¢) measure- rally abundant0.015% deuterium in the CH targetN{®™
ments.

Thanks to the inverse kinematics tHéNa nuclei that Nreaciior= S—N{*".

were produced were emitted in a narrow cqe<0.7° in The correction is obtained by rescaling the r{) reaction

the (p,y) case,0<4.2° in the @,n) case at 19.2 MeV lab . ;

; . yield that was observed in a run on a (HD, target over a
energy and were implanted together with the beam. The . . . o
subsequeni* decay or3'-delayeda decay of the col- similar energy interval and could amount up to over 50% of

- . the 2°Na signalS. Using the thin target approximatidne.
lected *°Na activity was detected in the presence of the hug - :
positron background of the beam activity- {0'? positrons Constant stopping powgand the Bragg rule for the stopping

. (d’n) . .
per 2°Na ion). To that end three detection setups have beeROWerin a compoun@6], N3™ is given by

II. EXPERIMENTAL SETUPS AND DATA
NORMALIZATION

developeq which have been described in detail elsewligre: 1.5 10" %x, :C+(X2+y2)E_H
the detection of thg8* decay E.=11.2 MeV) by means of N =N T Cf

a stack of plastic scintillators located at the end of a solenoi- X2 €ctXi€y
dal magnetic field that suppresses the low-energy positrons

(Ee=2.2 MeV) of the ®Ne decay(STAR-CH, and STAR- dEg (@M

H,) [32-34, (ii) the detection of thg8™ -delayeda line at % Ay 71 E

2.15 MeV (16.4% branchingby highly segmented double dm 72 D,’

sided silicon strip detector®SSSD [31] and (iii) by elec- Asz‘T '

trochemically etched solid state nuclear track detectors
(SSNTD [31-33,34. In this expression the subscripts 1 and 2 refer to the run with
The recorded®Na signal was normalized by means of thethe CH, target and with the CIH, target, respectively.
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N(@" is the number of counts from the decay ¥Na ions P

that have been produced by th#@e(d,n) reactionx; is the ftB’

stoichiometric coefficient of the protons in the Cltarget;

X, (Y2) that of the deuteronrotong in the CD,H, target. with P the number of pulses in the energy spectrum gated on
The stoichiometry of the targets, which is initially Gtor ~ the TAC peak,f=(2.03+0.06) Hz the pulser frequency,
CD,H, with x+y=2, was monitored by plotting the proton the total time andB the ratio of the width of the TAC peak
and deuteron yields relative to a normalization paramete@Ver the total width of the time spectrum. As a consequence
that was independent of the target stoichiometry, such as tH&e dead time and pile up correction was 9.8% too low and
scattered beam particles or té radioactivity of the beam. the SSNTD results in Ref31] should be multiplied by the
e and e, is the stopping power of the beam in Mev/ factor 1.098, leading to a resonance strengthygf= 14712
(atoms/cnd) in, respectively, carbon and hydrogen, averaged"€V (upper limit 29 meV at 90% confidence leyefurther-
over the energy loss of the beam in the respective targets. More in the anazlglss of the DSSSD data the efficiency of
represents the energy interval covered in the respective taft@nsporting the”Na activity was 30.6% instead of 36%
gets. The ratio of the integrals ovarwas evaluated with the duoted in Ref[31]. Therefore the DSSSD results in Ref.
use of the calculated DWBAJ(n) cross sectiongsee Sec. [31] should be muitiplied by 1.18eading to an upper limit
IV). The error on this ratio that is introduced by neglecting a°f @ =24 meV at 90% confidence levelThe combination
possible compound nucleus contribution to thgn) reac- of both results yields a 90% confidence level upper limit of
tion cross section is believed to be min@. is the beam @ Y<21 meV.

dose, i.e., a measure of the total number of beam particles

incident on the target during the respective run. B. The 661, 797, and 887 keV resonances

Another complication using solid targets arose in the The population of the 661, 797, and 887 keV resonances
(d,n) measurements. Zabeggti al. [37] have measured the , the 19\e(p, y)?Na reaction has been studied using the
scattering of deuterium oA°F, #®Na, and"™Cl around and STAR-CH. . the STAR-H, and the SSNTD setup and the
above the Coulomb barrier and have shown that it is influyatg havex ’been presented in terms of mean cross sections
enced by elastic nuclear potential scattering. At sufficien.tl>{32]_ In order to make a sensible comparison with theoretical
low energy and small c.m. angle the Rutherford scatteringstimates of resonance strengths we have analyzed the data
dominates. In the case of thENe+'*C scattering in our in terms of resonance strengths. Various combinations of the
experiments the c.m. energy was at most 51% of the Colyesonances have been measusek Table )l The reaction
lomb barrier and the c.m. angle corresponding to the typica)je|d that was determined for each measurement is a linear
laboratory scattering angle into the monitor detector of 20° isompination of the strengths of the resonances that were cov-
only 53°, so that thé*Ne+*“C scattering cross section can ered in the target. In the thin target approximation, which
be assumed to be the Rutherford cross section. Comparingids down to the percent level, and in the assumption that

the yields in the monitor detectors of the recoiling deuteronghe resonant capture is the dominant reaction mechanism one
and of the beam particles scattered on the carbon atoms @hg

the target, we ncigiced, after correction for the target stoichi-

ometry, that the**Ne+d scattering cross section was less

than the value for purely Rutherford scattering by a factor Z A& Cil©@7)i=2(0) ABc . @

0.6 (E.n=183-1.70 MeV) and 0.9 E.,,=1.83-1.26

MeV and 1.37 1.19). For the measurements at lower ener-The right-hand side of this equation is a measure of the re-

gies the deuterium yields were consistent with purely Ruthaction yield with{o) the experimental cross section aver-

erford scattering. In the case of polyethylene targetsaged over the energy loss of the beam in the target and

the 1%Ne+ p scattering is not purely Rutherford either, but its AE. ,, the center-of-mass value of this energy loss. The in-

cross section is well know[i2]. dexi runs over the resonancesg is the de Broglie wave-
length at resonance enerdy.is the coverage of a resonance

in the target:
Ill. THE STRENGTHS OF THE LOW-LYING %°Na 9

RESONANCES 1
= X
A. The 448 keV resonance c f f d dy;

The data collected by the DSSSD and the SSNTD setup x—Eg x—y—Eg
have been presented in R¢B1]. In the analysis of the X arctanﬁ—arctanT
SSNTD data an electronic effect had been overlooked that
afflicted the spectra of the time of flight between the arrival X G(X,Ein,AEin) G(Y,Ejoss: AEjos9)- 2

of a particle in the monitor detector and the next cyclotron

pulse. When the stop and start signal coming from constarfg is the resonance energy ard is the total width.
fraction discriminators overlapped, the time-to-amplitudeG(x,u,0) stands for the Gaussian distribution ®fwith
convertor(TAC) gave an output in channel 0. In that mannermeanu and standard deviatioar. E;, is the center-of-mass
8.2 ns of the 89.9 ns wide period of alternating voltage of theenergy of the beam at the entrance of the targetfg the
cyclotron was artificially compressed in channel 0. Now theenergy spread of the cyclotron beam, taken to be (.88
correction for dead time and pile up was obtained by meanand, in the case of the gas target, augmented by the strag-
of pulser: gling in the nickel entrance windovE s is the center-of-
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TABLE I. Overview of the results of the measurements on the 661, 797, and 887 keV resofigneges.
is the coverage in the target of the resonance eV above the proton thresholdee Eq.(2)].

Method Center-of-mass energy interval  ggGiev®  Cro7kev®  Cosikev® 2(a)YAE .
covered in the targegiMeV) (10*fm2meV)

STAR-H, 0.92-0.55 0.70 0.96 1.00 84
STAR-CH, 0.97-0.63 0.91 0.96 1.00 507334
SSNTD 0.970.62 0.91 0.96 1.00 189
STAR-CH, 0.97-0.71 0.90 0.95 0.00 247154
SSNTD 0.97-0.73 0.89 0.93 0.00 76
STAR-CH, 0.73-0.52 0.00 0.00 1.00 210

aWe usedl =35.9 keV[12].

bWe usedl’=19.8 keV[12].

‘Both values for the total width from Table II;=401 eV andl’=0.33 eV give the same result.

dAn upper limit on the possible background from reactions on carbon prodgemitters[e.g., 2C(**Ne,

28P)t] has been determined as1x 10° fm? meV for the thick target angs8x 10* fm? meV for the thin

target. This has been taken into account as a one-sided negative contribution to the systematic uncertainty
[32].

mass energy loss of the beam in the target Afiglsis the ~ As a consequence tteimof the three resonance strengths,

energy straggling. Table | gives an overview of our measurein meV, must lie between

ments in terms of the quantities introduced in Ef. The

determination of the resonance strengths can be viewed as 81+ 29< 0 Y887 kevt @ Y707 kevT @ Veb1 kevS 192+ 53

solving an overdetermined system of linear equations in the 4)

resonance strengths. After equilibration of the system the

least-squares approximation did not lead to a sensible solu- C. Comparison with theoretical estimates

tion, as COl_JI_d have_ been expec_:ted becaL_Jse the problem is 1o strength of @%Na resonance for proton capture by

badly conditioned in the technical meaning of the WOI’d:lgNe in its ground state”=1/2") is given by

Therefore we focused on the group of measurements in

which the three resonances had been covered and which had 23,41, T
e g . f Po™ ¥

led to a result significantly different from zef82]. For each wy= ,

of the three measurements separafedyvs 1 to 3 in Table)l 4 I

Eqg. (1) was solved as if all the measured strength had been

. . 20 .
concentrated on the 887 keV resonance. The weighted mee\évla',t\lha‘]rfetgsnsae:geo;nglsrrgcs)gg%g(;gﬁZ:eist(;frlnwfsfzgf;ﬁz ar-
of the three solutions equals (15%3) meV. The same pro- P P

ial width for v decay and the partial widths for proton decay
cedure was followed for the 797 keV resonance and for thﬁ0 the ground statell,) and the first [,) and second

661 keV resonance yielding values of, respectively, (10 _ ¥ _
+36) and (81=29) meV. This analysis leads to the equation(I'p,) €xcited state in™Ne, respectively, aE,=238 keV
of a plane in the 4)’}’887kev,(1)’)/7g7 keV: W Y661 ke\/) space (\]ﬂ-:5/2+) and EX:275 keV ( T= 1/27)

which contains the true resonance strengths, expressed in

®)

meV (Fig. 4): =T, +Tp+p +1p .
WY8gTkev , ®Y797keV , ©Ye61keV Within the two schemes of assignments for the 448, 661,
152+ 53 + 102+ 36 + 81+29 1. ©) 797, and 887 keV resonances that have been proposed, either

by Lammet al.[13] or by Brownet al.[19] (see Fig. 3, we
have calculated the resonance strengths in a consistent way.

OY661kev X ; i . .
Single-particle proton widths were obtained in the frame-
work of elastic scattering from a folding potential which is
given by[39,40
81 meV
, V(R):Aj f drydry pa(ry)pa(r2)ve(E.pa.pa.s),
£:4.102 meV_ (6)
152 meV - OY797kev

where\ is a potential strength parameter close to unity and

s=|R+r,—r4| with R denoting the separation of the centers
FIG. 4. Plane in the dygg7 kev» @ Y797 kevs @ Yos1 kev) SPace that  Of mass between projectile and target. The density distribu-

contains the true triple of resonance strengths, expressed in meVvtions p, andp, of projectile and target can be deduced from

OYgg7keV
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TABLE Il. Estimates for the resonance strengths for proton capturjé’meg_s_. Unless stated otherwise,
the estimates are based on shell-model calculatises texk

Er J r, Fpo FP1 sz r wy
(keV) (meV) (eV) (eV) (ev) (eV) (meV)
448 1" [13] 9.32 0.083° <rp,° <Ip P 0.092 6
3% [19] 123 0.75 0.95 <[y, 1.82 89
661 3" [13] 164 14 387 <Tp, 401 10
37 [19] 23°¢ 0.016 0.275 0.0196 0.33 2
797 1" 47 13<10° <Tp, <Tp, 13x10° 35
887 0" 107 35¢ 10° <Tp, <Tp, 35x 10° 27

8Taken from[13].
®Calculated using the neutron spectroscopic factors of the 3172 Keléviel in 2F from [43].
°Deduced from the measured lifetime of the 2865 keV statéin (29+=4) fs[27].

measured charge-density distributiddd] or from nuclear [see Eq.(4)] are consistent with the estimates in both
structure models like Hartree-Fock calculations. The effecschemes of assignments, although the estimates appear to be
tive nucleon-nucleon interaction.; was taken from the on the low side compared to our data.

DDM3Y parametrization[40]. The same folding potential
was used in the calculation of DC reaction ré8zc. V A.
The strength parametar was adjusted to reproduce the re-
spective resonance energies.

These single-particle widths were then scaled by spectro- We have probed thé®Ne(d,n)*Na excitation function
scopic factors that were calculated using the shell-modepver a center-of-mass energy range from 0.63 to 1.84 MeV
code oxBASH [42]. The spectroscopic factors for the 448 in various measurements using the different experimental
keV resonance could not be calculated if the level is characsetups[31,32. In that way up to the fourth excited level
terized as a f2h intruder statd13]. In that case we relied in *Na was populatedsee Fig. 3 The data, represented in
on the experimental neutron spectroscopic factors of the prd=ig. 6, are in good agreement with each other.
posed mirror in?°F [43]. In order to extract information on the spectroscopic fac-

For y decays proceeding predominantly througii and  tors of the bound states that were populated in our measure-
E2 transitions we have calculated tledecay widths within ~ ments, we have performed a DWBA analysis of the experi-
the shell model, which is expected to yield reliable predic-mental excitation curve. In the DWBA formalism the
tions [27]. The y widths are deduced from the electromag- differential cross section of a transfer reactiat-A—b
netic transition probabilitie®(J,—J;,L) which are calcu- +B is given by
lated from the shell-model wave functions. We use the
effective charges angd values obtained in Ref§44,45.

In two cases they decay is dominated b1 transitions.
For the 448 keV resonance in the lassignment of Lamm
et al. we have adopted the estimate from Réf3]. For the
661 keV resonance in the 3assignment of Browet al,, the
v decay width was deduced from the recently measured life-

time of the proposed mirror state ?t 2865 keV A of |, this equationuaa, ys, k. andk, represent the reduced
(29=4) fs[27]. We corrected for th&’ dependence accord- masses and the wave numbers in the entrance and exit chan-

ing to the branchings for the differentlines, for which we e respectively. The transition amplitude is defined as
took the values for the 2865 keV state 3PF [27].

The resulting estimates are presented in Table Il. The cal-
culated widths for the 797 and 887 keV resonances agree
with the measured values in théNe+ p scattering[12] of
(19.8+2) keV and (35.92) keV, respectively. As for the
resonance strengths, a clearly different estimate for the
strength of the lowest resonance appears f@fal* or for  The wave functionsy,, ¥a, ¥y, and g are the internal
aJ™=3" assignment, 6 and 89 meV, respectively. The sunwave functions of the respective nuclei.
of the strengths of the 661, 797, and 887 keV resonances is In a stripping reaction the nucleon growps transferred
more or less the same in both assignment schemes, 72 and 8dm the projectilea to the nucleusA to form the final
meV, respectively. nucleusB. In that case the integration has to be performed

Our 90% confidence upper limit @by<21 meV for the over the center-of-mass coordinaRef the nucleon groug
448 keV resonance is well below the estimates for tie 3 and the relative coordinatesbetween the grougp and ejec-
assignmenf19] from Table Il, whereas it is compatible with tile b.
the estimates for the "Lintruder assignmenitL3]. Our limits The optical wave functiong™ andx~ are obtained from
on the sum of the strengths of the three highest resonancése optical potential which can be a Woods-Saxon potential

IV. THE DWBA ANALYSIS OF THE 1°Ne(d,n)?Na
EXCITATION FUNCTION

do _ panmos Kg 1
A0 " (2mh)? Ke (202 +1)(204+1)

X

MaMaMpMp

| T(kakp)|?. )

T(ka,kﬁ)=f JderX_*(kB'rbB)

X(Pptha|V]hatha) x (Ko Tan). (8
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6 —r 77— of Ref.[47] for the transition to the first excited state. Due to
: the compound character of the transitions to the other states
5 - F AP F o EF3.0 MeV the angular distributions could not be reproduced. We con-
L] E?/Ug‘:‘(ti'; " cluded that the same deuteron potential could be used to
— s wor) obtain the direct contribution of the reactidfNe(d,n)?°Na.

In the exit channeP°Na+n we used a folding potential.
Since no neutron-scattering data #iNa are available we
used the thermal scattering cross sectior’®a to deter-
mine the potential depth49]. We assumed that the volume
integral per nucleon for neutron scattering is approximately
constant for an isotope chain. With this assumption we ob-
tained the strength parameterfor 2°Na from the optical
potential of 2*Na.

The bound state potential iA°Na that we used in the
analysis of the**Ne(d,n)?°Na data was a Coulomb potential
0..m. (deg) with rc=1.2 fm and a real Woods-Saxon potential with
) ) ) 20 =1.07 fm andag=0.74 fm. The depth of the latter was
~ FIG. 5. Differential cross section for th€¥(d,p) *F 1, reac- adjusted to reproduce the respective binding energies.
tion at 3.0 MeV deuteron_ energy. Our DWBA cal_culatlon_, using thc_a Having determined the potentials we calculated the
gpelll-model spectro.scoplc factor. of 0.63 for the flrst.e.xcned state "HWBA cross section to the bound states ¥Na that had

F, is compared with the experimental data of Lagbial. [48]. b . . . . .
een populated in our experiments. Since it is not possible to
extract unambiguously the respective spectroscopic factors
or a folding potential. The proper choice of the optical po-from a DWBA fit to the experimental excitation curve, we
tential is a very important point in the DWBA calculation. had to rely either on neutron spectroscopic factors of the

In order to determine the deuterium potential in the en-mirror states in?%F or on the shell-model valudg?2]. Sev-
trance channel®Ne+d, we first investigated the mirror re- eral authors have deduced neutron spectroscopic factors from
action '%F(d,p) *°F. This reaction has been measured ancthe % (d,p) 2°F reaction. Laribiet al.[48] obtained a spec-
calculated by several authors. At low deuteron energies thigoscopic factor of 0.68 for the transition to the first excited
was done in Refs[46—48. It was found that many of the state. Comsast al.[47] give two values, averaged over dif-
final states are predominantly populated via a compounderent incident energies, depending on the choice of poten-
nucleus formation. The spectroscopic factors to most finafial: 0.57+0.05 and 0.68 0.12. The shell-model calculation
states are very small which suppresses the direct mechanisigives a spectroscopic factor of 0.63 in agreement with these
However, for the first excited state ffiF, the 3" state at 656 results(see also Fig. b The data of Fortunet al. [43] ob-
keV, the spectroscopic factor is high and the stripping reactained at higher deuteron energy, have also been reproduced
tion proceeds clearly in the direct mechanism. The angulawith our DWBA calculation revealing a spectroscopic factor
distribution of this transition was reproduced nicely in theof 0.50. In our calculation of thé®Ne(d,n)?’Na excitation
previous calculation§46—48. The transition to this state function we therefore used the shell-model spectroscopic
accounts for about 60% of the observed overall populatioractors.
up to the fifth excited?F state. The latter is the mirror of the  The transition to the first excited *3state at 606 keV
highest lying level in®Na that had been populated in our contributes 90% of the overall direct cross section for tran-
®Ne(d,n)?°Na experimentgsee Fig. 3 sitions up to the fourth excited state. In Fig. 6 the DWBA

In our DWBA analysis of the"F(d, p) 2%F angular distri-  total cross section is compared with the experimental data.
butions of Refs[46—48 the best results were obtained with Also shown is the DWBA cross section multiplied with an
a Woods-Saxon potential in the entrance channel having theverall scaling factor of 1.25, which resulted from a fit of the
following parametersVr=98 MeV,rg=1.0 fm,ag=0.8 fm  calculated DWBA cross section averaged over the experi-
for the real part antVs=12 MeV,rs=1.37 fm,as=0.7 fm  mental energy intervals to the data. This scaling factor can be
for the imaginary surface part. This potential is almost iden-explained by the probable contributions of compound
tical with the potential of Ref[47]. In the exit channel we nucleus(CN) reactions. We assume that, like in the analog
used the same folding potential as for th&Ne(d,n)?*®Na  reaction °F(d,p) 2°F, the transition to the other states is
reaction. This potential will be discussed later. The bounddominated by the CN mechanism.

do/dQ (mb/sr)

state potential is a real Woods-Saxon potential with We conclude that the most important contribution to the
=1.07 fm andag=0.74 fm. The potential depth is adjusted cross section of the reactio®®’Ne(d,n)?°Na is the direct
to give the correct binding energy. transition to the first excited state=(70%), while the direct

With these potentials we were able to reproduce the lowreaction to the other states amounts to strictly less than 10%
energy differential cross section for the transition to the firstof the total cross section. The remaining contributions are
excited state in thé®F(d,p) °°F reaction. In Fig. 5 the dif- transitions to the other states by a CN mechanism. Following
ferential cross section of°F(d,p) 2%F o« at an incident en- this argumentation we do not renormalize the spectroscopic
ergy of E4=3.0 MeV is displayed. Our DWBA calculation, factors in order to achieve the best possible agreement with
using the shell-model spectroscopic factor of 0.63, is comthe experiment. We will use the same shell-model spectro-
pared with the measured cross section of Laebal. [48]. scopic factors for the capture reaction in the following para-
Besides this we also found good agreement with the resultgraph.
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9007 With this S factor we evaluate the direct capture part of the
35 ]|® = ] reaction rate as
@ DSSSD
A STAR-CH,
30 STARH, i
. o Na(ov)pc=1.72<10"Tg #*(1+0.021 5T¢"+0.12775"°
—peaD;fang—SM. l N
IES 00 Jlgmiemem 80 . +0.019 Ty +0.021 3¢+ 0.008 1433
5 154 1 X exp( —19.386 3)(cm® st mol™Y).
5)
101 ] (12)
5 i
0] Compared to the direct capture rate calculated by Langanke

05 1o 15 2% et al. [29] our rate is one order of magnitude larger. This
E  (MeV) difference is par.tly explained by the fa}ct that Langanke used

c.m. the spectroscopic factors of Ré#3] which are smaller by a

FIG. 6. ®Ne(d,n)*Na excitation function measured with the factor of 2. Moreover he did not include the stropg-d
different setups. The horizontal bars represent the energy intervaly@ve component in the direct capture of the first excited

. 20 . oy .
that were covered in the respective measurements. The dash&tfite at 0.606 Me\(3") in “Na. This transition carries the
curve is our DWBA calculation using the shell-mod8lM,) values ~ dominant fraction of the total cross section because of the

of the spectroscopic factors of the states’Na that were popu- large spectroscopic factor of the final state. The present di-
lated. The full curve is the DWBA excitation function after fitting rect capture rate is therefore larger by about a factor of 5

an overall multiplication factor of 1.25. compared to the previous estimag9].
The calculated DC cross section can be used to extract the
V. THE ®Ne(p,y)?°Na ASTROPHYSICAL REACTION DC cross section averaged over the energy intervals that had
RATE been covered in oum y) measurements. In the experiments

in which the 661, 797, and 887 keV resonances have been
covered, the average DC cross section is 33 nb, indicating
that our measured cross section, (1@B7) ub [32], is
clearly of resonant origin. The average DC cross section in
our measurements of the 448 keV resonance is calculated to
A. The direct capture rate be 2.7 nb.

From our measurements, limits for th&Ne(p, y)?°Na as-
trophysical reaction rate with®Ne in its ground state can be
deduced.

We calculate the direct capture cross sections for transi-
tions to all bound states oNa. The total direct cross sec- B. The resonant reaction rate
tion is then given by the sum over all transitions, weighted  goth upper and lower limits on the resonant reaction rate
by the spectroscopic factors: have been deduced using the narrow resonance formalism, in
which the reaction rate for a single resonance is given by
one=2, (C?9);07C. (9) o
' h2wyexp —Ex/kT).  (12)

a
Na(ov)r=Na m)
In general, only E1 transitions have to be considered.

The potential in the entrance channel is a folding poten-The reaction rate for several narrow resonances is the sum of
tial. Since no experimental data are available to adjust thghe respective rates.
strength parameten, we chose the thermal neutron-  The ypper limit for the strength of the 448 keV resonance
scattering cross section 6fF [49] to determine the potential gives an upper limit on its contribution to the reaction rate.
depth. Hereby we assume that the volume integral pefhe upper and lower limit on theumof the contributions
nucleon of the optical potential of*F+n is the same as from the 661, 797, and 887 keV resonances is obtained as
for *Ne+p. The bound state potential is the same foldingfollows. Three fictitious rates were calculated as if all the
potential but with the depth adjusted to reproduce the respegtrength was concentrated in one of the three resonances us-
tive proton binding energies. ing as a value for the resonance strength the intersection of

With a shell-model spectroscopic factor of 0.63 the capthe plane given by Eq(3) and the respective axis in the
ture to the first excited state contributes more than 60% @ yge7 oy, © Y797 kevs @ Yes1 kev) SPAce: 152, 102, 81 meV,

the direct capture cross section. The transition to the mi”ofespectively,(see Fig. 4 Because thsumof the contribu-

of the 2044 keV 2 state in *°F, which we assumed to be tions from the 661, 797, and 887 keV resonances to the
contained in the™=2(*) level in ?Na at 1841 keV excita- reaction rate is a linear function of the reaction strengths and
tion energy(see Fig. 3, makes up approximately 25% of the because the reaction strengths are constrained by a linear
direct capture since the spectroscopic factor of this state igelation, Eq.(3), the true value of this sum always lies be-

quite high(0.73. tween the lowest and highest one of these three fictitious
The astrophysicab factor for the total direct capture re- curves. In that way beloW = 4.1x 10° K the upper limit on
action can be parametrized as the sumof reaction rates due to the three resonances under

consideration is given by the reaction rate for the 661 keV
Spc(E)=1.0025+0.228% + 0.068%E? (keV b). (10) resonance with dfictitious) strength of 81 meV. Belowl



2720 G. VANCRAEYNEST et al. 57

separate component reaction rates.
The reaction rate in Fig. 7 is based on our experimental

}g;: ] results and is therefore valid for the case of B\e nuclei
o 1074 . being in the ground state. TH8Na resonances that we have
g 105 ] considered could also be populated from the first and second
o 1057 1797 sy 1 excited states ift°Ne at 238 and 275 keV excitation energy.
E 107 mex(e61,797.887keV) ] The time scale of the photoexcitation—de-excitation pro-
Z }8.aj ] cess in the hot photon bath in the star is, except for long-
v, 1109;§: (661,797 857keV) 1 I|_ved isomeric states, much s_horter than the hyd_rodynaml_cal
Z g 1 time scale of the astrophysical process, even in explosive
10 1 conditions[51]. The fractionP; of *Ne nuclei in thejth
}gj];- 1 excited state at excitation ener&yj can then be calculated

0.0 0.5

. (11489}() 15 20 under the assumption of thermal equilibrium and is given by
FIG. 7. The astrophysical reaction rate for the P. :(2‘]j +1exp— Exi /kT) (13)
Neg s(p, ) “Na reaction resulting from our work. The limits on ! z
the total reaction rate are indicated by thick lines. In dashed lines
the separate component reaction rates are shisem text with Z the partition function:
=2.6x 10° K the lower limit is given by the reaction rate for
the 887 keV resonance using(fictitious) strength of 152 ZZ; (2J;+ 1)exp( — B, /KT).
meV.

In the case of the 797 or 887 keV resonance the narro
resonance formalism is not valid belof=5x10° K. The
integral of ov over the Maxwell-Boltzmann velocity distri-
bution is dominated by the Gamow peak situated at the low
energy side of the resonance and not by the resonance itself. NA<<UU>>:Z PiNa(ov);. (14
As a consequence the approximation on which @@) is i
based, is not valid any more and the integral over the veloc-
ity distribution has to be evaluated explicitly. However, in  In the narrow resonance approximation the resonant reac-
the low-temperature domain upper and lower limits of thetion rate with ®Ne in its jth excited state is given by
total reaction rate are dominated by the DC and the narrow

“he reaction rate is then a weighted sum over the contribu-
tions due to the different excited states'SNe, (ov);:

448 keV resonancésee Fig. J, so that this consideration is 2Jp+1 ij
not relevant in the evaluation of thetal reaction rate. NA<UU>Rj=NA<UU>Ro 2J.+1 F—exp(+ Exj/kT)'
J Po
C. The total reaction rate Na(ov)g, is the resonant reaction rate withNe in its

The broad resonances at 797 and 887 keV above thground state, given by Eq.l2) with wvy the resonance
threshold do not mutually interfere as they have a differenstrength for proton capture b{’Ne in its ground statéEq.
spin [50]. Focusing onE1 transitions in the DC model, in- (5)]. The summation in Eq.14) only runs up to the second
terference of thess-wave resonances and the direct captureexcited state int°Ne, because the third excited state is situ-
requires ars— p transition. A few bound states iffNa with  ated at 1508 keV excitation energy. The resondNe(p, y)
p-wave character exist, but the DC population of these negaeaction rate in the narrow resonance formalism then be-
tive parity states is small due to their small spectroscopicomes
factor. Interference of the direct capture with the 797 and
887 keV resonances we therefore believe to be negligible. 2Jp+1 Fp, Ty,
Interference effects involving the 448 and 661 keV reso- NA<<UU>>R:NA<UU>ROT 1
nances, if possible, are negligible due to their narrow widths.

Therefore the total reaction rate is merely the sum of the
resonant and DC components. The Boltzmann factors exp(EXj /KT) have canceled out. So,

The lower limit on the total reaction rate is obtained by at high enough temperatures for the narrow resonance for-
making the sum of the DC rate and the lower limit on themalism to hold, the only temperature dependence of the ef-
sum of the contributions from the 661, 797, and 887 keVfect of the excited states in the entrance channel is the weak
resonances. This approach corresponds to putting the lowéfluence of the quantity (%+ 1)/Z. The effect of the ther-
limit on strength of the 448 keV resonance to zero. Themal population of the excited states is important if the partial
upper limit on the total rate is the sum of the DC rate and theproton widths to these states are substantial, relative to the
upper limit on the resonant rate. The latter in its turn is thepartial proton width for decay to the ground state. The shell-
sum of the upper limits on the contribution of the 448 keV model estimates of Table 1l show that this could be the case
resonance and on the sum of the contributions from the threespecially for the 661 keV resonance and this would imply
higher resonances. The limits on the total reaction rate, indian enhancement of its contribution to the reaction rate al-
cated by thick lines, are displayed in Fig. 7, together with theready from temperatures of410® K on.

Fp, Ty,
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VI. ASTROPHYSICAL IMPLICATIONS v
20y,  MNe(p,y)

In order to assess the implications of thH#&e(p, y) reac- (15

tion rate one has to compare with the preceding step in Yie N2y p
the °O(a, y) 1°Ne(p, y) reaction sequence. More precisely,
the respective regions in @ensity,temperatuyghase dia-
gram in which each reaction is faster than the decay of th
nucleus in the entrance channel have to be delineated aggd
compared:

In reality the *°Na nuclei are also consumed 8/ decay
and by proton capture leading t6'Mg. Then the p,v)-
p) equilibrium of Eq.(15) will be established if the pho-
isintegration is sufficiently rapid:

A =\ +A . 16
Areaction;)\decay- ZONa(%P) ZONB(M) 20Na(B v) ( )

The region of the phase diagram in which this condition is
fulfilled is presented in Fig. 2 as a gray area. The dark gray
X band indicates the uncertainty due to the uncertainty on
Nreactio™ 5 PN alov), our 19Ne(p, y) ?°Na reaction rate. ThéNa(p, y) >*Mg reac-
tion rate was calculated according to R&5].
In equilibrium conditions the destruction of tHf&Na nu-
clei by decay or proton capture acts through theW)-(v,p)
equilibrium of Eq.(15) on the **®Ne nuclei and leads to an
effective destruction rate of®Ne nuclei to higher masses

A reaction,decay@l® Called destruction rates and are given by

In2
)\decay: T

Here X is the mass fraction of the captured isotope Anits eff i

mass in atomic mass units. We assumed solar mass fractiohs-qu (3

for hydrogen and heliumXy=0.71 andX.=0.27[52]. p is

the mass density of the stellar plasma. In the evaluation o(f)‘ZONa(p,er)‘ZONa(Bw))YZONa

the °0(a, y) °Ne rate we considered resonances Wit8:

at 504 keV [wy=(20=3)u eV [9]], 850 keV N N YziaY

[wy=(11+8) meV[10]], 1020 keV[ wy=(6.3+3.5) meV T M 2ONap,y) - T 20Nagn Y g PNa

[10]], 1071 keV[ wy=(187+48) meV[10]], and 1183 keV ne

[wy=(113=17) meV[53]]. The resonance strengths from N1g,

Ref.[10] are deduced from thE /T ratios from Ref[53]. :)\ZONa([# )) 4P Yig,,

Therefore we adopted the relative errors from R&8]. The Y )\ZONa(y,p)

DC rate is taken from Ref29], but is only important below et

1x 10 K. The division between reaction-dominatédgher =7‘19N.9Y19Ne' (17)

temperature and densjtgnd decay-dominated regions is in- ) . 9 . .

dicated for both reactions in the phase diagram of Fig. 1!f the effective destruqtlo+n of the*Ne nuclei to higher

Also indicated are typical values for density and temperaturd'@sses is slower than if$" decay, then the nuclear matter

of various astrophysical sites that have been proposed as 1§0W to therp-process region will be impeded. SlfNe will

cations of explosive hydrogen burnifig—3]. act as a waiting point if the following condition is fulfilled:
At first sight one would conclude that tH8O(a, y) **Ne

reaction clearly is the bottleneck for the breakout from the

hot CNO cycle into thep process. However, as tlgg¢ value

of the ®Ne(p, ) is only 2.195 MeV the photodisintegration

of the produced?Na nuclei will be considerable at high

temperatures and may impede and eventually stop the flo

of nuclear matter to higher masses. Due to the higQer ; o i+ 20N i
. A calculation taking into account only t decay of“"Na in
value of 3.53 MeV of the'®O(«,y) 1°Ne reaction the first 9 y U y

. eff . . .
step in thel50(a, ) Ne(p, v) 2Na sequence will be much thel evaluation of\jg [Eq. (1.7)]..The resulting region is
less exposed to effects of photodisintegrationt®e. delineated by a dashed line in Fig. 2. We conclude that for

The destruction rate of th&’Na nuclei by photodisinte- realistic densities and temperatures the photodisintegration

gration follows from the principle of detailed balans4]: will not hinder the transition from the CNO cycle to thp
process.

eff
N1+ =N 19"

The region in the phase diagram whéef®le is a waiting
point due to the photodisintegration éiNa is delineated by
a full line in Fig. 2. In order to check the sensitivity to the
Wrecise value of thé®Na(p, y) 2*Mg reaction rate we did the

3/2
2744 [ Mig MpKT
Ne/ e <O'U>19Ne(p’y)eX|i_Q/kT)- VII. CONCLUSIONS

)\ZONa( 5T
" Zog, | Mag 272

The population of the lowest resonancesiNa has been

For a density of 0.7%10* g/cm® the destruction rate of studied in the measurement of th&e(p,y) ?°Na reaction
*Na by photodisintegration equals the destruction rate ofising radioactive'®Ne beams and with the help of three
1%Ne by proton capture already at X10° K. different detection setups. Limits on the resonance strengths

Ideally, if the ?°Na nuclei were only destroyed by photo- have been deduced and compared with theoretical estimates
disintegration, for each temperature and densitypay)-  which we have consistently calculated in the framework of
(v,p) equilibrium would be achieved that would be reflectedthe shell model. Both upper and lower limits on the resonant
in the ratio of the respective abundances: component of theNeg <(p, y) ®Na reaction rate have been
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deduced on the basis of our experimental results. In view of this conclusion it is worthwhile to determine the
We have also measured théNe(d,n)®Na excitation  *°O(e,y) **Ne reaction rate in a direct experimental way.
curve between 0.6 and 1.8 MeV in the center-of-mass frame.
The subsequent DWBA analysis using shell-model spectro-
scopic factors and the comparison with th&(d, p) 2F re- The authors thank the cyclotron crew at Louvain-la-
action indicate that the difference between calculated anéleuve for efficiently running the RIB facility and Dr. H.

observed cross section would be due to contributions fronyanmarcke and P. Willeborts for etching the SSNTD’s at the

the compound nucleus mechanism. We have calculated theCK, Mol, Belgium. F.B,, P.L., and J.V. acknowledge
DC rate of thelgNeg,s(p,y) 20Na reaction in the framework FNRS, Belgium. G.V. acknowledges NFWO, Belgium.

of a potential model and scaled by the shell-model values OM'G' acknowledges the Belg!an IWT. This text presents the
. research results of the Belgian program on Interuniversity
the spectroscopic factors.
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