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Breakout from the hot CNO cycle via the 18Ne„a,p…21Na reaction
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The reaction18Ne(a,p)21Na, of importance to nuclear astrophysics, has been studied directly using the
postaccelerated radioactive18Ne beam available at Louvain-la-Neuve and a gaseous helium target. This study
covered the energy region from 2.04 to 3.01 MeV in the center of mass, and identified various levels in the
compound nucleus22Mg. The stellar reaction rate due to these states has been deduced. The experimental rate
shows good agreement with theoretical predictions@J. Görres, M. Wiescher, and F. K. Thielemann, Phys. Rev.
C 51, 392 ~1995!# above 2.5 GK.@S0556-2813~99!02906-4#

PACS number~s!: 97.10.Cv, 25.60.Je, 26.50.1x, 27.30.1t
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I. MOTIVATION

Explosive hydrogen burning is thought to be the ma
source of energy generation in novae and x-ray bursters,
also provides an important route for nucleosynthesis of m
terial up to masses as high as the mass 100 region via th
process@1#. Up to a temperature ofT;0.2 GK the burning
with carbon takes place through the series of reactions,

12C~p,g!13N~p,g!14O~b1!14N~p,g!15O~b1!15N~p,a!12C

known as the hot CNO cycle. At higher temperatures,T
;0.4 GK, the14O waiting point is bypassed by the series
reactions

14O~a,p!17F~p,g!18Ne~b1!18F~p,a!15O

with an increase in energy production. At still higher tem
peratures break-out from the cycle becomes possible.

The main reaction which determines the leak rate
15O(a,g)19Ne @2#. However, in higher temperature situ
tions it may be that other reactions provide alternative le
out routes. In particular the reactions18Ne(a,p) 21Na and
18Ne(2p,g)20Mg have been suggested as possible can
dates, although for the 2p reaction abnormally high densitie
would be required@3#.

Any 19Ne or 21Na formed by these reactions acts as
seed for the rp process, where a series of charged par
reactions andb decays give mass flow to higher mass valu
Thus the role of each possible breakout mechanism du
such an event is vital in understanding the nucleosynth
that would take place.
PRC 590556-2813/99/59~6!/3402~8!/$15.00
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For the reaction18Ne(a,p)21Na no experimental informa
tion is available on the reaction strength. Indeed there
limited information concerning even the position of states
the compound system22Mg at and above thea particle
threshold energy of 8.14 MeV. Estimates of the stellar re
tion rate have been published by Go¨rres and Wiescher@3#.
As only two states in22Mg were known, atEx58.29 MeV
and Ex58.55 MeV, the rate was estimated from the lev
properties of the mirror nucleus22Ne @4# and from results
obtained on the reaction20Ne(3He,n) 22Mg @5#. A Hauser-
Feshbach calculation using the codeSMOKER was also used
to help predict the stellar reaction rate. It is difficult to d
termine the uncertainty of these calculations since they
very sensitive to the parameters of isolated resonances; th
fore for such reactions direct measurements, if possible,
very important.

The Radioactive Ion Beam~RIB! facility at Louvain-la-
Neuve has developed a post accelerated18Ne beam. We re-
port here some first results of a direct measurement of
reaction 18Ne(a,p)21Na, in inverse kinematics, using th
18Ne beam in conjunction with a gaseous helium target.

II. EXPERIMENTAL TECHNIQUE

The 18Ne beam in the 31 charge state and with an energ
of 30 MeV had a typical intensity of 53105 pps during this
experiment. Data was collected over a four day period.

Details of the detectors, the scattering chamber and
analysis method developed for investigating (a,p) reactions
with a radioactive beam and extended gas target are
sented in Ref.@6#, which describes the investigation of th
13N(a,p) 16O reaction, which was used to test the feasibil
3402 ©1999 The American Physical Society
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PRC 59 3403BREAKOUT FROM THE HOT CNO CYCLE VIA THE . . .
of this method. The13N(a,p)16O reaction was chosen as th
cross section was calculable from previous work on the
verse reaction16O(p,a)13N @7–9#. This 13N(a,p)16O inves-
tigation showed that anvg value could be extracted with a
accuracy of about 30% using this technique.

For the present investigation, the experimental method
scribed in Ref.@6# was modified to allow a larger energ
scan in the center of mass system, c.m., of18Ne1a. This
was done by using a thick nickel entrance window
2 mg/cm2 ~Fig. 1! and a beam energy of 30 MeV. The bea
energy in the laboratory, the LAB energy, upon entering
gas target was;16.3 MeV. With the 2 mg nickel window
the helium gas target was contained at a pressure of
mbar, giving an energy loss through the gas
;1.3 MeV/cm. Data was collected with the detector syst
at two positions, giving an energy scan in the c.m. of 2.0
3.01 MeV for the first position, and an energy scan of 2.3
3.01 MeV for the second position.

III. RESULTS

A. Experimental data

The protons were identified using aDE-E technique with
the energy from the front detector, D1, supplying theDE and
the energy from the rear detectors, D2 and D3, supplying
E. The DE-E spectrum is shown in Fig. 2. It was know
from the previous experiment that background protons wo
be seen due to the elastic scattering of protons from w
vapor on the surfaces of all foils. Therefore, equal time w
spent running with the gas target chamber under vacuum
filled with the helium gas, so as to properly understand
background and to allow background removal.

FIG. 1. A schematic view of the scattering chamber and de
tors used. The detectors D1, D2, and D3 are double sided sil
strip detectors of thicknesses 63mm, 300 mm, and 500mm, re-
spectively, and allow the reconstruction of trajectory for proto
The detectors D4 are surface barrier detectors used for the nor
ization of the beam current. The foil F1 was a thin carbon foil
beam diagnostics, F2 a gold foil of thickness 200mg/cm2 used for
normalization of the beam current, F3 a nickel window of thickne
2 mg/cm2 with a gold flash of 35mg/cm2 to contain the helium
gas target, and F4 a nickel foil of thickness 5.8 mg/cm2 to stop
beam particles from damaging the silicon detectors.
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The detector system allowed the trajectory and energ
be reconstructed for each proton event as explained in
@6#. The proton energy spectrum obtained with the tar
volume filled with helium gas and an energy scan fro
2.04–3.01 MeV, along with the background spectrum o
tained with no gas in the target volume is shown in Fig.
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.
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FIG. 2. TheDE-E energy spectrum, with detector D1 as theDE
and detectors D2 and D3 as theE, was used to gate on proto
events for further analysis.

FIG. 3. Proton energy spectra for the target volume filled w
helium gas, gas in, and for the target volume evacuated, gas
The protons seen with no gas target are mainly due to the ela
scattering of protons from H2O molecules on the surfaces of foil
F2, F3, and F4.
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3404 PRC 59W. BRADFIELD-SMITH et al.
The background spectrum, with gas out, has been norma
to allow direct comparison with the spectrum obtained w
gas in @6#. These energy spectra are for proton events
have had their energies corrected for energy losses in
nickel foil ~F4 in Fig. 1!, in the dead layers on detecto
surfaces and in the gas. The proton energy spectrum
background removal is shown in two parts, in Figs. 4 and
which show at least six proton groups above the backgro
in the energy regions marked B,D,E,F,G and H, these pro
groups are labeled 1–6. Energy region A shows large fl
tuations due to the background removal itself; the pro
background in this energy region is significantly altered
the removal of the gas target, allowing no comparison to
made between gas in and gas out in this region. As the ta
thickness for the contaminants responsible for the ba
ground is not known, and may well change with time,
conclusions may be reached on the presence of the s
peak seen in energy region C, which is strongly influenc
by the background peak. A yield for each of the six prot
groups was extracted, after the subtraction of the backgro
had taken place.

The resolution of the proton groups seen in these spe
is roughly 400 keV. This width is due mainly to the larg
angular range covered by the proton telescope~0–33 de-
grees! and the width of the resonance. If the reaction mec
nism is known, i.e., the level fed in the residual nucle
21Na, then it is possible to correct these proton peaks for
angular spread, as will be shown later. The straggling
proton energy due to energy losses is;50 keV and is neg-
ligible compared to these effects.

Each proton group was selected for further analysis us
an energy window. The c.m. energy in the18Ne1a was then
reconstructed assuming that reactions could take place to

FIG. 4. Proton energy spectrum after background removal fr
2–6 MeV. The energy regions of interest are marked by letters
peaks identified with confidence above the background are n
bered.
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ground state and the first six known excited states@10# ~at
energies of 0.332 MeV, 1.716 MeV, 2.425 MeV, 2.79
MeV, 2.829 MeV and 3.544 MeV! of the residual nucleus
21Na. For a possible level assignment in the residual nucl
to be made for a proton group, the resulting reconstruc
c.m. energy must lie within the energy range scanned exp
mentally, that is 2.04–3.01 MeV. Due to the experimen
geometry such a level assignment is not necessarily un
and more than one possibility may exist. All reconstruct
beam energy spectra seen hereafter were corrected fo
change in efficiency through the extended gas target, to g
a renormalized yield over 100 keV bins. This efficien
function was calculated using Monte Carlo techniques@6#.

For proton group 1 there were four possible level assi
ments that could be made; these are to the levels at 2.
2.798, 2.829 and 3.544 MeV in the residual nucleus21Na
~see Fig. 6!. It can be seen that the energy resolution is be
than indicated in the proton spectrum, since a kinematic c
rection for angle has effectively been made in Fig. 6. It
interesting to note that the 3.544 MeV state of the resid
nucleus21Na decays by proton emission to the ground st
of 20Ne with a branching ratio of;100% @10#. This decay
proton has an energy of;1.0 MeV in the c.m. of 21Na
which would correspond to an energy of;3 MeV in the
LAB frame. If the reaction 18Ne(a,p)21Na were indeed
feeding the 3.544 MeV level then we would expect to o
serve a coincidence between the proton from the reaction
the subsequent decay proton. In Fig. 7 we show a 2D pro
energy spectrum for two proton coincidence events. In t
spectrum, we can see a small number of coincidence ev
in the correct energy region, possibly due to protons or
nating from the reaction18Ne(a,p)21Na leading to the 3.544
MeV state with an energy of;4 MeV, in coincidence with

d
-

FIG. 5. Proton energy spectrum after background removal fr
6–10 MeV. The energy regions of interest are marked by letters
peaks identified with confidence above the background are n
bered.
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PRC 59 3405BREAKOUT FROM THE HOT CNO CYCLE VIA THE . . .
protons with an energy of;3 MeV originating from the
subsequent decay of the residual nucleus21Na. A Monte
Carlo simulation of the reaction to the 3.544 MeV lev
followed by the subsequent proton decay, gives a value
the fraction of 2 proton coincidence events to single eve

FIG. 6. Reconstructed c.m. beam energy spectra for pro
group 1 assuming transitions to excited states of21Na at 2.425 MeV
~a!, 2.798 MeV~b!, 2.829 MeV~c!, and 3.544 MeV~d!. The dashed
lines are Lorentzian fits to the data.

FIG. 7. Two proton coincidence spectrum. All points plott
correspond to two proton events, selected usingDE-E information.
For every two proton coincidence event the highest proton energ
plotted as energy1 in this figure.
or
ts

of 0.07560.01. The experimental fraction is 0.0960.02.
Within these errors, it is then possible to conclude that
most likely level assignment for proton group 1 is to t
3.544 MeV state. This Monte Carlo simulation also show
that the decay protons would not give a yield in the ga
region B, and in fact these events lie in region A, which
dominated by the background proton events. For an estim
of the random coincidence rate for two protons from t
reaction 18Ne(a,p)21Na for the more intense proton pea
~seen in Fig. 3 at an energy of;6 MeV), a rough calcula-
tion shows that we would expect to see 1 random coin
dence event every 10 days. We in fact observe one even
this energy region over two days so this event is consis
with a random coincidence~Fig. 7!.

For proton group 2 there are two possibilities@shown in
Figs. 8~a! and 8~b!#. For groups 3 and 6 only one level a
signment was possible~also shown in Fig. 8!. For proton
groups 4 and 5 there were two possible levels that could
accessed in the residual nucleus~see Fig. 9!. A Lorentzian fit
to each of these beam energy spectra of Figs. 6, 8 an
allows the resonance parameters to be found for each
sible assignment~see Table I!.

B. Resonance levels and strengths

In the cases where only one possible level assignm
may be made, definite information may be deduced on
energy of the corresponding level in22Mg. From the beam
energy spectra for proton groups 1 and 6 we can iden

n

is

FIG. 8. Reconstructed c.m. beam energy spectra for pro
group 2 assuming transitions to excited states of21Na at 1.716 MeV
~a! and 2.425 MeV~b!. Proton group 3 is reconstructed assumi
that the 1.716 MeV level is accessed and proton group 6 assum
a ground state transition. The dashed lines are Lorentzian fits to
data.
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3406 PRC 59W. BRADFIELD-SMITH et al.
with certainty the presence of two levels in the compou
nucleus22 Mg, at 10.99 MeV and 11.13 MeV, respectivel

When, however, there are two possible level assignme
as for groups 2, 4 and 5, then no definite statement abou
level structure of22Mg may be made. For group 2 the tra
sition could be through levels of22Mg at 10.58 or at 11.05
MeV. For group 4 through levels at 10.6, corresponding
the 10.58 MeV level already identified, or 10.82 MeV. F
group 5 through levels at 10.91 or 11.13 MeV, correspo

FIG. 9. For proton groups 4 and 5 there are two possible le
assignments. The graphs marked 4~a! and 5~a! show the beam en
ergy spectra for groups 4 and 5 for a transition to the ground sta
the residual nucleus, and the graphs marked 4~b! and 5~b! show the
beam energy spectra of proton groups 4 and 5 for a transition to
first excited state of21Na at 332 keV.

TABLE I. Resonance parameters extracted from the beam
ergy spectra seen in Figs. 6, 8, and 9.

Level assignment ER G

Proton group in21Na (MeV) ~MeV! ~keV!

1 3.544 2.8560.05 310663
2 1.716 2.4460.05 195618

2.425 2.91360.05 195618

3 1.716 2.861.0

4 g.s. 2.4660.06 3006100
0.332 2.6860.06 3006100

5 g.s. 2.7760.05 218630
0.332 2.9660.05 218630

6 g.s. 2.9960.06 210650
d

ts,
he

o

-

ing to the 11.13 MeV level observed from proton group
No conclusions may be reached based upon proton grou
due to the low statistics and large errors in the fit to obt
the resonance parameters. The possible level structure in
compound system, due to all possible level assignment
shown in Table II.

The low statistics and the limited angular range are s
that no reliable fits can be made to the data to extract
angular momentum in the exit channel from the proton
gular distribution. Thus nothing definite may be said abo
spins of the observed states. However, as anl 50 transition
is more likely than anl 52 transition due to the increase
height of the barrier, anl 50 transition has been assumed f
all the proton groups seen experimentally. With this assum
tion, it is possible to evaluate the most likely spins of t
natural parity states accessed in the compound nuc
though it must be stated that these spins are very tentat

The c.m. proton energy spectrum, recalculated assum
that proton group 2 feeds the 2.425 MeV state, proton gr
4 feeds the ground state and that proton group 5 feeds
0.332 MeV state, and corrected for kinematic broadeni
may be seen in Fig. 10. The level scheme for22Mg in the
region investigated by this work may be seen in Fig. 11. T
solid lines indicated in the level scheme for22Mg are for
those levels identified with some confidence, while t
dashed lines indicate possible levels only. This figure a
shows the the decay of the 3.544 MeV excited state of
residual nucleus21Na proton emission.

The extraction of resonance strengths from the data
quires knowledge of the resonance parameters, which w
obtained from the fits seen in Figs. 6, 8 and 9 and the e
ciency of the solid state detector system as a function of c
energy and position within the extended gas target«(E,x).
The efficiency,«(E,x), was determined using a Monte Car
calculation which assumed an isotropic distribution in t
c.m. system. The resonance strengths are then calculate
ing the equation@6#

vg5
2mx0Y

pNtNbG\2 S E0

x0E
0

` Prob~E,x!«~E,x!

E„~E2Er !
21G2/4…

dEdxD 21

,

~1!

el

of

he

n-

TABLE II. vg ’s for the various possible assignments. The lev
that would be accessed, for each assignment, in the compo
nucleus is also shown.

Level assignment vg State in
Proton group in21Na ~MeV! ~keV! 22Mg ~MeV!

1 3.544 2.821.7
13.0 10.99

2 1.716 7.122.5
13.0 10.58

2.425 26210.0
130.0 11.05

3

4 g.s. 0.7720.3
1.35 10.6

0.332 1.020.5
10.7 10.82

5 g.s. 3.8221.5
13.9 10.91

0.332 8.725.0
19.2 11.13

6 g.s. 4.2422.5
14.0 11.13
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PRC 59 3407BREAKOUT FROM THE HOT CNO CYCLE VIA THE . . .
wherem is the reduced mass of the entrance channel,x0 is
the length of the extended gas target,Y is the yield,Nt is the
gas target thickness,Nb is the integrated beam current an
Prob(E,x) is the probability of the beam having an energyE
at a positionx in the extended gas target. Thevg ’s obtained
for each of the proton groups with errors are detailed
Table II.

The main source of error in the values forvg is due to the
uncertainty in the mean beam energy as the beam enter
gas target. As the resonance energy increases in magni
the distance from the window to the point of highest prot
yield decreases. Thus the error in the mean beam energ
entrance causes the largest error for the resonance a
highest energy, nearest the entrance window. For those
ton groups believed to be at the highest energy seen, 1
MeV in 22Mg, the error bars are of order 100%. These err
are higher than the 30% expected@6# due to the increased
thickness of the window used to contain the gas and
increased error in the beam energy upon entrance into the
volume.

The same proton groups were observed for both posit
at which the detector system was situated. The chang
efficiency for data gathered at the two positions allows us
compare values for the resonance strengths,vg ’s, calculated
at the two positions. For proton group 2 thevg resulting
from the assumption that the reaction,18Ne(a,p)21Na, feeds
the 1.716 MeV state of the daughter nucleus,21Na, results in
a value of 17.8262.0 PkeV, whilst the assumption that th
2.2425 MeV state is fed results in a value for the resona

FIG. 10. The recalculated c.m. energy spectrum for pro
groups 1, 2, 4, 5 and 6. Events in the regions dominated by ela
events, marked A and C in Fig. 5, are not selected for reconst
tion, which includes those protons produced by the decay from
3.544 state in21Na, accessed by proton group1.
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strength of 39.0215
140. Comparing these values for the res

nance strength of proton group2 with those listed in Table
shows agreement between the values obtained with the
sumption that the 2.425 MeV state is fed in the daugh
nucleus21Na. For proton groups 4 and 5 the uncertainty
level assignment is not resolved by considering this ad
tional piece of information.

C. Stellar reaction rate

The stellar reaction rate is given by

^sv&5S 8

mp D 1/2 1

~kT!3/2

pGvg\2

2m

3E
ER2G

ER1G
expS 2

E

kTD
@~E2ER!21G2/4#

dE, ~2!

wherem is the reduced mass,T is the temperature, andk is
Boltzmann’s constant. A narrow resonance is not assume
the width,G is greater thankT and thus the Boltzmann dis
tribution changes significantly over the resonance. The in
gration is performed over the region to which the Bre
Wigner cross section is a good fit to the experimental da
The resulting stellar reaction rate per mol for each pro
group may be seen in Fig. 12. Errors invg, ER , andG are
taken into account for the evaluation of the total error in t
stellar reaction rate by performing the calculation with t
limiting values of the various parameters, however, the e
bounds are not shown in this figure, but are shown in Fig.
This calculation assumes that proton group 2 is accessing

n
tic
c-
e

FIG. 11. Level scheme diagram for the reaction18Ne(a,p)21Na.
Spins are only given for those levels were a definite spin can
calculated, assuming an isotropic transition in the c.m. and thu
l 50 final state.
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3408 PRC 59W. BRADFIELD-SMITH et al.
2.425 MeV state of21Na, proton group 4 is accessing th
ground state of21Na and that proton group 5 is accessing t
0.332 MeV state of21Na. In this figure the stellar reactio
rate is dominated by proton group 2 at temperatures ab
1.8 GK and by proton group 4 below 1.8 GK.

The mean lifetime of18Ne in a stellar environment due t
destruction by helium nuclei depends only upon the den
and the temperature, and is given by the expression@11#

tm~He!5
1

NHê sv&
, ~3!

whereNHe is the number of helium nuclei per cm3, calcu-
lated assuming a helium mass fraction of 0.25. As this
struction via reaction competes with destruction viab1 de-
cay we have two regimes. One in which any18Ne formedb
decays to18F and one in which the reaction18Ne(a,p)21Na
allows mass flow out of the hot CNO cycle. This is illu
trated in Fig. 13. The thick line is a locus for which the me
life time due to destruction via the reaction18Ne(a,p)21Na
and the mean life time due to decay are equal. The thin li
are the upper and lower limits for this calculation. It shou
be noted that this locus is calculated for the observed st
only. The discovery of further states can only act to redu
the lifetime with respect to reaction for all temperature a
density conditions.

IV. DISCUSSION

The total stellar reaction rate may be seen in Fig.
calculated using the assumed level assignments stated a
The upper and lower limits are taken from limiting values
level parameters andvg ’s and the different level assign
ments possible. A comparison of the stellar reaction rate
culated from this work with the theoretical predictions ma

FIG. 12. The stellar reaction rates per mol calculated for eac
the five proton groups of importance for the reacti
18Ne(a,p)21Na. No errors are shown in this plot.
ve
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by Görres and Wiescher@3# shows reasonable agreeme
above 2.5 GK. For temperatures below 2.5 GK however,
stellar reaction rate falls far below the predicted values. T
is due to the fact that the calculation of stellar reaction r
from this work has been made using only the observed re
nances between 2.4 and 3.0 MeV~c.m. of 18Ne1a),
whereas the theoretical calculation used predicted reson
strengths at lower energies from an energy of 0.15–2
MeV in the c.m. system. Thus the agreement above 2.5
indicates that the observed resonances dominate the rea
rate in this region. At lower temperatures the reaction r

of
FIG. 13. The onset of burning via18Ne(a,p)21Na.

FIG. 14. The total stellar reaction rate per mol for th
18Ne(a,p)21Na reaction is given by the thick line. The two thi
lines give the upper and lower limits calculated using the limiti
values. TheSMOKER rate and the level paramter fit shown are d
tailed in Ref.@3#.
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PRC 59 3409BREAKOUT FROM THE HOT CNO CYCLE VIA THE . . .
will be dominated by states in the compound nucleus22Mg
with lower energy and with weaker resonance strengths. F
ther work will need to be done in order to investigate th
reaction at lower energies to check the theoretical predic
in the temperature region below 2.5 GK.

The consideration of lower energy resonances in the
culation of lifetime can only cause the lifetime to decrea
for any temperature and density conditions. It is theref
interesting to note that for a temperature of 1.5 GK an
density of 1000 kg/cm3, typical conditions for the surface
layer of an x-ray burster, that any18Ne present in a stella
gas will be destroyed via the reaction18Ne(a,p)21Na.

Resonances at a lower energy will have a smaller y
due to the effect of the Coulomb barrier and so any succ
ful measurement in the future will depend crucially upon t
elimination of the proton background seen in Fig. 6. A mo
precise geometry is also required to remove the uncerta
ar

ro

. C
r-

n

l-
e
e
a

d
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ty

in the beam energy responsible for observed proton eve
The increased beam intensity of18Ne beams that may be
available at Louvain-la-Neuve or at new Radioactive Be
facilities will also help bring experimental measuremen
into a wider region of astrophysical interest.
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