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The18Ne(α,p)21NareactionplaysasignificantroleinType-IX-raybursts.Itisamajorpath
inthebreakoutfromthehot-CNOcyclestothesynthesisofheavierelementsintheαp–and
rp-processes. Anexperimenttodeterminethecrosssectionofthisreactionwasperformedwith
theANASENactive-targetdetectorsystem,determiningthecrosssectionatenergiesbetween2.5
and4 MeVinthecenter-of-massframe. The measuredcrosssectionsforreactionspopulating
thegroundstatein21Naareconsistentwithresultsobtainedfromthetime-inversereaction,but
significantlylowerthanthepreviouslypublishedexperimentaldataofdirectmeasurements. The
totalcrosssectionsarealsocomparedwiththosederivedfromindirectmethodsandstatistical-model
calculations. Thisexperimentestablishesanewexperimentaldatasetontheexcitationfunction
ofthe18Ne(α,p)21Nareaction,revealingthesignificanceoftheexcitedstates’contributionstothe
totalreactioncrosssectionandallowingtoseparatethecontributionofthe(α,2p)reaction. The
impactofthemeasuredcrosssectiononthermalreactionratesisdiscussed.

I. INTRODUCTION

Type-IX-rayburstsoccurwhenhydrogen-andhelium-
richmatterisaccretedontoaneutronstarinaclose-
binarysystem[1,2].Inthisenvironment,hydrogenis
convertedintoheliumviathehot-CNO(HCNO)cycles,
inwhichtheenergyreleaseislimitedbytheβ-decayrates
ofthe14O(t1/2=70.6sec),

15O(t1/2=122sec)and
18Ne(t1/2=1.67sec)isotopes,andtherebyismostlyin-
dependentoftemperature. Thetemperature-dependent
energyproduction,observedinexplosivehydrogenburn-
ing,canonlyoccurafterthebreakoutfromtheclosed
HCNOcyclesandisinitiatedthroughtheactivationof
the15O(α,γ)19Neand 18Ne(α,p)21Nareactions[3,4].
Therefore,thesereactionscarryalargeimpactonthe
timescaleandonsetconditionsfortheexplosion. The
roleofindividualnuclearreactionsonthepropertiesof
X-raybursteventshasbeenstudiedinsignificantdetail,
e.g.byParikhetal.[5,6],Cyburtetal.[7]andMeiselet
al.[8].The18Ne(α,p)21Nareactionhasbeenidentified
asoneofthemostimportantreactionsinitsimpacton
thelightcurveandnucleosynthesisinX-rayburstevents.
The available experimentalinformation on the

18Ne(α,p)21Nareactionislimitedandsomewhatcontra-
dictory.Directmeasurementshaveremaineddifficult,as
theyrequirecrosssectionmeasurementssignificantlybe-
low10mbarnwithbeamsofaTz=-1short-livedisotope
atlowenergies,combinedwiththeuseofagas-target
toprovidetheαparticles. Theonlyexperimentaldata
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onthe(α,p)reactionwasreportedinBradfield-Smith
etal.[9]andGroombridgeetal.[10],whichpresented
resultsfromexperimentsperformedattheLouvain-la-
Neuvelaboratory.Bothutilizeda18Nebeamatreaction
energiesbetween1.7and3 MeVinthecenter-of-mass
systemandanexperimentalsetupofagas-filledcham-
berwithsilicondetectors. Theseexperimentalresults
werepublishedasasetofresonanceparameters,which
wereusedtodeducethermalreactionrates.

Experiments on the time-inverse reaction
21Na(p,α)18NebySinha etal. [11]andSalteret
al.[12]havereachedahighersensitivitytowardslower
reactionenergiesthanthetime-forwardstudies,owing
tothehigher-intensity21Nabeamandtheuseofsolid
polyethylenetargets. However,theirinterpretationis
complicatedbythefactthatthe18Ne(α,p)21Nareaction
mayproceedtoexcited 21Nastatesevenatthelowest
reactionenergies, whichcannotbeexaminedbythe
time-inversereactionwiththe21Nagroundstate. It
wasnotedinSalteretal.[12]thattheirresultspointto
muchlowercrosssectionsthanGroombridgeetal.[10]
reported.

Additionalexperimentalinformationtodeterminethe
astrophysicalreactionratesisavailableintheformof
theresonanceparametersinthe22Mgcompoundsys-
tem,whichdeterminetheastrophysical18Ne(α,p)21Na
reactionrate. Examplesofeffortstocharacterize
theresonancepropertiesincludeexperimentswiththe
24Mg(p,t)22Mgreactionby Matic etal.[13]andChae
etal.[14],andmorerecentlywiththeresonantproton
scattering21Na(p,p)21Nareactionininversekinematics
byHeetal.[15],Zhangetal.[16]andRuizetal.[17].

Acomprehensiveanalysisoftheavailableexperimen-
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talinformationonthe22Mgcompoundsystemwasper-
formedby Mohretal. [18,19].Inthenarrow,non-
interactingresonanceapproximation,thestellarreaction
rateNA<σv>ofthe

18Ne(α,p)21Nareactiondepends
onthesumofthecontributingresonances:

NA<σv>∼
i

(ωγ)ie
−Ei/kT9, (1)

withresonanceenergies Ei andresonancestrengths
(ωγ)i.Theresonancestrengthforaresonancewithspin
Jforthe18Ne(α,p)21Nareactionisdeterminedby

ωγαp=(2J+1)
ΓαΓp
Γ
≈(2J+1)Γα, (2)

wheretheapproximationsΓp≈ΓandΓα Γpareused.
Theanalysisby Mohretal.[18,19]employsthetotal
widthsΓandtheexcitationenergiesofthe22Mgcom-
poundnucleus,whichdefinetheresonanceenergiesEi
inthe18Ne(α,p)21Nareaction,fromthe24Mg(p,t)22Mg
transferexperiment[13]. TheJπassignmentswereob-
tainedinitiallyfromRef.[13,14]andconfirmedfromthe
latestexperimentsonresonantprotonscattering[15,16].
However,thetransferreactionscannotprovidethere-
quiredΓαwidths,andthustheresonancestrengthsωγαp.
Asaresult,thesehavetobedeterminedfromtheory
orobtainedfromdirectexperiments.Sincethepartial
widthsΓαof

22Mglevelsintherelevantenergywindow
havenotbeenmeasureddirectlyyet,theywereestimated
usingtheassumptionofmirrorsymmetryinthewave
functionsofcorresponding22Mgand 22NelevelsinRef.
[19]. Forlevelswithnospectroscopicinformation,the
partialwidthsΓαwerecalculatedfromaPorter-Thomas
distributionfollowingRef.[20]. Additionally,whilethe
time-reverse21Na(p,α)18Nereactioninformation[11,12]
wasusedintheMohretal.studies[18,19]todetermine
alowerlimitforthetime-forwardreactioncrosssection,
theresultsofGroombridgeetal.[10]wereexcludedfrom
thestudyduetothelargedisagreementwiththetime-
reverse-reactiondata.BothstudiesofRef.[18]and[19]
arrivedatcrosssectionsandreactionratessignificantly
lowerthantheonesdeterminedbyGroombridgeetal.
[10].
Thisworkpresentstheresultsofanewexperimentto

measuretheexcitationfunctionofthe18Ne(α,p)21Nare-
actionatenergiesrelevanttoX-raybursteventsatpeak
temperatures(T∼2GK),andtoclarifythediscrepan-
ciesbetweenthedirectexperimentaldataandtheinfor-
mationobtainedfromindirectmethods.

II. EXPERIMENTANDCALIBRATIONS

The 18Ne(α,p)21Nareactionwasstudiedininverse
kinematicsusingabeamoftheshort-livedisotope18Ne,
producedwiththeRESOLUTradioactivebeamfacil-
ity[21]attheJohnD.FoxSuperconductingAccelerator
LaboratoryofFloridaStateUniversity.The18Nebeam

wasproducedviathe16O(3He,n)18Nereactionandse-
lectedat80 MeVandatanaveragebeamintensityof
2·103pps,whichconstitutes14%oftheparticlesdeliv-
ered. Offline,theeventsassociatedwiththe18Nebeam
particleswereidentifiedanddiscriminatedfromthe16O
contaminantto98%puritythroughindividualtime-of-
flightsignalsrelativetotheacceleratorRF-referencesig-
nalandathin-foilbeam-trackingdetectorbasedona
micro-channelplatesystem.

Theexperimentwasperformedwiththeactive-target
detectorArrayforNuclearAstrophysicsandStructure
withExoticNuclei(ANASEN).Aschematicofthede-
tectionschemeisdisplayedinFig.1,andmoredetails
onthedesignandoperationofANASENaredescribed
inRef.[22].ANASENwasfilledwith4Heasthetarget
gasincludinga4%admixtureofCO2asaquenchinggas,
atapressureof379Torr. TheamountofCO2admix-
turewasfoundafteraseriesoftests,asacompromise
betweenproportionalcounterperformanceandtheaim
toreducepotentialreactionsonthecarbonandoxygen
asatargetgasadmixture. Thebeamparticlesentered
thegas-volumethroughan8.9µmKaptonwindow,in
whichtheylost9MeVofenergy,andproceededthrough
thetargetgastoarangeof59cmafterthewindow.The
energylosseswerecalculatedusingtheprogramLISE++
[23],whichwerefoundtobeconsistentwiththeexper-
imentallyobservedbeam-particlerangeandtheenergy
balanceofreactionevents.

TheANASENdetectorsystemswerearrangedincon-
centriclayerssurroundingthebeamaxisinacylindri-
calgeometry,startingfromaninnersetof24position-
sensitiveproportional-counter(PC)anodesat3.75cm
radius,toalayerof24position-sensitivesilicon-strip
detectorsofthe MicronSemiconductor“Super-X3”de-
signataradiusof8.9cm.Inaddition,4silicon-strip
detectorsofthe Micron-Semiconductor“QQQ3”design
coverforwardlaboratoryanglesinanannulargeometry.
The(α,p)protonswerefirstdetectedintheproportional
counterastheyleftthecentralbeamvolume,usingthe
chargedivisionontheresistiveanodewiretodetermine
thez-coordinateofinteractiononthebeamaxis,along
withthecharacteristicenergylossoftheparticles.The
protonsproceededtotheouterperimeterofANASEN,
wheretheywerestoppedinthesilicondetectors,which
allowedtodeterminetheresidualenergyandposition.

Forthisexperimentanewcomponentwasaddedto
ANASEN,ahigh-rate,compactionchamber,sensitive
toheavyionstravelingwithin2.2cmofthebeamaxis,
includingbothbeamparticlesandreactionresidues.The
ionchamberdriftfieldiscreatedbetweenanegatively
biased(-200V)tungsten-wirecathodeonthebeamaxis
and48anodewiressurroundingitat2.2cmcylindrical
radius,asschematicallyrepresentedinPanel(b)ofFig.
1.Adifferentialread-outschemeisappliedbetweenodd-
andeven-numberedanodewires,whichwerebiasedat
150Vand250V,respectively. Thedriftingelectrons
inducedifferentialsignalsonlyoncetheyapproachthe
anoderadius,whichcreatestheeffectofaFrisch-gridand
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FIG. 1. Panel (a): Schematic representation of the ANASEN detector system. The (α, p) proton tracks are reconstructed from
the signals of a resistive proportional-counter anode in coincidence with their residual energy and position on a multi-strip
silicon detector. The cylindrical ion-chamber component measures the ionization induced by the beam particles and heavy ion
reaction residues (see text). Panel (b): Schematic of the inner ion-chamber component of ANASEN, which uses a cylindrical
field between the central Cathode and a grid of 48 Anode wires (only 12 shown here for clarity), which are biased at positive
potentials of alternating magnitude and read out in a differential scheme.

allows the ion chamber to operate at high count rates.
The performance of the ionization chamber at high beam
rates, while not needed for the present experiment, was
tested with the14N(α, p)17O reaction using a14Nstable
beam at different intensities. There was no significant
change in performance for incident beam intensities less
than 105pps, though random coincidences were found
to start to become problematic at higher currents due to
slow drift speed in the gas.

Because of the geometry of the thin tungsten wire,
the ion chamber is referred to as the Needle-IC. The
tungsten-wire cathode is mounted on a retractable shaft
inserted from the end of the detector chamber, such that
the active volume of the ion chamber is adjustable. Dur-
ing the experiment, the needle was inserted to a depth
of 18 cm into the active ANASEN volume. It should
be noted that the 0.5-mm-diameter tungsten wire was
extending into the path of the beam, which had a di-
ameter of around 1.5 cm, such that the needle cross sec-
tion covered≈10−3of the beam area and scattering of
beam particles is not expected to be relevant to the ex-
periment. In addition, the coincident Needle-IC signals
would suppress events induced by beam-particles outside
the energy-position correlation expected for the regular
beam. Potential background reactions induced by the
tungsten material were strongly suppressed by the sub-
barrier beam energy and additionally rejected by failing
the expected recoil-energy correlation during the data
analysis. Because of these considerations, background
signals induced by the needle material were negligible.

The variable insertion depth of the Needle was used to
determine the range of beam particles in the target gas
independently. The result of this range measurement was
compared to calculations with the program SRIM [24]

and LISE++ [23]. The beam-particle range in the tar-
get gas was found to be 59 cm, consistent with LISE++,
but slightly longer than predicted by SRIM, which cal-
culates a 55 cm range. The energy-loss profile calculated
with LISE++ was also found to be consistent with the
profile determined from the kinematics of two-proton co-
incidence events described in section III B.
The energy calibrations of the silicon detectors were
determined usingαparticles from a228Th source in vac-
uum, as well as by scattering accelerator-providedαand
proton beams off a thin tantalum foil mounted on-axis
within the detector gas. The position of the scatter-
ing target was also varied along the beam axis, in or-
der to calibrate the vertex-position reconstruction from
the proportional-counter anodes in conjunction with the
silicon detectors. Based on these calibration runs, the re-
action vertex could be reconstructed with a resolution of
about 2.5 cm FWHM, limited by the position resolution
of the proportional counter.
The experiment used an ”or” of two trigger conditions.
The main trigger was derived from any particle detection
in the silicon detectors, intended to capture the (α, p)
events. The second trigger was derived from the Micro-
channel plate beam-tracking detector, down-scaled by a
factor 1200, which was used to obtain an unbiased sample
of the beam particles and used for beam normalization
and quality monitoring.

III. DATA ANALYSIS

The experiment was designed to measure the excita-
tion function of the18Ne(α, p)21Na reaction reaching to
the low energies relevant for nuclear astrophysics. The
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energy-levelschemeofthereactants,displayedinFig.3,
showsthat,owingtothelowprotonthresholdin22Mg,
arangeofexcitedstatesin21Nacanbepopulated,in-
cludingstatesabovetheproton-decaythresholdof21Na.

FIG.2.Top:Energy-losssignalsoftheproportional-counter
anodesvs.thecoincidentsilicondetectorsignal.Theenergy-
lossinformation(∆E)isderivedfromthePCsignals,cor-
rectedfortheangle-dependentthicknessoftheactivedetec-
torvolume,andtheresidualenergy(E)ismeasuredinthe
Sidetectors.Protonsandα–particlesshowdistinct,separate
correlationgroups. Bottom: Displayofthesame(Top)his-
togramexpandedtoshowtheregionofprotonsignalsand
theirselectiongate.

A. Single-ProtonEvents

Thecontinuousmeasurementofanexcitationfunction
intheANASENdetectorrequirestheevent-by-eventde-
terminationofthereactionenergy,whichisobtainedby
extrapolationoftheprotontrajectorytothereactionver-
texonthebeamaxis,andthecalculationofthe18Ne
beam-particleenergylossuptothatpoint. Werefer
tothisreconstructionmethodasEtrack.Theresolution
oftheEtrackreconstructionwasdeterminedtobeessen-
tiallyconstant,at1.45MeVinthecenter-of-massframe,
basedontheMonte-Carlosimulationdescribedinsection
IIID,inwhichtheeffectsofproportionalcounterreso-
lution,beamwidthandstragglingwerecombined. The
identityofthedetectedprotonswasestablishedthrough
theircharacteristicenergy-losssignals,asrepresentedin
the∆E-E

21Na+p

22Mg

18Ne+α 20Ne+2p

8.14

5.5

7.93

9.56

0.33

1.716

2.423

3.544

2.797+2.829

particleidentificationplotinFig.2.Thepro-
tonenergieswerederivedfromtheresidualenergymea-

FIG.3.Levelschemesof22Mg, 21Naand20Neincludingthe
respectivereactionanddecayenergythresholdsinMeV.

suredinthesilicondetectorsbycorrectingfortheenergy
lossinthepathfromthereactionvertextothesilicon
detector.

Thesingle-protonevents,selectedthroughthe ∆E-
E,andNeedle-ICgateswereanalyzedusingtheEtrack
methodtodeterminethereactionenergy.Thegatesob-
tainedfromtheNeedle-ICwillbedescribedinSection
IIIC. Theangleandtheenergyoftheprotonswere
alsousedtoreconstructtheassociated21Naexcitation
energy. Theangleuncertaintyvariesbetween±6◦and
±10◦. Theresultingdistributionofreactionandexci-
tationenergiesispresentedinFig.4. Awidedistri-
butionofreactionenergiesisobserved,downtoabout
2MeVinthecenterofmassframe.Thedistributionalso
showsthatlower21Naexcitationenergiesarepopulated
incorrelationwithlowerreactionenergies,constrained
bytheEx Ec.m.+Qvaluelimit.Alsovisiblearesome
eventswhichwerereconstructedatnegativeexcitation
energies.Theseeventscanbelikelyattributedtofusion-
evaporationreactionsontheCO2componentofthetar-
getgas,orasaneffectofthepoorresolution(1.45MeV
FWHM)ofthetrackingreconstruction. Becauseofthe
limitedresolution,wearenotabletoseparateeachin-
dividualstatein21Na,butidentifythreeregions;the
ground-stateregionincludingthegroundstateandfirst-
excitedstateat0.33MeV,thebound-statesregionfrom
theground-stateupto2.6MeVexcitationenergies,and
theunbound-statesregionfrom2.6upto7MeVexcita-
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tion energies.

FIG. 4. Single-proton events: Distribution of21Na excitation
energies with respect to the reaction energy in the center-of-
mass frame, reconstructed using the Etrackmethod. The two
lines delimit the kinematically allowed event range. The high-
lighted regions in green, red and blue represent the ground
state, bound states’ (including the ground-state region) and
unbound states’ regions respectively, as used in the cross-
section analysis of Sect. IV.

B. Two-Proton Events

The experiment detected a significant number of coin-
cident two-proton events, which originate from the popu-
lation of proton-unbound states in21Na. The kinematic
analysis of the 2p-events makes use of energy- and mo-
mentum conservation in the 18Ne(α,2p)20Ne reaction,
given by the expression

m18
m20

−1 Ebeam−
1

m20
|pp| 2m18Ebeamcos(θ)

+ Ep1+Ep2−Qv+
1

2m20
|pp|

2
=0.(3)

Here,m18andm20are the respective
18Ne and20Ne

masses,Ep1andEp2are the proton energies,pp=pp1+
pp2is the sum of the detected proton momenta, andθ
the angle betweenppand the beam axis.
The data were analyzed using theEtrackreconstruc-

tion for the beam-particle energy and solving Eq. 3 for the
reaction Q-value and thereby the20Ne excitation energy.
The resulting spectrum is displayed in Fig. 5. The data is
dominated by a peak at the ground-state energy of20Ne.
This peak position is very sensitive to the energy-loss cal-
ibration and represents an independent confirmation of
its validity.
The two-proton events also allow to reconstruct the
beam energy in a different way, calledEkine, by solv-
ing Eq. 3 for Ebeamafter inserting the known Q-value of
the reaction leading to the20Ne ground state. This re-
construction method achieves better resolution than the
Etrackmethod, around 500 keV FWHM in the center-of-
mass frame. The thus extracted beam energy determines

the22Mg excitation energy and is also used to extract
the intermediate21Na excitation energy.
In Fig. 6 the spectrum of theEkine-reconstructed ex-
citation energies of21Na is shown, with the events gated
on the ground-state peak of20Ne. The doublet of states
at 2.8 MeV and the singlet 3.54 MeV peak can be identi-
fied right above the 2p-threshold, while a higher density
of states is observed beyond this point. In Fig. 7 the
Ekine-reconstructed

22Mg excitation-energy spectrum is
displayed, again gated on the20Ne ground-state peak.
While it is difficult to assign individual resonances to
the observed structures, the lower part of the spectrum
seems to be consistent with the known natural-parity res-
onances in22Mg.

FIG. 5. Two-proton events:20Ne excitation-energy distribu-
tion, using the Etrack-reconstruction of the reaction energies.
The gate around the main peak, between Ex [-1.5,1.5] MeV,
is used in the analysis of the two-proton events.

FIG. 6. Two-proton events:21Na excitation-energy distribu-
tion reconstructed from the20Ne+p energies and the Ekine
method.

C. Reaction-Residue Analysis with Needle-IC

The Needle-IC signals were used to suppress back-
ground events from scattered particles or fusion-
evaporation reactions on the CO2admixture in the target
gas, while accepting the18Ne(α, p)21Na events of interest.
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FIG.7.Two-protonevents:22Mgexcitation-energydistribu-
tionreconstructedfromthe20Ne+2penergiesandtheEkine
method.

Thesignalinterpretation,however,iscomplicatedbythe
factthatitincludestheionizationbythebeam-particle
uptothereactionpoint,inadditiontotheionization
createdbythereactionresidue.Sincetheobservedre-
actionshaveaQ-valueclosetozero,andsomeenergyis
carriedawaybytheemittedprotons,thereaction-residue
energyisnecessarilylowerthanthebeam-particleenergy
atthereactionpoint.Ineffect,theNeedle-ICsignalswill
bemaximalwhenthereactionoccursattheminimalre-
actionenergies,wherethesignalsaredominatedbythe
beam-particleionization.

FIG.8.Two-protonevents:Correlationbetween“expected”
and“measured”Needle-ICsignals,gatedonthe20Neground-
statepeak.

WeanalyzetheNeedle-ICsignalsbycalculatingtheex-
pecteddetectorresponseandcomparingitwiththemea-
suredsignal.Theexpectedsignalisdeterminedfromthe
initialenergyofthereactionresidue,basedontheevent
kinematics,plustheintegratedenergylossofthebeam
uptothepointofreaction. Bothcomponentsareana-
lyzedfortheionizationdepositedwithintheioncham-
ber’sactivevolume. Thecorrelationbetweenthe“ex-
pected”andthe“measured”Needle-ICenergysignalsfor
thetwo-protoneventsisdisplayedinFig.8.Theevents
closetothediagonalarethe(α,2p)eventsofinterest,
whiletheeventsscatteredawayfromthe maingroup,

notshowingtheexpectedrecoil-energycorrelation,cor-
respondtobackground.
InordertodeterminetheefficiencyoftheNeedle-IC
detectorandtherecoil-correlationanalysis,weexamined
howmanyofthe2p-eventsleadingtothe20Neground-
statepeakalsoshowtheexpectedNeedle-ICsignalsin
coincidence. Theefficiencyofrecoildetectionwasde-
terminedastheratioofbothnumbersandasmooth
functionofthereactionenergywasextractedfromthis
dataasa modelfortheion-chamberefficiency. The
Needle-ICgatesuppressesasignificantnumberofevents
athigherenergies,butleavestheenergyregionofin-
terestunaffected,consistentwith100%efficiencybelow
Ec.m.≈4.5MeV.ThesameNeedle-ICanalysiswasalso
appliedtothesingle-protonevents.InFig.9the“ex-
pected”signalisplottedagainstthe“measured”Needle-
ICenergysignalforsingle-protonevents.Again,weob-
serveagroupofcorrelatedeventsonthemaindiagonal,
withscatteredbackgroundsurroundingit. Thefigure
alsoillustratestheregionofeventschosenforanalysis.

FIG.9. Correlationbetween“expected”and“measured”
Needle-ICsignals,forthesingle-protonevents. Thecorre-
latedeventsinthemaindiagonal,insidethegate,werechosen
forfurtheranalysis.

D. DeterminationofDetectorEfficiency

Thedetectorefficiency wascalculatedthrougha
Monte-Carlosimulationoftheeventkinematicsandthe
resultingdetectorresponse.Thereactionenergywasran-
domlychosenwithintherangeofinterestforeachsim-
ulated18Ne(α,p)21Naevent. Theeventvertexlocation
associatedwiththatenergywasdeterminedbythesame
energy-losstablesusedintheexperimentaldataanaly-
sis.ThisvertexpositionwasoffsetbyrandomGaussian
distributionsinx,yandztoreproducethedistribution
ofthe≈1-cm-diameter-beam,aswellasthestraggling
accumulatedthroughtheenergylossatthevertexposi-
tion. Atthelowestreactionenergies,theaccumulated
stragglingeffectsresultin∼1.5cmdiameterforthefinal
beamspotsize. The21Naexcitationenergywascho-
senrandomlywithinthekinematiclimits,aswellasthe
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proton-decayangle,chosentobeisotropicinthecenter-
of-masssystem.Inaddition,ifthe21Naexcitationenergy
wasfallingabovethe2p-thresholdat2.43 MeV,anad-
ditionalprotonwasgeneratedinthesameway. Oneor
bothrandomlychosenprotonswereprojectedfromtheir
generationpointthroughthegasvolumetowardsthesili-
condetectors.Theprotonwasacceptedinthesimulation
ifanactiveareaofthesilicondetectorswasreached,with
energygreaterthanthedetectionthresholdof≈0.5MeV
aftertakingtheenergylossesintoaccount.

InFig.10,thesimulated(α,p)detectionefficiency,av-
eragedoverallallowed21Naexcitationenergies,ispre-
sented,aswellastheefficiencyforthecoincidentdetec-
tionoftwoprotons. Allefficiencycurvesshowaslowly
varyingdependenceonthereactionenergy. Theaver-
agedetectionefficiencypeaksat≈30%,foreventsat
Ec.m.=5MeVanddropscontinuouslyto≈12%forthe
lowest-energyevents. Theefficiencyforthecoincident
detectionoftwoprotonspeaksat≈5%anddropsto
≈1%forthelowest-energyregion. Fig.10alsoshows
theaveragesingle-protonefficiencyforbound-stateand
unbound-stateregions. Theunbound-stateeventsare
detectedwithasignificantlyhigherefficiency,asboth
protonshavesimilarchancesofbeingdetected. Since
thereisnoexperimentalsignaturetodeterminewhich
oftheprotonswasdetected,afractionoftheresulting
single-protoneventswillbeincorrectlyassignedatoo-
high21Naexcitationenergy,whichwastakenintoac-
countintheefficiency-simulation. Thiseffecthowever
diminishesatlowerreactionenergies,andhasminimal
impactontheanalysisoftheoverallexcitationfunction
forEc.m.<4MeV.

FIG.10. Averagedetectionefficienciesfroma Monte-Carlo
simulationofthe(α,p)reactionandthecorrespondingde-
tectorresponse,averagedovervarious21Naexcitation-energy
regions.Alsoshownistheefficiencyforthecoincidentdetec-
tionoftwoprotonsfromthe(α,2p)reaction

E. Gaussian UnfoldingofSpectra

FIG.11.Demonstrationoftheunfoldingoftheobservedex-
perimentalcrosssectionspectrumwithrespecttoitsGaussian
resolution,followingthe2-stepiterationoftheRichardson-
Lucyalgorithm. Theprocessisverifiedbyfoldingbackthe
unfoldedspectrumwiththeGaussianresolution. Theerror
barsontheunfoldedandfolded-backspectrumareomitted
forclarity.

Thereaction-energyresolutionoftheexperimentfrom
theEtrackmethod,1.45±0.1 MeVFWHMinc.m.,
wasdeterminedbythe Monte-Carlosimulation,where
thesimulation-generatedreactionenergyiscomparedto
theEtrack-energyreconstructedforthesamesimulated
event.Thislimitedenergyresolutionalsoleadstoback-
ground,throughthefoldingofthehigher-energysignals,
detectedwithlargercrosssections,intothelower-cross
sectionregionofinterest. Toquantifyandcorrectfor
thiseffect,weunfoldtheobservedexperimentalspec-
trathrougha2-stepiterationoftheRichardson-Lucy
algorithm[25],assumingaGaussianresponsefunction
with1.45MeVFWHM.InFig.11therawexperimental
crosssectionforsingle-protoneventsisshownandcom-
paredtotheresulting,unfoldedspectrum. Weverifythat
theinverseprocess,foldingtheunfoldedspectrawitha
Gaussian,leadstotheobservedspectrumwithintheun-
certaintylimits,asshowninFig.11. Additionally,the
systematicuncertaintyoftheunfoldingprocedureowing
tothe0.1 MeVuncertaintyofthewidthparameteris
muchsmallerthanthestatisticalerrorsintheregionof
interest.Ineffect,theunfoldingprocedureislowering
theextractedcrosssectionsforthelowestenergieswhile
leavingthehigher-energyspectramostlyunchanged.In
theremainderofthepaper,wefocusontheunfolded
distributions.
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FIG.12.Panel(a):Crosssectionsfromsingle-protonevents
determinedfromthisworkandcorrectedfortheexperimental
energyresolution.Thetotalcrosssection(black)iscompared
tocrosssectionforboundstatesonly(red).Panel(b):The
unboundstatescrosssectionsfromthesingle-protonevents
analysis,correctedfortheexperimentalenergyresolution,
comparedtothecrosssectionobtainedfromtheindependent
analysisofthecoincident2p-events.Duetohigherresolution,
the2p-eventscrosssectionisnotsubjectedtotheGaussian
unfoldingprocedure.Onlystatisticalerrorsareshown.

IV. RESULTS

Thecrosssectionsweredeterminedfromthenumber
ofdetectedeventsforagivenreaction-energyinterval,
thesimulatedefficiency,thetotalnumberofbeamparti-
cles,andtheeffectivearealtargetthicknessforthecor-
respondingenergyinterval. Thetotalnumberofbeam
particleswasdeterminedfromthenumberofparticles
detectedintheNeedle-ICdetector,whoseeventswere
sampledindependently,onceforevery1200triggersof
theMCPbeam-trackingdetector.Thearealtargetden-
sitywascalculatedfromthetarget-gaspressure,thetar-
getcomposition,andthebeam-pathlengthassociated
withtheindividualreaction-energyinterval,consistent
withtheenergy-depthprofileusedintheEtrackrecon-

struction. Theeventswereseparatedintointervalsof
21Naexcitationenergy,beginningwiththeground-state
regionbetween-1and+1 MeV,overthebound-state
regionupto2.6 MeV,tothehigherexcitations,which
wereseparatedintointervalsof0.4 MeVwidth,upto
excitationenergiesof7MeV.Thesedata-intervalswere
correctedfortheaverageefficiencyovertheequivalent
intervalofthesimulatedevents.Theefficiency-corrected
datawasthencombinedtothe21Naexcitationregions
discussedbelowandsubjectedtotheGaussianunfolding
procedure.

Panel(a)ofFig.12displaysthe18Ne(α,p)21Nacross
sectionsdeterminedinthisworkforallsingle-proton
events,separatingthecrosssectionsforpopulationof
thebound-stateregion. Asexpected,thecrosssection
datashowsasteepdroptowardslowerenergies,reaching
thesensitivitylimitoftheexperimentataround2.5MeV
(c.m.). Atthelowestenergies,thetotalcrosssectionis
dominatedbypopulationofthe21Naboundstatesbut
shiftsmoretounboundstatesabove3MeV(c.m.).Panel
(b)ofFig.12showsthecrosssectionofthetwo-proton
eventswhicharedetectedincoincidenceandcorrected
fortheircorrespondingefficiencyshowninFig.10.These
eventswereanalyzedindependentlyasdiscussedinsec-
tionIIIBrepresentingthepopulationofunboundexci-
tations. Whilethestatisticaluncertaintiesofthecoin-
cidenttwo-protondataaremuchlarger,thisdatahasa
higherresolutionof≈500keVduetotheEkinemethod,
andisthereforenotsubjectedtotheGaussian-unfolding
procedure. Thisdataiscomparedtothecrosssection
extractedfromsingle-protonevents,associatedwiththe
21Naunbound-excitationenergies. Thecross-sectionof
thesingle-protoneventsisslightlyhigherthanthecross
sectionextractedfrom2p-events,butnearlyconsistent
withintheerrorbars.

ThecrosssectionsdisplayedinFig.12includeonly
statisticalerrorbars,whicharedominatingtheuncer-
taintiesbelowEc.m.=3MeV.Systematicuncertainties
enterthroughthebeam-particlenormalization,thedeter-
minationofdetectorefficiencyandthespectrumunfold-
ingprocedure.Inthefirstcategory,theuncertaintyof
thebeamnormalizationdependsontheintegrationand
event-selectiongates,whosechoiceinducesa10%uncer-
tainty. Secondly,theefficiencydeterminationthrough
theMonte-Carlosimulationdependsonthegaspressure,
thesizeofthebeamspot,andapossibleoff-centerbeam
position.Thepossiblevaluerangesoftheseparameters
werevaried,resultinginefficiencyvariationsoftheorder
of∼10%goingto∼15%forthelowestreactionenergies.
Thirdly,thedependenceoftheunfoldingprocedureon
theEtrackenergyresolutionwasinvestigatedbyvarying
the1.45 MeVFWHM(c.m.)resolutionwithinitsun-
certaintyintervalby±100keV.Thevariationsonthe
resultingunfoldedcrosssectionsare±10%forthelowest
reactionenergiesat2.5MeVc.m.andreduceto±1.5%
around4MeV.

TableIprovidesthecrosssectionsdeterminedinthis
work,displayedalsoinFigures13and14withonlythe
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statisticaluncertainties.Thefactorsintroducingsystem-
aticuncertaintiesarethesameasforthetotalcrosssec-
tion,providedonthelastcolumnofthetable,andcan
beestimatedaccordingly.

TABLEI.Crosssectionsderivedfromthiswork,afterapply-
ingtheunfoldingprocedure. Thecrosssectionforpopula-
tionofthe21Nagroundstateisincludedinthebound-state
column. Notethatthecrosssectionsfor“bound”and“un-
bound”regionsdonotpreciselyaddupto“total”,sincethe
unfoldingprocedurewasappliedtothedatasetsindividually.

groundstate bound unbound total
Ecm σ(stat.) σ(stat.)σ(stat.)σ(stat.)(syst.)
(MeV) (mbarn) (mbarn)(mbarn) (mbarn)
2.475 3(3) 6(4) 3(4) 9(5)(2)
2.625 3(3) 5(4) 6(5) 12(6)(2)
2.775 5(3) 13(6) 8(5) 21(7)(4)
2.925 8(4) 16(6) 13(6) 31(9)(5)
3.075 11(5) 15(6) 20(7) 39(9)(6)
3.225 13(5) 31(8) 35(8) 67(12)(10)
3.375 15(6) 30(8) 39(8) 71(12)(10)
3.525 18(6) 30(8) 57(10) 91(13)(13)
3.675 26(7) 52(10) 76(11) 139(16)(20)
3.825 23(7) 44(9) 124(15) 183(18)(26)
3.975 38(9) 69(12) 141(15) 224(20)(32)

V. DISCUSSION

Experimentaldataonthe18Ne(α,p)21Nareactionhad
beenobtainedbySalteretal. [12]ina measurement
ofthetime-inversereaction21Na(p,α)18Neandapply-
ingtheprincipleofdetailedbalance. Thisinterpreta-
tion,however,canonlybeappliedtoreactionsleading
tothe21Nagroundstate,whileevenatthelowestre-
actionenergies,excited-statepopulationisenergetically
allowedandmaycontributesubstantiallytothereaction
rate. Ourexperimentallowstoselecteventsassociated
withtheunresolved21Nagroundstateandthe0.33MeV
first-excitedstate.Fig.13showsthethus-obtainedcross
sectionsandcomparesthemtothecorrespondingcross
sectionsextractedfromSalteretal.[12]andSihnaetal.
[11]. Withinthesharedenergyintervalanduncertain-
ties,theexperimentsagree.Duetotheunresolvedfirst-
excited-statecontributions,weexpectthatourcrosssec-
tionisslightlylargerwhencomparedtothetime-reverse
measurements. AlsoshownisaHauser-Feshbachcalcu-
lationoftheground-statetoground-statecrosssection,
performedwiththeprogramSMARAGD[26,27]. The
Hauser-Feshbachcalculationshowsthesameenergyde-
pendenceasourdataandthedatafromthetime-reverse
reactionexperiments[11,12].
Asdiscussedintheintroduction,the18Ne(α,p)21Na

crosssectionhasbeenstudiedbeforebyBradfield-Smith
etal.[9]andGroombridgeetal.[10].There,theexper-
imentalresultsweresummarizedasatableofresonance
parametersandwidths.Fig.14displaysthecrosssection
derivedfromtheresonanceparametersofRef.[10],in

FIG.13. Thegroundstatecrosssection,includingthefirst
excitedstateat0.33 MeV,afterresolutionadjustment.Pre-
viouslycollecteddatabySihnaetal.[11]andSalteretal.
[12]thatcorrespondtothegroundstatetransition,andthe
Hauser-Feshbachcalculationforground-statetoground-state
transitionsareplottedforcomparison.Onlystatisticalerrors
areshown.

FIG.14. Comparisonofthetotal(α,p)crosssectionof
thisworkwiththepreviouslyobtained(α,p)crosssection
byGroombridgeetal.[10],aswellaswiththeoreticalcal-
culationsby Mohretal.[19]andtheHauser-Feshbachcode
SMARAGD[26,27].Onlystatisticalerrorsareshown.

comparisontoourresult.Ourexperimentshowsamuch
lowercrosssection,byclosetoanorderofmagnitude.
AlsodisplayedinFig.14isthecrosssectionderived
by Mohretal. [19]fromasurveyof22Mgresonance
parameters,obtainedinindirectexperiments[13–16],or
calculatedassumingmirror-symmetryinthewavefunc-
tionsofcorresponding22Mgand 22Nelevels. Whereno
spectroscopicinformationwasavailableforthe22Mglev-
els,thesewerecalculatedfromaPorter-Thomasdistribu-
tionfollowingRef.[20]. Whiletheresultingcross-section
curveby Mohretal. [19]isconsistentwithourdata
inthelower-energyrange,thecurveissystematically
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toolowathigherenergies. Thissystematicdeviation
canbeattributedtounderestimatingthecontributions
tohigher-lying21Nastates,whichevidentlydominate
ourexperimentaldataathigherenergies,ortocontribu-
tionsofunknownormis-assigned-spinresonancesinthe
22Mgspectrum.Finally,Fig.14showsacalculationwith
theHauser-FeshbachcodeSMARAGD[26,27],whichin-
cludesthecrosssectionsleadingtowardsthegroundstate
andfirstfiveexcitedstatesof21Na,includingtheun-
bound2.798MeVstate.Theoverallagreementwithour
dataisexcellent.

FIG.15. Comparisonofthereactionratesofthisworkand
Mohr etal. 2014work[19]tothereferencereactionrate
NA <σv >ref determinedinRef.[18]. Theflatlineat
0.55NA <σv>refistherecommendedreactionratefrom
Ref.[18].Thetotal(α,p)reactionrateofthisworkislarger
byafactorof1.5fromtherecommendedrateofRef.[18]due
tothecontributionsofthe21Naunboundstates.

Theimpactofourresultsonthereactionrateisil-
lustratedinFig.15. Wecalculatereactionratesusing
theunfoldedcrosssectionsfromthisworkshowninFigs.
12–14forEcm>2.5MeV.ForEcm<2.5MeV,weadopt
crosssectionsbasedontheresonantpropertiesgivenin
TableIof Mohretal.[19],whereweareinagreement
andourstatisticalprecisionispoor.Followingthepre-
sentationin[19],weplottheratioofourreactionrates
tothereferenceratefromRef.[18].AtpeakX-rayburst
temperaturesT=2.5GK,the18Ne(α,p)21Nareaction
ratefromaprevious MonteCarloanalysisinRef.[19]
(yellow,solidcurveinFig.15)agreeswiththerecom-
mendedreactionratefromRef.[18],whichwasgiven
as55%ofthereferencerate(flatgreylineinFig.15).
Wefindtheexperimentalreactionratetobeafactorof
1.5largeratT=2.5GK(black,solidcurveFig.15).
Theincreasecomesprimarilyfromreactionsproceeding
throughprotonunboundstatesin21Nathatsubsequently
decaybyprotonemissionto20Ne,ascanbeseeninthe
comparisonofthe(α,p)(blue,dashedcurveFig.15)
tothe(α,2p)(green,dashed-dottedcurve)contributions
tothereactionrate. Theresonancepropertiesin22Mg

usedinpreviousestimatesofthereactionratecomeal-
mostexclusivelyfrom2-neutronstrippingreactions.It
isnotsurprisingthatbroadproton-unboundstatesmay
havebeenmissedthatwouldaccountfortheenhanced
contributionfrom18Ne(α,2p)20Nethatweobserve.In
mostastrophysicalscenariosthe18Ne(α,2p)20Nebranch
islikelytohaveanegligibleeffectduetothehighrate
ofthe20Ne(p,γ)21Nareaction;however,itisadvisableto
includethe18Ne(α,2p)20Nereactionrateasaseparate
channel,particularlyinmodelswithlowhydrogenabun-
dance,suchasmayresultfromaccretionfromahelium-
richcompanion.
Finally,itisworthnotingthatthe MonteCarloes-
timateofthe18Ne(α,p)21NareactionrateinRef.[19]
(yellowcurveinFig.15)issignificantlyhigherforT≈
1−2GKthanthatobtainedusingtheresonanceparam-
eters(TableIof[19])oradirectintegrationusingthe
recommendedS-factor(Fig. 2of[19])(purple,dotted
curveFig.15). Sinceweadopttheresonanceparame-
terizationforEcm<2.5MeVincalculatingthereaction
rate,ourreactionratemaysimilarlyunderestimatethe
reactionrateinthisintermediatetemperaturerange.

VI. CONCLUSIONS

Ourexperimentdeterminedcrosssectionsforthe
18Ne(α,p)21Nareactionbetweenabout2.5-4MeVinthe
centerof massusingtheactive-targetdetectorsystem
ANASEN,whichwasaugmentedbyanion-chambercom-
ponent,allowingforahigherdetectionsensitivitywith-
outlimitingtheusablebeamrate. Thepresentexper-
imentisthefirstmeasurementofan(α,p)reactionon
aradioactivebeamwiththeANASENactive-targetde-
tector,determiningcrosssectionsaslowas5mbarnand
inthecenteroftheGamow-windowforatemperature
T=2GK.Thepartialcrosssectionsforthepopulation
ofthe21Nagroundstateareconsistentwiththosederived
fromexperimentsonthetime-reversereactionbySihna
etal.[11]andSalteretal.[12].Thetotalcrosssection
issignificantlylowerthantheonefoundinpreviousex-
perimentsbyBradfield-Smithetal.[9]andGroombridge
etal.[10].
Comparedtothepredictionsof Mohretal.[18,19],
whicharebasedonindirectlydeterminedresonancepa-
rameters,ourcrosssectionsarelargerathigherreac-
tionenergies,demonstratingthecontributionsfromthe
proton-unboundstatesof21Na. Whilein mostastro-
physicalscenariosthe18Ne(α,2p)20Nebranchislikely
tohaveanegligibleeffectduetothehighrateof
the20Ne(p,γ)21Nareaction,the 18Ne(α,2p)20Nereac-
tionratemayhaveaseparateimpactonmodelswith
lowhydrogenabundance,suchasthosefromaccretion
fromahelium-richcompanion. Finally,thecrosssec-
tionsofthisworkareconsistentwiththepredictionsof
aHauser-Feshbachcalculation. Althoughatlowener-
giesthereactionproceedsmostlythroughindividualres-
onances,whichcouldnotberesolvedbyourexperiment,
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theoverallagreementwithHauser-Feshbachcalculations
seemstojustifytheiruseasanapproximationtodeter-
minethethermalreactionrateuntilmoreexperimental
dataisavailableforthedirect18Ne(α,p)21Na.
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