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of the hot CNO cycle to therp process

G. Vancraeynest, P. Decrock,* M. Gaelens, M. Huyse, and P. Van Duppen
Instituut voor Kern- en Stralingsfysica, University of Leuven, Celestijnenlaan 200 D, B-3001 Leuven, Belgium

C. R. Bain, T. Davinson, R. D. Page,† A. C. Shotter, and P. J. Woods
Department of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

F. Binon, P. Duhamel, and J. Vanhorenbeeck
Institut d’Astronomie, d’Astrophysique et de Ge´ophysique, Universite´ Libre de Bruxelles, B-1050 Brussels, Belgium

R. Coszach, Th. Delbar, W. Galster, J. S. Graulich, P. Leleux, E. Lie´nard, P. Lipnik, C. Michotte,‡ A. Ninane, and
J. Vervier
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The population of the20Na resonances at 448, 661, 797, and 887 keV above the proton threshold has been
studied in measurements of the19Ne(p,g)20Na reaction with radioactive19Ne 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 the19Ne(p,g)20Na astrophysical reaction rate. The
total cross section of the19Ne(d,n)20Na reaction has been measured from 0.6 to 1.8 MeV~c.m.!. On the basis
of the results of a subsequent distorted-wave Born approximation analysis the direct component of the
19Ne(p,g)20Na 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 preceding15O(a,g)19Ne reaction and
the photodisintegration of the produced20Na nuclei will not impede the breakout.@S0556-2813~98!05305-9#

PACS number~s!: 25.40.Lw, 25.45.Hi, 25.60.2t, 27.30.1t
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I. INTRODUCTION

Explosive hydrogen burning@1–3# is thought to occur at
various astrophysical sites in the Universe, either under
generate conditions such as in novas and x-ray bursts
under nondegenerate conditions such as in the shockwa
type-II supernovas passing through the hydrogen-rich ou
layer of the progenitor star and supermassive stars~the latter
still being hypothetical!. Typical values for temperature an
density are indicated in Figs. 1 and 2.

At temperatures below 43108 K the principal burning
mode is the hot carbon-nitrogen-oxygen~CNO! cycle,
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12C~p,g!13N~p,g!14O~b1n!14N~p,g!

15O~b1n!15N~p,a!12C.

Similar reaction cycles can, in principle, operate start
from heavier even-evenTz50 nuclei and nuclear matter wil
leak from one cycle into the following depending on the ra
of the closing (p,a) reaction and the (p,g) reaction on the
Tz511/2 nucleus. However, an oxygen-fluor cycle starti
from 16O does not exist because already at the compo
nucleus 19Ne the a channel is open and the18F(p,a)15O
reaction leads the flow back into the hot CNO cycle@4,5#.
This effectively decouples the CNO region, containing t
vast majority of nuclear matter, from theA.20 region and
the sequence16O(p,g)17F(p,g)18Ne (b1n)18F(p,a)15O is
considered as a sidebranch of the hot CNO cycle.

From temperatures of 33108 K on, capture reactions in
volving b-unstable nuclei with long half-lives~‘‘waiting
points’’! become important due to the faster time scale of
nuclear burning and the cycles break up and transform
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2712 57G. VANCRAEYNESTet al.
the rp process. In the case of the CNO cycle proton capt
on 14O, 15O or 18Ne leads to proton unbound nuclei, respe
tively, 15F, 16F, and 19Na, nor can two-proton captures o
these nuclei be of importance for realistic densities@6#. The
CNO region remains decoupled from therp process region,
thereby preventing the onset of therp process on a massiv
scale.

FIG. 1. A ~density,temperature!-phase diagram of a stella
plasma with the solar composition. XH and XHe stand for the hy-
drogen and helium mass fraction, respectively. The division
tween reaction-dominated~high r andT) and decay-dominated re
gions has been calculated for both19Ne(p,g) and 15O(a,g)
reactions. The gray band is due to the uncertainty on
19Neg.s.(p,g) 20Na astrophysical reaction rate~see Fig. 7!. The
hatched areas indicate typical values for temperature and densi
explosive hydrogen burning in novas~1!, x-ray bursts~2!, type-II
supernovas~3!, and supermassive stars~4!.

FIG. 2. A ~density,temperature!-phase diagram of a stella
plasma with the solar composition. XH and XHe stand for the hy-
drogen and helium mass fraction, respectively. The gray region
dicates the conditions for which (p,g)-(g,p) equilibrium exists be-
tween19Ne and20Na. The dark gray band represents the uncerta
due to the uncertainty on our19Neg.s.(p,g) 20Na astrophysical reac
tion rate~see Fig. 7!. The region in which19Ne is a waiting point
due to the photodisintegration of20Na is delineated by the dashe
line taking into account only theb1 decay of20Na and by the full
line taking into account the20Na(p,g) 21Mg reaction in addition.
The hatched areas indicate typical values for temperature and
sity for explosive hydrogen burning in novas~1!, x-ray bursts~2!,
type-II supernovas~3!, and supermassive stars~4!.
e
-

One has to wait for the CNO cycle to open up until t
temperature is high enough (.43108 K! for a-induced re-
actions to take place. It has been suggested that the
between the CNO cycle and therp process is formed by the
15O(a,g)19Ne(p,g)20Na reaction sequence@1#. At still
higher temperatures the14O(a,p)17F(p,g)18Ne(a,p)21Na
reaction chain would form an alternative escape route@2,6#.
The consequences of a breakout from the CNO cycle into
rp process are considerable. Large scale nucleosynth
would take place up toA556 and the energy generatio
would increase by two orders of magnitude compared to
hot CNO cycle@1#. The transition of the hot CNO cycle to
the rp process has been proposed as a possible explan
of the observed overabundances of Ne and heavier elem
up to S in nova ejecta@7# and of Ne and Na in cosmic ray
@8#.

The conditions of the breakout are determined by
weakest reaction of the escape sequence. In this light m
region the reactions are characterized by lowQ values~a few
MeV! and are dominated by single resonances, so that
knowledge of their individual properties~excitation energy,
spin and parity, partial decay widths or resonance strength! is
indispensable. In order to evaluate either reaction rate
the 15O(a,g)19Ne(p,g)20Na sequence one has had to rely
the properties of the~assumed! analog levels in the mirror
nuclei, 19F and 20F, until now. Whereas the15O(a,g)19Ne
reaction rate is presumed to be known within a factor
@2#—an estimate that was borne out by later publicatio
@9,10#—the situation is less favorable in the case
the 19Ne(p,g)20Na reaction.

Figure 3 summarizes the current knowledge on the low
part of the20Na level scheme. Four resonances in20Na situ-
ated 448, 661, 797, and 887 keV1 above the proton threshol
at 2195 keV have been identified@11#. The states in20Na at
2992 and 3082 keV that correspond to the latter two h
been unambigously assignedJp511 and Jp501 in the
resonant scattering of19Ne beams on a H target@12#. This is
in agreement with the distorted-wave Born approximat
~DWBA! analysis of the triton distributions of th
20Ne(3He,t)20Na reaction@13,15# and the population of a
level around 3 MeV in a Gamow-Teller~GT! transition in
theb decay of20Mg @16–18#. The two levels are considere
to be the mirrors of states in20F at 3488 and 3526 keV
respectively, and in20Ne at 13.484 and 13.642 MeV, respe
tively. The observed excitation energies in20Na are consis-
tent with a shell-model calculation of the coefficients of t
isobaric mass multiplet equation@13# and with calculated
Coulomb shifts@19#. Furthermore the observed total width
in Ref. @12# agree with calculations based on these ana
assignments~see Sec. III C!.

However, the spin and parity and the identification of t
mirror state in20F of the lowest, and thereforea priori most
important, resonance and of the second lowest resonanc
still subjects of debate. The state at 2643 keV correspond
to the 448 keV resonance has been observed in

1We adopt the values from Go¨rres and Wiescher@11#, except for
the fourth state because mutually inconsistent data have been
aged. We use the value from their reanalysis of the (3He,t) data of
Lamm et al. @13# and from Coszachet al. @12#.

-

r

for

n-

y

n-



me

m
d-

e

57 271319Ne(p,g)20Na AND 19Ne(d,n)20Na REACTIONS. . .
FIG. 3. Partial decay scheme of20Na and20F.
The ground states have been put at the sa
height by convention. To the right of the20F lev-
els the analog assignments according to Lam
et al. @13# are presented, to the left those accor
ing to Brownet al. @19#. The vertical lines at the
very right represent the Gamow windows at th
various temperatures indicated (T95x meansT
5x3109 K!.
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20Ne(3He,t)20Na reaction @13–15,20–22# and in the
20Ne(p,n)20Na reaction at 30 MeV@15#. DWBA analysis of
the triton and neutron distributions led to a 11 assignment.
The level, however, was not observed in theb decay of
20Mg which preferably populatesJp511 states in GT tran-
sitions @16–18#. Furthermore in the20Ne(p,n)20Na reaction
at 135 MeV, which is also a sensitive test of the GT streng
the neutron distribution is characteristic for aD l 52 transi-
tion without discernibleD l 50 component@23#. Both facts
could be consistent with the identification of being the mir
state of the 3172 keV level in20F that was proposed b
Lamm et al. @13#. This state had been assignedJp511 and
had been identified as a 6p2h intruder state with little or no
4p0h mixing @24#. The characterization of this20F level is
still tentative and the assignmentsJp512 @25# and Jp

502 @26,27# have also been proposed. The strength of
448 keV resonance within the 11 assignment has been es
mated by Lammet al. @13# to be 6 meV. The level in20Na at
2856 keV corresponding to the 661 keV resonance is
signedJp531 and is considered the analog of the 2966 k
state in 20F.

Brown et al. @19# question this characterization of th
2643 and 2856 keV levels. They note that the population
the 2643 keV level in the20Ne(3He,t)20Na is profoundly
different from that of the 3172 keV level in th
,

r

e

s-

f

20Ne(t,3He)20F @28# and other transfer reactions. Moreove
the calculated Coulomb shift disagrees with the propo
analog assignment. By a process of elimination based
Coulomb shifts they arrive at the conclusion that the 26
keV state in20Na most likely hasJp531 and is the mirror
of the 2966 keV state in20F. The nonobservation of the 264
keV state in theb decay of 20Mg @16–18# and the charac-
teristic D l 52 neutron distribution of the20Ne(p,n)20Na re-
action at high energies@23# are consistent with the propose
assignment. The strength of the 448 keV resonance wi
this assignment has been calculated in a shell model
Brown et al. @19# to be 80 meV. Likewise they conclude tha
the 20Na state at 2856 keV hasJp532 and is the mirror of
the 20F level at 2865 keV.

As for the direct capture~DC! into the bound states o
20Na, Langankeet al. @29# also had to rely on information
from the mirror nucleus20F in their evaluation of the DC
rate. They used the neutron spectroscopic factors of
bound states in20F to rescale the DC rate obtained from th
potential model by Rolfs@30#.

Recently we have studied the population of the four lo
est resonances in the19Ne(p,g)20Na reaction using19Ne
beams at the Louvain-la-Neuve radioactive ion beam faci
@31–33#. The experimental setups that have been used
reviewed in Sec. II and the normalization is discussed
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2714 57G. VANCRAEYNESTet al.
well. In Sec. III the results are globally analyzed in terms
resonance strengths. On the one hand, this will allow u
compare them directly with theoretical estimates; on
other hand, lower and upper limits will be deduced for t
resonant reaction rate~Sec. V B!. In the same series of ex
periments the19Ne(d,n)20Na excitation function in the en
ergy domain from 0.6 to 1.8 MeV in center-of-mass~c.m.!
system was measured@31–33#. In Sec. IV the DWBA analy-
sis of our data is discussed and information on the pro
spectroscopic factors of the lowest bound states, which
needed in a calculation of the DC rate, is extracted. A n
calculation of the DC reaction rate in a potential model us
a folding potential and the results of our DWBA analysis
presented in Sec. V A. In Sec. VI the astrophysical implic
tions of the new total19Ne(p,g)20Na rate are investigated. A
comparison with the15O(a,g)19Ne is made and the effect
of photodisintegration of the20Na nuclei, which could be
important at higher temperatures because of the lowQ value
of the 19Ne(p,g)20Na reaction, are considered.

II. EXPERIMENTAL SETUPS AND DATA
NORMALIZATION

The radioactive19Ne (T1/2517.2 s! beam~typically 100
ppA! impinged on a polyethylene target foil or, in the case
the STAR-H2 setup, on a closed gas cell filled with hydr
gen gas. The advantages of a gas target are threefold.
one does not have to care about the target stoichiometry.
a well known fact that the proton content of the polyethyle
foils, which we will denote by CHx , gradually decrease
during irradiation. Second, using depleted deuterium hyd
gen gas one gets rid of the problem of parasitic counts du
the 19Ne(d,n)20Na reaction, which is 1000 to 10 000 time
faster than the (p,g) reaction. Third, the stopping of th
beam is solely provided by the protons of the target so
the reaction yield is maximal. In the same series of meas
ments deuterated polyethylene foils, denoted by CDxH y ,
with typically 95% of the hydrogen being deuterium, or a g
cell filled with deuterium were used as a target in order
measure the total cross section of the19Ne(d,n)20Na reac-
tion over similar energy intervals as in the (p,g) measure-
ments.

Thanks to the inverse kinematics the20Na nuclei that
were produced were emitted in a narrow cone@u,0.7° in
the (p,g) case,u,4.2° in the (d,n) case at 19.2 MeV lab
energy# and were implanted together with the beam. T
subsequentb1 decay orb1-delayeda decay of the col-
lected 20Na activity was detected in the presence of the hu
positron background of the beam activity (;1012 positrons
per 20Na ion!. To that end three detection setups have b
developed which have been described in detail elsewhere~i!
the detection of theb1 decay (Ee511.2 MeV! by means of
a stack of plastic scintillators located at the end of a solen
dal magnetic field that suppresses the low-energy posit
(Ee52.2 MeV! of the 19Ne decay~STAR-CHx and STAR-
H 2) @32–34#, ~ii ! the detection of theb1-delayeda line at
2.15 MeV ~16.4% branching! by highly segmented doubl
sided silicon strip detectors~DSSSD! @31# and ~iii ! by elec-
trochemically etched solid state nuclear track detec
~SSNTD! @31–33,35#.

The recorded20Na signal was normalized by means of t
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recoil protons~deuterons! or scattered beam particles in th
case of~deuterated! polyethylene target foils and by mean
of backscattered beam particles on a thin gold layer on
entrance window in the STAR-H2 setup. The normalization
spectra were registered in Si detectors. We deduced the
erage cross section using the following expressions in
case of a solid target or the gas cell, respectively:

^s&solid5
Nreaction

hNnorm

nnorm

n K ds

dV L dV,

^s&gas5
Nreaction

hN19Ne

nAudAu

nd K ds

dV L dV.

Here Nreaction is the number of counts originating from
the 20Na nuclei produced in the reaction under study.h is
the total efficiency of the setup, consisting of the detect
efficiency, the branching of the specific decay mode one
registering and, in the DSSSD and SSNTD setups, the
ciency of transporting the20Na activity to the detectors
Nnorm is the number of scattered~or recoiling! particles reg-
istered in the monitoring Si detector.nnorm is the number
density of target atoms active in this scattering and^ds/dV&
is the scattering cross section averaged over the energy
of the beam in the target and in the direction of the moni
detector which subtends a solid angle ofdV. n is the number
density of target atoms active in the reaction under stu
~protons or deuterons!. N19Ne is the number of beam particle
in thenormalization spectrum that have backscattered on
gold layer on the entrance window of the gas cell.nAu is the
number density of Au atoms in the gold layer anddAu its
depth.d is the length of the gas cell.

The energy loss of the beam in the~deuterated! polyeth-
ylene target is easily deduced from the width of the pro
~deuteron! peak in the normalization spectrum. For the g
target the energy loss is calculated from the length of the
and the gas pressure.

In the case of the (p,g) reaction using a polyethylen
target Nreaction equals the20Na signal S corrected for the
number of counts due to the parasitic (d,n) reaction on natu-
rally abundant~0.015%! deuterium in the CHx targetN1

(d,n) :

Nreaction5S2N1
~d,n! .

The correction is obtained by rescaling the (d,n) reaction
yield that was observed in a run on a CDxH y target over a
similar energy interval and could amount up to over 50%
the 20Na signalS. Using the thin target approximation~i.e.,
constant stopping power! and the Bragg rule for the stoppin
power in a compound@36#, N1

(d,n) is given by

N1
~d,n!5N2

~d,n!
1.531024x1

x2

ēC1~x21y2! ēH

ēC1x1ēH

3

E
D1

dEs~d,n!

E
D2

dEs~d,n!

h1

h2

D1

D2
.

In this expression the subscripts 1 and 2 refer to the run w
the CHx target and with the CDxH y target, respectively.
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N(d,n) is the number of counts from the decay of20Na ions
that have been produced by the19Ne(d,n) reaction.x1 is the
stoichiometric coefficient of the protons in the CHx target;
x2 (y2) that of the deuterons~protons! in the CDxH y target.
The stoichiometry of the targets, which is initially CH2 or
CDxH y with x1y52, was monitored by plotting the proto
and deuteron yields relative to a normalization parame
that was independent of the target stoichiometry, such as
scattered beam particles or theb1 radioactivity of the beam.
ēC and ēH is the stopping power of the beam in MeV
~atoms/cm2) in, respectively, carbon and hydrogen, averag
over the energy loss of the beam in the respective targetD
represents the energy interval covered in the respective
gets. The ratio of the integrals overD was evaluated with the
use of the calculated DWBA (d,n) cross sections~see Sec.
IV !. The error on this ratio that is introduced by neglecting
possible compound nucleus contribution to the (d,n) reac-
tion cross section is believed to be minor.D is the beam
dose, i.e., a measure of the total number of beam parti
incident on the target during the respective run.

Another complication using solid targets arose in t
(d,n) measurements. Zabegaiet al. @37# have measured th
scattering of deuterium on19F, 23Na, and natCl around and
above the Coulomb barrier and have shown that it is in
enced by elastic nuclear potential scattering. At sufficien
low energy and small c.m. angle the Rutherford scatter
dominates. In the case of the19Ne112C scattering in our
experiments the c.m. energy was at most 51% of the C
lomb barrier and the c.m. angle corresponding to the typ
laboratory scattering angle into the monitor detector of 20
only 53°, so that the19Ne112C scattering cross section ca
be assumed to be the Rutherford cross section. Compa
the yields in the monitor detectors of the recoiling deutero
and of the beam particles scattered on the carbon atom
the target, we noticed, after correction for the target stoic
ometry, that the19Ne1d scattering cross section was le
than the value for purely Rutherford scattering by a fac
0.6 (Ec.m.51.8321.70 MeV! and 0.9 (Ec.m.51.8321.26
MeV and 1.3721.19). For the measurements at lower en
gies the deuterium yields were consistent with purely Ru
erford scattering. In the case of polyethylene targ
the 19Ne1p scattering is not purely Rutherford either, but
cross section is well known@12#.

III. THE STRENGTHS OF THE LOW-LYING 20Na
RESONANCES

A. The 448 keV resonance

The data collected by the DSSSD and the SSNTD se
have been presented in Ref.@31#. In the analysis of the
SSNTD data an electronic effect had been overlooked
afflicted the spectra of the time of flight between the arri
of a particle in the monitor detector and the next cyclotr
pulse. When the stop and start signal coming from cons
fraction discriminators overlapped, the time-to-amplitu
convertor~TAC! gave an output in channel 0. In that mann
8.2 ns of the 89.9 ns wide period of alternating voltage of
cyclotron was artificially compressed in channel 0. Now t
correction for dead time and pile up was obtained by me
of pulser:
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with P the number of pulses in the energy spectrum gated
the TAC peak,f 5(2.0360.06) Hz the pulser frequency,t
the total time andB the ratio of the width of the TAC peak
over the total width of the time spectrum. As a conseque
the dead time and pile up correction was 9.8% too low a
the SSNTD results in Ref.@31# should be multiplied by the
factor 1.098, leading to a resonance strength ofvg514211

112

meV ~upper limit 29 meV at 90% confidence level!. Further-
more in the analysis of the DSSSD data the efficiency
transporting the20Na activity was 30.6% instead of 36%
quoted in Ref.@31#. Therefore the DSSSD results in Re
@31# should be multiplied by 1.18~leading to an upper limit
of vg<24 meV at 90% confidence level!. The combination
of both results yields a 90% confidence level upper limit
vg<21 meV.

B. The 661, 797, and 887 keV resonances

The population of the 661, 797, and 887 keV resonan
in the 19Ne(p,g)20Na reaction has been studied using t
STAR-CHx , the STAR-H2 and the SSNTD setup and th
data have been presented in terms of mean cross sec
@32#. In order to make a sensible comparison with theoreti
estimates of resonance strengths we have analyzed the
in terms of resonance strengths. Various combinations of
resonances have been measured~see Table I!. The reaction
yield that was determined for each measurement is a lin
combination of the strengths of the resonances that were
ered in the target. In the thin target approximation, wh
holds down to the percent level, and in the assumption
the resonant capture is the dominant reaction mechanism
has

(
i

lRi

2 Ci~vg! i52^s&DEc.m.. ~1!

The right-hand side of this equation is a measure of the
action yield with ^s& the experimental cross section ave
aged over the energy loss of the beam in the target
DEc.m. the center-of-mass value of this energy loss. The
dex i runs over the resonances.lR is the de Broglie wave-
length at resonance energy.C is the coverage of a resonanc
in the target:

C5E E dxdy
1

p

3S arctan
x2ER

G/2
2arctan

x2y2ER

G/2 D
3G~x,Ein ,DEin!G~y,Eloss,DEloss!. ~2!

ER is the resonance energy andG is the total width.
G(x,m,s) stands for the Gaussian distribution ofx with
meanm and standard deviations. Ein is the center-of-mass
energy of the beam at the entrance of the target andDEin the
energy spread of the cyclotron beam, taken to be 0.6%@38#
and, in the case of the gas target, augmented by the s
gling in the nickel entrance window.Eloss is the center-of-
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TABLE I. Overview of the results of the measurements on the 661, 797, and 887 keV resonances.Cx keV

is the coverage in the target of the resonance atx keV above the proton threshold@see Eq.~2!#.

Method Center-of-mass energy interval C887 keV
a C797 keV

b C661 keV
c 2^s&DEc.m.

covered in the target~MeV! ~104fm2meV!

STAR-H2 0.9220.55 0.70 0.96 1.00 864
STAR-CHx 0.9720.63 0.91 0.96 1.00 50222

120 d

SSNTD 0.9720.62 0.91 0.96 1.00 1369

STAR-CHx 0.9720.71 0.90 0.95 0.00 24218
116 d

SSNTD 0.9720.73 0.89 0.93 0.00 766

STAR-CHx 0.7320.52 0.00 0.00 1.00 2610

aWe usedG535.9 keV@12#.
bWe usedG519.8 keV@12#.
cBoth values for the total width from Table II,G5401 eV andG50.33 eV give the same result.
dAn upper limit on the possible background from reactions on carbon producingb emitters@e.g., 12C(19Ne,
28P!t# has been determined as<13105 fm2 meV for the thick target and<83104 fm2 meV for the thin
target. This has been taken into account as a one-sided negative contribution to the systematic un
@32#.
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mass energy loss of the beam in the target andDEloss is the
energy straggling. Table I gives an overview of our measu
ments in terms of the quantities introduced in Eq.~1!. The
determination of the resonance strengths can be viewe
solving an overdetermined system of linear equations in
resonance strengths. After equilibration of the system
least-squares approximation did not lead to a sensible s
tion, as could have been expected because the proble
badly conditioned in the technical meaning of the wo
Therefore we focused on the group of measurements
which the three resonances had been covered and which
led to a result significantly different from zero@32#. For each
of the three measurements separately~rows 1 to 3 in Table I!
Eq. ~1! was solved as if all the measured strength had b
concentrated on the 887 keV resonance. The weighted m
of the three solutions equals (152653) meV. The same pro
cedure was followed for the 797 keV resonance and for
661 keV resonance yielding values of, respectively, (1
636) and (81629) meV. This analysis leads to the equati
of a plane in the (vg887 keV,vg797 keV,vg661 keV) space
which contains the true resonance strengths, expresse
meV ~Fig. 4!:

vg887 keV

152653
1

vg797 keV

102636
1

vg661 keV

81629
51. ~3!

FIG. 4. Plane in the (vg887 keV,vg797 keV,vg661 keV) space that
contains the true triple of resonance strengths, expressed in m
-

as
e
e

lu-
is

.
in
ad

n
an

e
2

in

As a consequence thesumof the three resonance strength
in meV, must lie between

81629<vg887 keV1vg797 keV1vg661 keV<152653.
~4!

C. Comparison with theoretical estimates

The strength of a20Na resonance for proton capture b
19Ne in its ground state (Jp51/21) is given by

vg5
2Jf11

4

Gp0
Gg

G
, ~5!

with Jf the spin of20Na resonance. The total widthG of each
20Na resonance under consideration is composed of the
tial width for g decay and the partial widths for proton dec
to the ground state (Gp0

) and the first (Gp1
) and second

(Gp2
) excited state in19Ne, respectively, atEx5238 keV

(Jp55/21) andEx5275 keV (Jp51/22):

G5Gg1Gp0
1Gp1

1Gp2
.

Within the two schemes of assignments for the 448, 6
797, and 887 keV resonances that have been proposed, e
by Lammet al. @13# or by Brownet al. @19# ~see Fig. 3!, we
have calculated the resonance strengths in a consistent

Single-particle proton widths were obtained in the fram
work of elastic scattering from a folding potential which
given by @39,40#

V~R!5lE E dr1dr2 ra~r1!rA~r2!veff~E,ra ,rA ,s!,

~6!

wherel is a potential strength parameter close to unity a
s5uR1r22r1u with R denoting the separation of the cente
of mass between projectile and target. The density distri
tionsra andrA of projectile and target can be deduced fro.
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TABLE II. Estimates for the resonance strengths for proton capture on19Neg.s.. Unless stated otherwise
the estimates are based on shell-model calculations~see text!.

ER Jp Gg Gp0
Gp1

Gp2
G vg

~keV! ~meV! ~eV! ~eV! ~eV! ~eV! ~meV!

448 11 @13# 9.3a 0.083b !Gp0

b !Gp0

b 0.092 6
31 @19# 123 0.75 0.95 !Gp0

1.82 89
661 31 @13# 164 14 387 !Gp0

401 10
32 @19# 23 c 0.016 0.275 0.0196 0.33 2

797 11 47 133103 !Gp0
!Gp0

133103 35
887 01 107 353103 !Gp0

!Gp0
353103 27

aTaken from@13#.
bCalculated using the neutron spectroscopic factors of the 3172 keV 11 level in 20F from @43#.
cDeduced from the measured lifetime of the 2865 keV state in20F: (2964) fs @27#.
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measured charge-density distributions@41# or from nuclear
structure models like Hartree-Fock calculations. The eff
tive nucleon-nucleon interactionveff was taken from the
DDM3Y parametrization@40#. The same folding potentia
was used in the calculation of DC reaction rate~Sec. V A!.
The strength parameterl was adjusted to reproduce the r
spective resonance energies.

These single-particle widths were then scaled by spec
scopic factors that were calculated using the shell-mo
code OXBASH @42#. The spectroscopic factors for the 44
keV resonance could not be calculated if the level is cha
terized as a 6p2h intruder state@13#. In that case we relied
on the experimental neutron spectroscopic factors of the
posed mirror in20F @43#.

For g decays proceeding predominantly throughM1 and
E2 transitions we have calculated theg-decay widths within
the shell model, which is expected to yield reliable pred
tions @27#. The g widths are deduced from the electroma
netic transition probabilitiesB(Ji→Jf ,L) which are calcu-
lated from the shell-model wave functions. We use
effective charges andg values obtained in Refs.@44,45#.

In two cases theg decay is dominated byE1 transitions.
For the 448 keV resonance in the 11 assignment of Lamm
et al. we have adopted the estimate from Ref.@13#. For the
661 keV resonance in the 32 assignment of Brownet al., the
g decay width was deduced from the recently measured
time of the proposed mirror state at 2865 keV in20F of
(2964) fs @27#. We corrected for theEg

3 dependence accord
ing to the branchings for the differentg lines, for which we
took the values for the 2865 keV state in20F @27#.

The resulting estimates are presented in Table II. The
culated widths for the 797 and 887 keV resonances ag
with the measured values in the19Ne1p scattering@12# of
(19.862) keV and (35.962) keV, respectively. As for the
resonance strengths, a clearly different estimate for
strength of the lowest resonance appears for aJp511 or for
a Jp531 assignment, 6 and 89 meV, respectively. The s
of the strengths of the 661, 797, and 887 keV resonance
more or less the same in both assignment schemes, 72 a
meV, respectively.

Our 90% confidence upper limit ofvg<21 meV for the
448 keV resonance is well below the estimates for the1

assignment@19# from Table II, whereas it is compatible wit
the estimates for the 11 intruder assignment@13#. Our limits
on the sum of the strengths of the three highest resona
-
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@see Eq. ~4!# are consistent with the estimates in bo
schemes of assignments, although the estimates appear
on the low side compared to our data.

IV. THE DWBA ANALYSIS OF THE 19Ne„d,n… 20Na
EXCITATION FUNCTION

We have probed the19Ne(d,n)20Na excitation function
over a center-of-mass energy range from 0.63 to 1.84 M
in various measurements using the different experime
setups@31,32#. In that way up to the fourth excited leve
in 20Na was populated~see Fig. 3!. The data, represented i
Fig. 6, are in good agreement with each other.

In order to extract information on the spectroscopic fa
tors of the bound states that were populated in our meas
ments, we have performed a DWBA analysis of the expe
mental excitation curve. In the DWBA formalism th
differential cross section of a transfer reactiona1A→b
1B is given by

ds

dV
5

maAmbB

~2p\!2

kb

ka

1

~2Ja11!~2JA11!

3 (
MaMAMbMB

uT~kakb!u2. ~7!

In this equationmaA , mbB , ka andkb represent the reduce
masses and the wave numbers in the entrance and exit c
nel, respectively. The transition amplitude is defined as

T~ka ,kb!5E E dRdrx2* ~kb ,rbB!

3^cbcBuVucacA&x1~ka ,raA!. ~8!

The wave functionsca , cA , cb , and cB are the internal
wave functions of the respective nuclei.

In a stripping reaction the nucleon groupx is transferred
from the projectilea to the nucleusA to form the final
nucleusB. In that case the integration has to be perform
over the center-of-mass coordinatesR of the nucleon groupx
and the relative coordinatesr between the groupx and ejec-
tile b.

The optical wave functionsx1 andx2 are obtained from
the optical potential which can be a Woods-Saxon poten
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or a folding potential. The proper choice of the optical p
tential is a very important point in the DWBA calculation.

In order to determine the deuterium potential in the e
trance channel19Ne1d, we first investigated the mirror re
action 19F(d,p) 20F. This reaction has been measured a
calculated by several authors. At low deuteron energies
was done in Refs.@46–48#. It was found that many of the
final states are predominantly populated via a compo
nucleus formation. The spectroscopic factors to most fi
states are very small which suppresses the direct mechan
However, for the first excited state in20F, the 31 state at 656
keV, the spectroscopic factor is high and the stripping re
tion proceeds clearly in the direct mechanism. The ang
distribution of this transition was reproduced nicely in t
previous calculations@46–48#. The transition to this state
accounts for about 60% of the observed overall popula
up to the fifth excited20F state. The latter is the mirror of th
highest lying level in20Na that had been populated in o
19Ne(d,n)20Na experiments~see Fig. 3!.

In our DWBA analysis of the19F(d,p) 20F angular distri-
butions of Refs.@46–48# the best results were obtained wi
a Woods-Saxon potential in the entrance channel having
following parameters:VR598 MeV, r R51.0 fm,aR50.8 fm
for the real part andWS512 MeV, r S51.37 fm,aS50.7 fm
for the imaginary surface part. This potential is almost ide
tical with the potential of Ref.@47#. In the exit channel we
used the same folding potential as for the19Ne(d,n)20Na
reaction. This potential will be discussed later. The bou
state potential is a real Woods-Saxon potential withr R
51.07 fm andaR50.74 fm. The potential depth is adjuste
to give the correct binding energy.

With these potentials we were able to reproduce the lo
energy differential cross section for the transition to the fi
excited state in the19F(d,p) 20F reaction. In Fig. 5 the dif-
ferential cross section of19F(d,p) 20F1ex at an incident en-
ergy of Ed53.0 MeV is displayed. Our DWBA calculation
using the shell-model spectroscopic factor of 0.63, is co
pared with the measured cross section of Laribiet al. @48#.
Besides this we also found good agreement with the res

FIG. 5. Differential cross section for the19F(d,p) 20F1ex reac-
tion at 3.0 MeV deuteron energy. Our DWBA calculation, using t
shell-model spectroscopic factor of 0.63 for the first excited stat
20F, is compared with the experimental data of Laribiet al. @48#.
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of Ref. @47# for the transition to the first excited state. Due
the compound character of the transitions to the other st
the angular distributions could not be reproduced. We c
cluded that the same deuteron potential could be use
obtain the direct contribution of the reaction19Ne(d,n)20Na.

In the exit channel20Na1n we used a folding potential
Since no neutron-scattering data of20Na are available we
used the thermal scattering cross section of23Na to deter-
mine the potential depth@49#. We assumed that the volum
integral per nucleon for neutron scattering is approximat
constant for an isotope chain. With this assumption we
tained the strength parameterl for 20Na from the optical
potential of 23Na.

The bound state potential in20Na that we used in the
analysis of the19Ne(d,n)20Na data was a Coulomb potentia
with r C51.2 fm and a real Woods-Saxon potential withr R
51.07 fm andaR50.74 fm. The depth of the latter wa
adjusted to reproduce the respective binding energies.

Having determined the potentials we calculated
DWBA cross section to the bound states of20Na that had
been populated in our experiments. Since it is not possibl
extract unambiguously the respective spectroscopic fac
from a DWBA fit to the experimental excitation curve, w
had to rely either on neutron spectroscopic factors of
mirror states in20F or on the shell-model values@42#. Sev-
eral authors have deduced neutron spectroscopic factors
the 19F(d,p) 20F reaction. Laribiet al. @48# obtained a spec-
troscopic factor of 0.68 for the transition to the first excit
state. Comsanet al. @47# give two values, averaged over di
ferent incident energies, depending on the choice of po
tial: 0.5760.05 and 0.6860.12. The shell-model calculatio
gives a spectroscopic factor of 0.63 in agreement with th
results~see also Fig. 5!. The data of Fortuneet al. @43# ob-
tained at higher deuteron energy, have also been reprod
with our DWBA calculation revealing a spectroscopic fact
of 0.50. In our calculation of the19Ne(d,n)20Na excitation
function we therefore used the shell-model spectrosco
factors.

The transition to the first excited 31 state at 606 keV
contributes 90% of the overall direct cross section for tra
sitions up to the fourth excited state. In Fig. 6 the DWB
total cross section is compared with the experimental d
Also shown is the DWBA cross section multiplied with a
overall scaling factor of 1.25, which resulted from a fit of th
calculated DWBA cross section averaged over the exp
mental energy intervals to the data. This scaling factor can
explained by the probable contributions of compou
nucleus~CN! reactions. We assume that, like in the anal
reaction 19F(d,p) 20F, the transition to the other states
dominated by the CN mechanism.

We conclude that the most important contribution to t
cross section of the reaction19Ne(d,n)20Na is the direct
transition to the first excited state (' 70%!, while the direct
reaction to the other states amounts to strictly less than 1
of the total cross section. The remaining contributions
transitions to the other states by a CN mechanism. Follow
this argumentation we do not renormalize the spectrosco
factors in order to achieve the best possible agreement
the experiment. We will use the same shell-model spec
scopic factors for the capture reaction in the following pa
graph.

in
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V. THE 19Ne„p,g…

20Na ASTROPHYSICAL REACTION
RATE

From our measurements, limits for the19Ne(p,g)20Na as-
trophysical reaction rate with19Ne in its ground state can b
deduced.

A. The direct capture rate

We calculate the direct capture cross sections for tra
tions to all bound states of20Na. The total direct cross sec
tion is then given by the sum over all transitions, weight
by the spectroscopic factors:

s tot
DC5(

i
~C2S! is i

DC. ~9!

In general, only E1 transitions have to be considered.
The potential in the entrance channel is a folding pot

tial. Since no experimental data are available to adjust
strength parameterl, we chose the thermal neutron
scattering cross section of19F @49# to determine the potentia
depth. Hereby we assume that the volume integral
nucleon of the optical potential of19F1n is the same as
for 19Ne1p. The bound state potential is the same foldi
potential but with the depth adjusted to reproduce the res
tive proton binding energies.

With a shell-model spectroscopic factor of 0.63 the ca
ture to the first excited state contributes more than 60%
the direct capture cross section. The transition to the mi
of the 2044 keV 21 state in 20F, which we assumed to b
contained in theJp52(6) level in 20Na at 1841 keV excita-
tion energy~see Fig. 3!, makes up approximately 25% of th
direct capture since the spectroscopic factor of this stat
quite high~0.73!.

The astrophysicalS factor for the total direct capture re
action can be parametrized as

SDC~E!51.002510.2288E10.0688E2 ~keV b!. ~10!

FIG. 6. 19Ne(d,n) 20Na excitation function measured with th
different setups. The horizontal bars represent the energy inte
that were covered in the respective measurements. The da
curve is our DWBA calculation using the shell-model~S.M.! values
of the spectroscopic factors of the states in20Na that were popu-
lated. The full curve is the DWBA excitation function after fittin
an overall multiplication factor of 1.25.
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With this S factor we evaluate the direct capture part of t
reaction rate as

NA^sv&DC51.723107T9
22/3$110.021 5T9

1/310.127T9
2/3

10.019 1T910.021 3T9
4/310.008 14T9

5/3%

3exp~219.386T9
21/3!~cm3 s21 mol21!.

~11!

Compared to the direct capture rate calculated by Langa
et al. @29# our rate is one order of magnitude larger. Th
difference is partly explained by the fact that Langanke u
the spectroscopic factors of Ref.@43# which are smaller by a
factor of 2. Moreover he did not include the strongp→d
wave component in the direct capture of the first exci
state at 0.606 MeV~31) in 20Na. This transition carries the
dominant fraction of the total cross section because of
large spectroscopic factor of the final state. The present
rect capture rate is therefore larger by about a factor o
compared to the previous estimate@29#.

The calculated DC cross section can be used to extrac
DC cross section averaged over the energy intervals that
been covered in our (p,g) measurements. In the experimen
in which the 661, 797, and 887 keV resonances have b
covered, the average DC cross section is 33 nb, indica
that our measured cross section, (1.660.7) mb @32#, is
clearly of resonant origin. The average DC cross section
our measurements of the 448 keV resonance is calculate
be 2.7 nb.

B. The resonant reaction rate

Both upper and lower limits on the resonant reaction r
have been deduced using the narrow resonance formalism
which the reaction rate for a single resonance is given b

NA^sv&R5NAS 2p

mkTD 3/2

\2vgexp~2ER /kT!. ~12!

The reaction rate for several narrow resonances is the su
the respective rates.

The upper limit for the strength of the 448 keV resonan
gives an upper limit on its contribution to the reaction ra
The upper and lower limit on thesumof the contributions
from the 661, 797, and 887 keV resonances is obtained
follows. Three fictitious rates were calculated as if all t
strength was concentrated in one of the three resonance
ing as a value for the resonance strength the intersectio
the plane given by Eq.~3! and the respective axis in th
(vg887 keV,vg797 keV,vg661 keV) space: 152, 102, 81 meV
respectively,~see Fig. 4!. Because thesumof the contribu-
tions from the 661, 797, and 887 keV resonances to
reaction rate is a linear function of the reaction strengths
because the reaction strengths are constrained by a li
relation, Eq.~3!, the true value of this sum always lies b
tween the lowest and highest one of these three fictiti
curves. In that way belowT54.13109 K the upper limit on
the sumof reaction rates due to the three resonances un
consideration is given by the reaction rate for the 661 k
resonance with a~fictitious! strength of 81 meV. BelowT
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2720 57G. VANCRAEYNESTet al.
52.63109 K the lower limit is given by the reaction rate fo
the 887 keV resonance using a~fictitious! strength of 152
meV.

In the case of the 797 or 887 keV resonance the nar
resonance formalism is not valid belowT553108 K. The
integral ofsv over the Maxwell-Boltzmann velocity distri
bution is dominated by the Gamow peak situated at the
energy side of the resonance and not by the resonance i
As a consequence the approximation on which Eq.~12! is
based, is not valid any more and the integral over the ve
ity distribution has to be evaluated explicitly. However,
the low-temperature domain upper and lower limits of t
total reaction rate are dominated by the DC and the nar
448 keV resonance~see Fig. 7!, so that this consideration i
not relevant in the evaluation of thetotal reaction rate.

C. The total reaction rate

The broad resonances at 797 and 887 keV above
threshold do not mutually interfere as they have a differ
spin @50#. Focusing onE1 transitions in the DC model, in
terference of theses-wave resonances and the direct capt
requires ans→p transition. A few bound states in20Na with
p-wave character exist, but the DC population of these ne
tive parity states is small due to their small spectrosco
factor. Interference of the direct capture with the 797 a
887 keV resonances we therefore believe to be negligi
Interference effects involving the 448 and 661 keV re
nances, if possible, are negligible due to their narrow widt
Therefore the total reaction rate is merely the sum of
resonant and DC components.

The lower limit on the total reaction rate is obtained
making the sum of the DC rate and the lower limit on t
sum of the contributions from the 661, 797, and 887 k
resonances. This approach corresponds to putting the lo
limit on strength of the 448 keV resonance to zero. T
upper limit on the total rate is the sum of the DC rate and
upper limit on the resonant rate. The latter in its turn is
sum of the upper limits on the contribution of the 448 ke
resonance and on the sum of the contributions from the th
higher resonances. The limits on the total reaction rate, i
cated by thick lines, are displayed in Fig. 7, together with

FIG. 7. The astrophysical reaction rate for th
19Neg.s.(p,g) 20Na reaction resulting from our work. The limits o
the total reaction rate are indicated by thick lines. In dashed li
the separate component reaction rates are shown~see text!.
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separate component reaction rates.
The reaction rate in Fig. 7 is based on our experimen

results and is therefore valid for the case of all19Ne nuclei
being in the ground state. The20Na resonances that we hav
considered could also be populated from the first and sec
excited states in19Ne at 238 and 275 keV excitation energ

The time scale of the photoexcitation–de-excitation p
cess in the hot photon bath in the star is, except for lo
lived isomeric states, much shorter than the hydrodynam
time scale of the astrophysical process, even in explos
conditions@51#. The fractionPj of 19Ne nuclei in thej th
excited state at excitation energyExj

can then be calculated
under the assumption of thermal equilibrium and is given

Pj5
~2Jj11!exp~2Exj

/kT!

Z
~13!

with Z the partition function:

Z5(
i

~2Jj11!exp~2Exj
/kT!.

The reaction rate is then a weighted sum over the contr
tions due to the different excited states of19Ne, ^sv& j :

NA^^sv&&5(
j

PjNA^sv& j . ~14!

In the narrow resonance approximation the resonant re
tion rate with 19Ne in its j th excited state is given by

NA^sv&Rj
5NA^sv&R0

2J011

2Jj11

Gpj

Gp0

exp~1Exj
/kT!.

NA^sv&R0
is the resonant reaction rate with19Ne in its

ground state, given by Eq.~12! with vg the resonance
strength for proton capture by19Ne in its ground state@Eq.
~5!#. The summation in Eq.~14! only runs up to the second
excited state in19Ne, because the third excited state is si
ated at 1508 keV excitation energy. The resonant19Ne(p,g)
reaction rate in the narrow resonance formalism then
comes

NA^^sv&&R5NA^sv&R0

2J011

Z S 11
Gp1

Gp0

1
Gp2

Gp0

D .

The Boltzmann factors exp(2Exj
/kT) have canceled out. So

at high enough temperatures for the narrow resonance
malism to hold, the only temperature dependence of the
fect of the excited states in the entrance channel is the w
influence of the quantity (2J011)/Z. The effect of the ther-
mal population of the excited states is important if the par
proton widths to these states are substantial, relative to
partial proton width for decay to the ground state. The sh
model estimates of Table II show that this could be the c
especially for the 661 keV resonance and this would im
an enhancement of its contribution to the reaction rate
ready from temperatures of 43108 K on.
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VI. ASTROPHYSICAL IMPLICATIONS

In order to assess the implications of the19Ne(p,g) reac-
tion rate one has to compare with the preceding step
the 15O(a,g) 19Ne(p,g) reaction sequence. More precise
the respective regions in a~density,temperature!-phase dia-
gram in which each reaction is faster than the decay of
nucleus in the entrance channel have to be delineated
compared:

l reaction>ldecay.

l reaction,decayare called destruction rates and are given by

l reaction5
X

A
rNA^sv&,

ldecay5
ln2

T1/2
.

HereX is the mass fraction of the captured isotope andA its
mass in atomic mass units. We assumed solar mass frac
for hydrogen and helium:XH50.71 andXHe50.27@52#. r is
the mass density of the stellar plasma. In the evaluation
the 15O(a,g) 19Ne rate we considered resonances withl<3:
at 504 keV @vg5(2063)m eV @9##, 850 keV
@vg5(1168) meV @10##, 1020 keV@vg5(6.363.5) meV
@10##, 1071 keV@vg5(187648) meV@10##, and 1183 keV
@vg5(113617) meV @53##. The resonance strengths fro
Ref. @10# are deduced from theGa /G ratios from Ref.@53#.
Therefore we adopted the relative errors from Ref.@53#. The
DC rate is taken from Ref.@29#, but is only important below
13108 K. The division between reaction-dominated~higher
temperature and density! and decay-dominated regions is i
dicated for both reactions in the phase diagram of Fig
Also indicated are typical values for density and temperat
of various astrophysical sites that have been proposed a
cations of explosive hydrogen burning@1–3#.

At first sight one would conclude that the15O(a,g) 19Ne
reaction clearly is the bottleneck for the breakout from
hot CNO cycle into therp process. However, as theQ value
of the 19Ne(p,g) is only 2.195 MeV the photodisintegratio
of the produced20Na nuclei will be considerable at hig
temperatures and may impede and eventually stop the
of nuclear matter to higher masses. Due to the higheQ
value of 3.53 MeV of the15O(a,g) 19Ne reaction the first
step in the15O(a,g) 19Ne(p,g) 20Na sequence will be much
less exposed to effects of photodisintegration of19Ne.

The destruction rate of the20Na nuclei by photodisinte-
gration follows from the principle of detailed balance@54#:

l20Na~g,p!5
2Z19Ne

Z20Na

S m19Ne
mpkT

m20Na
2p\2D 3/2

^sv&19Ne~p,g!
exp~2Q/kT!.

For a density of 0.713104 g/cm3 the destruction rate o
20Na by photodisintegration equals the destruction rate
19Ne by proton capture already at 1.73109 K.

Ideally, if the 20Na nuclei were only destroyed by photo
disintegration, for each temperature and density a (p,g)-
(g,p) equilibrium would be achieved that would be reflect
in the ratio of the respective abundances:
in

e
nd

ns

of

.
e
lo-

e

w

f

Y20Na

Y19Ne

5
l19Ne~p,g!

l20Na~g,p!

. ~15!

In reality the 20Na nuclei are also consumed byb1 decay
and by proton capture leading to21Mg. Then the (p,g)-
(g,p) equilibrium of Eq.~15! will be established if the pho-
todisintegration is sufficiently rapid:

l20Na~g,p!
>l20Na~p,g!

1l20Na~b1n!
. ~16!

The region of the phase diagram in which this condition
fulfilled is presented in Fig. 2 as a gray area. The dark g
band indicates the uncertainty due to the uncertainty
our 19Ne(p,g) 20Na reaction rate. The20Na(p,g) 21Mg reac-
tion rate was calculated according to Ref.@55#.

In equilibrium conditions the destruction of the20Na nu-
clei by decay or proton capture acts through the (p,g)-(g,p)
equilibrium of Eq.~15! on the 19Ne nuclei and leads to an
effective destruction rate of19Ne nuclei to higher masse
l

19Ne

eff @3#:

~l20Na~p,g!
1l20Na~b1n!

!Y20Na

5S l20Na~p,g!
1l20Na~bn!

Y20Na

Y19Ne

Y19Na

5l20Na~b1n!D l19Ne~p,g!

l20Na~g,p!

Y19Ne

[l19Ne

eff Y19Ne
. ~17!

If the effective destruction of the19Ne nuclei to higher
masses is slower than itsb1 decay, then the nuclear matte
flow to therp-process region will be impeded. So19Ne will
act as a waiting point if the following condition is fulfilled

l19Ne~b1n!>l19Ne

eff .

The region in the phase diagram where19Ne is a waiting
point due to the photodisintegration of20Na is delineated by
a full line in Fig. 2. In order to check the sensitivity to th
precise value of the20Na(p,g) 21Mg reaction rate we did the
calculation taking into account only theb1 decay of20Na in
the evaluation ofl19Ne

eff @Eq. ~17!#. The resulting region is

delineated by a dashed line in Fig. 2. We conclude that
realistic densities and temperatures the photodisintegra
will not hinder the transition from the CNO cycle to therp
process.

VII. CONCLUSIONS

The population of the lowest resonances in20Na has been
studied in the measurement of the19Ne(p,g) 20Na reaction
using radioactive19Ne beams and with the help of thre
different detection setups. Limits on the resonance stren
have been deduced and compared with theoretical estim
which we have consistently calculated in the framework
the shell model. Both upper and lower limits on the reson
component of the19Neg.s.(p,g) 20Na reaction rate have bee
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deduced on the basis of our experimental results.
We have also measured the19Ne(d,n) 20Na excitation

curve between 0.6 and 1.8 MeV in the center-of-mass fra
The subsequent DWBA analysis using shell-model spec
scopic factors and the comparison with the19F(d,p) 20F re-
action indicate that the difference between calculated
observed cross section would be due to contributions fr
the compound nucleus mechanism. We have calculated
DC rate of the19Neg.s.(p,g) 20Na reaction in the framework
of a potential model and scaled by the shell-model value
the spectroscopic factors.

The astrophysical implications of the resulting total ast
physical reaction rate have been investigated. The condit
for the breakout from the hot CNO cycle to therp process
will be determined by the preceding15O(a,g) 19Ne reaction.
The photodisintegration of20Na will not hinder the breakout
ar

.
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.

ett

J

.

rr

.

e.
o-

d
m
he

of
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ns

In view of this conclusion it is worthwhile to determine th
15O(a,g) 19Ne reaction rate in a direct experimental way.

ACKNOWLEDGMENTS

The authors thank the cyclotron crew at Louvain-
Neuve for efficiently running the RIB facility and Dr. H
Vanmarcke and P. Willeborts for etching the SSNTD’s at t
SCK, Mol, Belgium. F.B., P.L., and J.V. acknowledg
FNRS, Belgium. G.V. acknowledges NFWO, Belgium
M.G. acknowledges the Belgian IWT. This text presents
research results of the Belgian program on Interuniver
Poles of Attraction, initiated by the Belgian state, Fede
Services of Scientific, Technical and Cultural Affairs an
was also supported by the UK EPSRC. H.H. and H.O. tha
the Fonds zur Fo¨rderung der Wissenschaftlichen Forschu
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