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Breakout from the hot CNO cycle via the ®Ne(a,p)?Na reaction
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The reaction*®Ne(a,p)?*Na, of importance to nuclear astrophysics, has been studied directly using the
postaccelerated radioactivéNe 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 nucleu$?Mg. The stellar reaction rate due to these states has been deduced. The experimental rate
shows good agreement with theoretical predictighsGares, M. Wiescher, and F. K. Thielemann, Phys. Rev.

C 51, 392(1995] above 2.5 GK[S0556-28139)02906-4

PACS numbgs): 97.10.Cv, 25.60.Je, 26.50x, 27.30:+t

l. MOTIVATION For the reaction®Ne(a, p)*!Na no experimental informa-
tion is available on the reaction strength. Indeed there is
Explosive hydrogen burning is thought to be the mainlimited information concerning even the position of states in
source of energy generation in novae and x-ray bursters, arttie compound systeni?Mg at and above ther particle
also provides an important route for nucleosynthesis of mathreshold energy of 8.14 MeV. Estimates of the stellar reac-
terial up to masses as high as the mass 100 region via the tipn rate have been published by @5 and Wieschei3].
procesg1]. Up to a temperature 6f~0.2 GK the burning As only two states irFMg were known, aE,=8.29 MeV
with carbon takes place through the series of reactions, andE,=8.55 MeV, the rate was estimated from the level
properties of the mirror nucleu$’Ne [4] and from results
12C(p, y)N(p, y)HO(B)¥N(p, ) PO(B7)™N(p,a)*?C  obtained on the reactio”’Ne(®He,n) ?Mg [5]. A Hauser-
Feshbach calculation using the cosl@OKER was also used
known as the hot CNO cycle. At higher temperatur€s, to help predict the stellar reaction rate. It is difficult to de-
~0.4 GK, theO waiting point is bypassed by the series of termine the uncertainty of these calculations since they are
reactions very sensitive to the parameters of isolated resonances; there-
fore for such reactions direct measurements, if possible, are
MO(a,p)"F(p, ) Ne(B ) ¥ (p, @) *O very important.
The Radioactive lon BearfRIB) facility at Louvain-la-
with an increase in energy production. At still higher tem-Neuve has developed a post acceleraf@te beam. We re-
peratures break-out from the cycle becomes possible. port here some first results of a direct measurement of the
The main reaction which determines the leak rate ig€action *®Ne(a,p)*'Na, in inverse kinematics, using the
50(a, y)**Ne [2]. However, in higher temperature situa- 8Ne beam in conjunction with a gaseous helium target.
tions it may be that other reactions provide alternative leak-
out routes. In particular the reactiort8Ne(«,p) 2!Na and
BNe(2p,v)*°Mg have been suggested as possible candi-
dates, although for thereaction abnormally high densities ~ The ¥Ne beam in the 3 charge state and with an energy
would be required3]. of 30 MeV had a typical intensity of 8 10° pps during this
Any ®Ne or ?'Na formed by these reactions acts as aexperiment. Data was collected over a four day period.
seed for the rp process, where a series of charged particle Details of the detectors, the scattering chamber and the
reactions angB decays give mass flow to higher mass valuesanalysis method developed for investigating [§) reactions
Thus the role of each possible breakout mechanism duringiith a radioactive beam and extended gas target are pre-
such an event is vital in understanding the nucleosynthesisented in Ref[6], which describes the investigation of the
that would take place. 13N(a,p) %0 reaction, which was used to test the feasibility

Il. EXPERIMENTAL TECHNIQUE
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VACUUM! HELIUM GAS AE-E plot for proton identification
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FIG. 1. A schematic view of the scattering chamber and detec- 00 2 4 8 10 12
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tors used. The detectors D1, D2, and D3 are double sided silicon E (MeV)
strip detectors of thicknesses 3m, 300 xm, and 500 um, re- .
spectively, and allow the reconstruction of trajectory for protons. G- 2. TheAE-E energy spectrum, with detector D1 as thE
The detectors D4 are surface barrier detectors used for the norm#i"d detectors D2 and D3 as tlig was used to gate on proton
ization of the beam current. The foil F1 was a thin carbon foil for €V€nts for further analysis.
beam diagnostics, F2 a gold foil of thickness 2@@/cn? used for
normalization of the beam current, F3 a nickel window of thickness ~ The detector system allowed the trajectory and energy to
2 mg/ent with a gold flash of 35ug/cn? to contain the helium be reconstructed for each proton event as explained in Ref.
gas target, and F4 a nickel foil of thickness 5.8 mgfcm stop  [6]. The proton energy spectrum obtained with the target
beam particles from damaging the silicon detectors. volume filled with helium gas and an energy scan from

2.04-3.01 MeV, along with the background spectrum ob-
of this method. Thel?’N(a,p)lGO reaction was chosen as the tained with no gas in the target volume is shown in Fig. 3.
cross section was calculable from previous work on the in-
verse reactiort®O(p, a) >N [7-9]. This *N(«, p)*°0 inves- 500 . .

tigation showed that awy value could be extracted with an
accuracy of about 30% using this technique.
For the present investigation, the experimental method de-
scribed in Ref[6] was modified to allow a larger energy a0l B — Gasln |
scan in the center of mass system, c.m.*®e+ «. This . i ===~ Gas Out
was done by using a thick nickel entrance window of %, "
2 mg/cnt (Fig. 1) and a beam energy of 30 MeV. The beam S Ei
energy in the laboratory, the LAB energy, upon entering the @ " |
gas target was-16.3 MeV. With the 2 mg nickel window x5 300 -}, A 7
the helium gas target was contained at a pressure of 50(& ii '
mbar, giving an energy loss through the gas of % ' E i
~1.3 MeV/cm. Data was collected with the detector system 5 L i
at two positions, giving an energy scan in the c.m. of 2.04— 9 ,, | i by i
3.01 MeV for the first position, and an energy scan of 2.32— N ot v i
3.01 MeV for the second position. g ol o
5 L |
lll. RESULTS Z - v
100 | i o :
A. Experimental data 1 A h
The protons were identified usingAE-E technique with ' :‘. .-I."u E
the energy from the front detector, D1, supplying i and " E
the energy from the rear detectors, D2 and D3, supplying the o L . o e S NTEEN
E. The AE-E spectrum is shown in Fig. 2. It was known 20 4.0 Energ(;o(MeV) 8.0 100

from the previous experiment that background protons would
be seen due to the elastic scattering of protons from water FiG. 3. Proton energy spectra for the target volume filled with
vapor on the surfaces of all foils. Therefore, equal time waselium gas, gas in, and for the target volume evacuated, gas out.
spent running with the gas target chamber under vacuum anthe protons seen with no gas target are mainly due to the elastic
filled with the helium gas, so as to properly understand thecattering of protons from $0 molecules on the surfaces of foils
background and to allow background removal. F2, F3, and F4.
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FIG. 4. Proton energy spectrum after background removal from FIG. 5. Proton energy spectrum after background removal from
2—6 MeV. The energy regions of interest are marked by letters ang—10 MeV. The energy regions of interest are marked by letters and
peaks identified with confidence above the background are nunpeaks identified with confidence above the background are num-
bered. bered.

The background spectrum, with gas out, has been normalizeground state and the first six known excited stdte3 (at
to allow direct comparison with the spectrum obtained withenergies of 0.332 MeV, 1.716 MeV, 2.425 MeV, 2.798
gas in[6]. These energy spectra are for proton events thaeV, 2.829 MeV and 3.544 Me)\of the residual nucleus
have had their energies corrected for energy losses in th&Na. For a possible level assignment in the residual nucleus
nickel foil (F4 in Fig. 1, in the dead layers on detector to be made for a proton group, the resulting reconstructed
surfaces and in the gas. The proton energy spectrum afterm. energy must lie within the energy range scanned experi-
background removal is shown in two parts, in Figs. 4 and 5mentally, that is 2.04—3.01 MeV. Due to the experimental
which show at least six proton groups above the backgroungeometry such a level assignment is not necessarily unique
in the energy regions marked B,D,E,F,G and H, these protoand more than one possibility may exist. All reconstructed
groups are labeled 1-6. Energy region A shows large flucbeam energy spectra seen hereafter were corrected for the
tuations due to the background removal itself; the protorchange in efficiency through the extended gas target, to give
background in this energy region is significantly altered bya renormalized yield over 100 keV bins. This efficiency
the removal of the gas target, allowing no comparison to béunction was calculated using Monte Carlo technigi&s
made between gas in and gas out in this region. As the target For proton group 1 there were four possible level assign-
thickness for the contaminants responsible for the backments that could be made; these are to the levels at 2.425,
ground is not known, and may well change with time, no2.798, 2.829 and 3.544 MeV in the residual nucléiiNa
conclusions may be reached on the presence of the smdlee Fig. 6. It can be seen that the energy resolution is better
peak seen in energy region C, which is strongly influencedhan indicated in the proton spectrum, since a kinematic cor-
by the background peak. A yield for each of the six protonrection for angle has effectively been made in Fig. 6. It is
groups was extracted, after the subtraction of the backgrounidteresting to note that the 3.544 MeV state of the residual
had taken place. nucleus?!Na decays by proton emission to the ground state
The resolution of the proton groups seen in these spectraf 2°Ne with a branching ratio of-100% [10]. This decay
is roughly 400 keV. This width is due mainly to the large proton has an energy of 1.0 MeV in the c.m. of?!Na
angular range covered by the proton telesc¢@pe33 de- which would correspond to an energy of3 MeV in the
grees and the width of the resonance. If the reaction mechat AB frame. If the reaction ®Ne(«,p)?'Na were indeed
nism is known, i.e., the level fed in the residual nucleusfeeding the 3.544 MeV level then we would expect to ob-
2INa, then it is possible to correct these proton peaks for theerve a coincidence between the proton from the reaction and
angular spread, as will be shown later. The straggling othe subsequent decay proton. In Fig. 7 we show a 2D proton
proton energy due to energy losses-i50 keV and is neg- energy spectrum for two proton coincidence events. In this
ligible compared to these effects. spectrum, we can see a small number of coincidence events
Each proton group was selected for further analysis usingn the correct energy region, possibly due to protons origi-
an energy window. The c.m. energy in tH&e+ « was then  nating from the reactiof®Ne(a, p)?Na leading to the 3.544
reconstructed assuming that reactions could take place to thdeV state with an energy of4 MeV, in coincidence with
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FIG. 6. Reconstructed c.m. beam energy spectra for proton FIG. 8. Reconstructed c.m. beam energy spectra for proton

group 1 assuming transitions to excited state$'difa at 2.425 MeV
(a), 2.798 MeV(b), 2.829 MeV(c), and 3.544 Me\Md). The dashed
lines are Lorentzian fits to the data.

protons with an energy of-3 MeV originating from the
subsequent decay of the residual nuclélida. A Monte

group 2 assuming transitions to excited state$'fa at 1.716 MeV

(a) and 2.425 MeV(b). Proton group 3 is reconstructed assuming
that the 1.716 MeV level is accessed and proton group 6 assuming
a ground state transition. The dashed lines are Lorentzian fits to the
data.

of 0.075:0.01. The experimental fraction is 0.89.02.

Carlo simulation of the reaction to the 3.544 MeV level, witnin these errors, it is then possible to conclude that the
followed by the subsequent proton decay, gives a value fopgst likely level assignment for proton group 1 is to the

the fraction of 2 proton coincidence events to single eventg 544 MeV state. This Monte Carlo simulation also showed

2 Proton Coincidence Spectrum
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FIG. 7. Two proton coincidence spectrum. All points plotted

correspond to two proton events, selected uaiigE information.

that the decay protons would not give a yield in the gated
region B, and in fact these events lie in region A, which is
dominated by the background proton events. For an estimate
of the random coincidence rate for two protons from the
reaction ®Ne(a,p)?!Na for the more intense proton peak
(seen in Fig. 3 at an energy ef6 MeV), a rough calcula-
tion shows that we would expect to see 1 random coinci-
dence event every 10 days. We in fact observe one event in
this energy region over two days so this event is consistent
with a random coincidencéFig. 7).

For proton group 2 there are two possibilitiethown in
Figs. 8a) and 8b)]. For groups 3 and 6 only one level as-
signment was possibléalso shown in Fig. B For proton
groups 4 and 5 there were two possible levels that could be
accessed in the residual nucldese Fig. 9. A Lorentzian fit
to each of these beam energy spectra of Figs. 6, 8 and 9
allows the resonance parameters to be found for each pos-
sible assignmenfsee Table)l

B. Resonance levels and strengths

In the cases where only one possible level assignment
may be made, definite information may be deduced on the

For every two proton coincidence event the highest proton energy ienergy of the corresponding level #iMg. From the beam

plotted as energy1l in this figure.

energy spectra for proton groups 1 and 6 we can identify
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6 . . 6 . . TABLE Il. wv's for the various possible assignments. The level
group 4 group 4 that Wou_ld be accessed, for each assignment, in the compound
nucleus is also shown.
Tal (a) E(21Na)+g9 | T, | (BEEINa=0333
3 8 Level assignment  wy State in
= = Proton group in’’Na (MeV) (keV) 2Mg (MeV)
2. Fw | 2,1 ] 1 3.544 2.8"39 10.99
> >
‘ 2 1.716 71732 10.58
W - 2.425 2639 11.05
0 POPRYS Tt b 0 - -,
1.5 20 25 3.0 1.5 2.0 25 3.0 3
c.m. Energy (MeV) c.m. Energy (MeV)
4 g.s. 0.77" 3 10.6
16 ; ; 16 ; ; 0.332 1.05¢ 10.82
group 5 group 5 5 g.s. 3.82°32 10.91
12 - (a) E(21Na)=gs A 12 (b) E(21Na 0.332 87:2(2) 11.13
6 g.s. 4.2452 11.13

Yield (Eff. Corr.)
[=0]

ing to the 11.13 MeV level observed from proton group 6.

1 No conclusions may be reached based upon proton group 3

due to the low statistics and large errors in the fit to obtain
PJ]L the resonance parameters. The possible level structure in the
compound system, due to all possible level assignments, is
shown in Table II.

The low statistics and the limited angular range are such
hat no reliable fits can be made to the data to extract the
ergy spectra for groups 4 and 5 for a transition to the ground state angula( mpmgntum in the E).(It Char)n_el from the prpton an-
the residual nucleus, and the graphs markél and 5b) show the gu]ar distribution. Thus nothing definite may be Sa'.d. about
beam energy spectra of proton groups 4 and 5 for a transition to th_ti,plns of the observed states. However, as-a0 transition

7/
0 i ‘-JL 0 =’ | L
2.0 25 3.0 35 20 25 30 35
c.m. Energy (MeV) c.m. Energy (MeV)

FIG. 9. For proton groups 4 and 5 there are two possible Ieve{
assignments. The graphs markedd)4and 5a) show the beam en-

first excited state of*Na at 332 keV.

with certainty the presence of two levels in the compoun
nucleus? Mg, at 10.99 MeV and 11.13 MeV, respectively.
When, however, there are two possible level assignment
as for groups 2, 4 and 5, then no definite statement about th
level structure of”2Mg may be made. For group 2 the tran-
sition could be through levels oMg at 10.58 or at 11.05
MeV. For group 4 through levels at 10.6, corresponding t
the 10.58 MeV level already identified, or 10.82 MeV. For
group 5 through levels at 10.91 or 11.13 MeV, correspond

(0)

is more likely than arl =2 transition due to the increased
height of the barrier, ah=0 transition has been assumed for
Il the proton groups seen experimentally. With this assump-
ion, it is possible to evaluate the most likely spins of the
atural parity states accessed in the compound nucleus
gough it must be stated that these spins are very tentative.
The c.m. proton energy spectrum, recalculated assuming
that proton group 2 feeds the 2.425 MeV state, proton group
4 feeds the ground state and that proton group 5 feeds the
0.332 MeV state, and corrected for kinematic broadening,
may be seen in Fig. 10. The level scheme fé¥lg in the
region investigated by this work may be seen in Fig. 11. The
solid lines indicated in the level scheme féfMg are for

TABLE 1. Resonance parameters extracted from the beam efy oo |evels identified with some confidence, while the
ergy spectra seen in Figs. 6, 8, and 9.

dashed lines indicate possible levels only. This figure also
shows the the decay of the 3.544 MeV excited state of the

Level assignment Er r residual nucleugNa proton emission
e .
Proton group in"Na (MeV) (MeV) (keV) The extraction of resonance strengths from the data re-
1 3.544 2.8530.05 31063 quires knowledge of the resonance parameters, which were
2 1.716 2.440.05 19518 obtained from the fits seen in Figs. 6, 8 and 9 and the effi-
2.425 2.9130.05 195+ 18 ciency of the solid state detector system as a function of c.m.
energy and position within the extended gas targdf,x).
3 1.716 2.81.0 The efficiencyg(E,x), was determined using a Monte Carlo
4 g.s. 2 46:0.06 300100 calculation which assumed an isotropic distribution in the
0.332 268006 300100 c.m. system. The resonance strengths are then calculated us-
ing the equation6]
5 g.s. 2.7 0.05 21830 .
0.332 2.96-0.05 21830 _ 2uxoY onJ% Prok E,x)e(E,x)
6 g.s. 2.990.06  210-50 7NN T%2\ Jo Jo E((E—E,)2+T?/4) ’

()
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calculated, assuming an isotropic transition in the c.m. and thus an
FIG. 10. The recalculated c.m. energy spectrum for proton =0 final state.
groups 1, 2, 4, 5 and 6. Events in the regions dominated by elastic
events, marked A and C in Fig. 5, are not selected for reconstrucstrength of 39_0‘112_ Comparing these values for the reso-
tion, which i_ncludes those protons produced by the decay from the,gnce strength of proton group2 with those listed in Table I
3.544 state ir!Na, accessed by proton group1. shows agreement between the values obtained with the as-

) sumption that the 2.425 MeV state is fed in the daughter
where . is the reduced mass of the entrance chamqgels — nycleus?!Na. For proton groups 4 and 5 the uncertainty in

the length of the extended gas targeis the yield,N;is the  |eve| assignment is not resolved by considering this addi-
gas target thicknes$yy, is the integrated beam current and tjona) piece of information.

Prob(E,x) is the probability of the beam having an eneigy

at a positionx in the extended gas target. The/'s obtained

for each of the proton groups with errors are detailed in

Table II. The stellar reaction rate is given by
The main source of error in the values foy is due to the

C. Stellar reaction rate

uncertainty in the mean beam energy as the beam enters the 8\ 1 aTwyh?

gas target. As the resonance energy increases in magnitude, (ov)= M_Tf) (kT)?”ZT

the distance from the window to the point of highest proton

yield decreases. Thus the error in the mean beam energy at E

entrance causes the largest error for the resonance at the EntT l{— ﬁ-)

highest energy, nearest the entrance window. For those pro- f E, 2
ton groups believed to be at the highest energy seen, 11.13 Er—I' [(E—Eg)*+1%/4]

MeV in Mg, the error bars are of order 100%. These errors
are higher than the 30% expectg@l] due to the increased whereu is the reduced masg, is the temperature, andis
thickness of the window used to contain the gas and th&oltzmann’s constant. A narrow resonance is not assumed as
increased error in the beam energy upon entrance into the gése width,T" is greater thakT and thus the Boltzmann dis-
volume. tribution changes significantly over the resonance. The inte-
The same proton groups were observed for both positiongration is performed over the region to which the Breit-
at which the detector system was situated. The change iWigner cross section is a good fit to the experimental data.
efficiency for data gathered at the two positions allows us tdrhe resulting stellar reaction rate per mol for each proton
compare values for the resonance strengthgs, calculated group may be seen in Fig. 12. Errorsdny, Eg, andT" are
at the two positions. For proton group 2 they resulting taken into account for the evaluation of the total error in the
from the assumption that the reactidfiNe(«,p)?!Na, feeds  stellar reaction rate by performing the calculation with the
the 1.716 MeV state of the daughter nucléli¥a, results in  limiting values of the various parameters, however, the error
a value of 17.822.0 PkeV, whilst the assumption that the bounds are not shown in this figure, but are shown in Fig. 14.
2.2425 MeV state is fed results in a value for the resonanc@&his calculation assumes that proton group 2 is accessing the
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FIG. 12. The stellar reaction rates per mol calculated for each of
the five proton groups of importance for the reactionby Gares and Wieschef3] shows reasonable agreement
8Ne(a, p)*Na. No errors are shown in this plot. above 2.5 GK. For temperatures below 2.5 GK however, the
stellar reaction rate falls far below the predicted values. This
2.425 MeV state of?'Na, proton group 4 is accessing the is due to the fact that the calculation of stellar reaction rate
ground state of*Na and that proton group 5 is accessing thefrom this work has been made using only the observed reso-
0.332 MeV state of!Na. In this figure the stellar reaction hances between 2.4 and 3.0 Mef¢.m. of Ne+a),
rate is dominated by proton group 2 at temperatures abov&hereas the theoretical calculation used predicted resonance
1.8 GK and by proton group 4 below 1.8 GK. strengths at lower energies from an energy of 0.15-2.00
The mean lifetime of®Ne in a stellar environment due to MeV in the c.m. system. Thus the agreement above 2.5 GK
destruction by helium nuclei depends only upon the densit}bﬂdicates that the observed resonances dominate the reaction
and the temperature, and is given by the expressidh rate in this region. At lower temperatures the reaction rate

Tm(He)= ©) 10

1
Npe(ov)’

where Ny, is the number of helium nuclei per émncalcu-
lated assuming a helium mass fraction of 0.25. As this de-
struction via reaction competes with destruction gia de-
cay we have two regimes. One in which alfjNe formedg
decays to'® and one in which the reactiolfNe(a,p)?Na

O SMOKER

allows mass flow out of the hot CNO cycle. This is illus- O Level Parameter Fit

trated in Fig. 13. The thick line is a locus for which the mean 5 T Foaction Rato |
. . . . . 21, —— Upper Limit

life time due to destruction via the reactidfiNe(a,p)?'Na —— Lower Limit

and the mean life time due to decay are equal. The thin lines
are the upper and lower limits for this calculation. It should
be noted that this locus is calculated for the observed states
only. The discovery of further states can only act to reduce
the lifetime with respect to reaction for all temperature and
density conditions.

log(<ov>) (cm® per sec per mol)
3

IV. DISCUSSION 10

0 1 4 5

2 3
The total stellar reaction rate may be seen in Fig. 14, Temperature (GK)

calculated using the assumed level assignments stated above.FiG, 14. The total stellar reaction rate per mol for the
The upper and lower limits are taken from limiting values of 1&\e(a, p)2!Na reaction is given by the thick line. The two thin

level parameters andy’'s and the different level assign- lines give the upper and lower limits calculated using the limiting
ments possible. A comparison of the stellar reaction rate calalues. Thesmoker rate and the level paramter fit shown are de-
culated from this work with the theoretical predictions madetailed in Ref.[3].
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will be dominated by states in the compound nuclétidg in the beam energy responsible for observed proton events.
with lower energy and with weaker resonance strengths. Furthe increased beam intensity dfNe beams that may be
ther work will need to be done in order to investigate thisavailable at Louvain-la-Neuve or at new Radioactive Beam
reaction at lower energies to check the theoretical predictiofcilities will also help bring experimental measurements
in the temperature region below 2.5 GK. into a wider region of astrophysical interest.

The consideration of lower energy resonances in the cal-
culation of lifetime can only cause the lifetime to decrease
for any temperature and density conditions. It is therefore
interesting to note that for a temperature of 1.5 GK and a We would like to thank the technicians and workshop at
density of 1000 kg/cr typical conditions for the surface the RIB facility in Louvain-la-Neuve for their valuable con-
layer of an x-ray burster, that anf’Ne present in a stellar tribution to this work, especially Paul Demaret and Roger
gas will be destroyed via the reactidfNe(a, p)?'Na. Versin. This work has been partly financed by the Interuni-

Resonances at a lower energy will have a smaller yieldersity Poles of Attraction Program-Belgian State, Prime
due to the effect of the Coulomb barrier and so any succesinister’s Office-Federal Office of Scientific, Technical and
ful measurement in the future will depend crucially upon theCultural Affairs and NATO grant GRG.940213. We would
elimination of the proton background seen in Fig. 6. A morealso like to thank UK EPSRGEngineering and Physical
precise geometry is also required to remove the uncertaint$ciences Research Coundibr their support for this work.
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