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The ?°Ne(a,n) reaction is the main neutron source for neutron capture nucleosynttegi®dess in
massive stars and plays also a significant role forstpeocess in thermally pulsing asymptotic giant branch
stars. In these scenario€Ne is produced by the reaction sequert®(«a,y)*F(87)*®0(«,y)?*Ne. While
the first reaction is well understood, capture on*®0 was affected by considerable uncertainties. At the
temperatures of stellar He burning, the reaction rate is determined by two resonaaaaseagies of 470 and
566 keV. Since these resonances were not yet successfully measured, the rates had to be based on estimated
resonance strengths. In the present work, the first direct measurement of the partial strengths of these extremely
weak low-energy resonances is reported. The use of a high-efficiency segmented Ge detector in coincidence
with bismuth germanate oxide counters covering a large solid angle led to a significantly improved experi-
mental sensitivity, thus allowing for the clear identification of specjfitransitions. As a result, resonance
strengths of 0.7£0.17 eV and 0.480.16 ueV could be obtained for the 566- and 470-keV resonances,
respectively. When compared to the previously reported upper limitslo? ueV, these results provide a
reliable basis for the determination of the reaction rate during stellar He burning. Accordingly, these data
reduce the uncertainties in tisgprocess neutron balance.
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I. INTRODUCTION to the total exposure, but at a much higher neutron density
than in the previous®C(«,n) phase. Accordingly, the abun-
The “main” and the “weak” components of nucleosyn- dance patterns that we observe are strongly influenced by the
thesis by the slow neutron capture procesgirocess indi- 22Ne(a,n) neutron source. It is this interplay between the
cate that two separate sites contributed to the abundances @dmplementary neutron sourceSC(a,n) and ?’Ne(a,n),
snuclei[1]. The weak component is believed to be related towhich represents a persisting challenge for nuclear astro-
the production of nuclei up to ZrA<<90) during He burning physics, since both reactions are yet uncertain due to lack of
in the cores of massive starss(5 M), while the main  data in the relevant temperature regions of the respective
component A=90-209) is likely to occur in the He- stellar sites. This work is devoted to an improved study of
burning shell in low mass asymptotic giant bran@&GB)  the reaction sequence leading to the buildug®e during
stars[2,3]. The ?Ne(a,n) neutron source plays an important stellar He burning.
role in both scenarios. While this reaction dominates the neu- In the preceeding carbon-nitrogen-oxyg@@NO) driven
tron production in massive stars, the lower temperatures ihydrogen burning phase of massive stars, practically all of
low mass stars favor théC(a,n) reaction that provides the CNO nuclei are transformed infdN, since proton cap-
about 95% of the total neutron exposure. However, the finalure on **N is the slowest reaction in the cycle. TH&N
abundance patterns are modified in a characteristic way bgshes of hydrogen burning are converteddde by the re-
the marginal activation of thé°Ne(a,n) reaction at the end action sequence*N(a, v)'®F(87)*0(«a,y)*Ne. The re-
of each neutron production episode in thermally pulsingsulting 22Ne abundance and hence the efficiency of the sub-
AGB stars[3]. At this evolutionary stage, recurrent He shell sequent ?Ne(a,n)?®Mg neutron source depend on the
flashes lead to sufficiently high temperaturdg€0.3, in  precedinga capture reactions ofN and 0. The reaction
units of 10K) so that?’Ne(a,n) reactions add typically 5% rates at the relevant temperatures are expected to be domi-
nated by contributions of low-energy resonanf£k While
the first reaction is well understod8], « capture on'®0 is
*On leave from Faculty of Applied Sciences, Al-Balga still affected by considerable uncertainties.
Applied University, Salt19117, Jordan. Electronic address: Previous direct measurements of tH©(«,y)?Ne reac-
saed.dababneh@ik.fzk.de tion covered the energy range from 0.6 to 2.3 M&Y and
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from 2.15 to 3.70 Me\M[7]. Therefore, the stellar reaction Plastic scintillators

rate is well determined by the available experimental data at _]_ e : E‘
] iBeo

temperaturesTg=0.3-4.3. At the relevan$ process tem- |Clover

|
peratures [9<0.3), however, the rate might be significantly o BGoEn

enhanced if additional resonances could be detected at ener-

gies below 600 keV[6]. At these energies, penetration - Target

through the Coulomb barrier reduces tlae width (T",) :

sharply to values much less than thevidth (I' ,<I",) and Lead shield

the strength of these low-energy resonances thus depends Down stream view Lateral view

only onT',, . It was indicateq 6] thqt due to thguyz ol FIG. 1. Downstream and lateral views of the experimental setup
dependence and due to the barrier penetration factor con-

: - . . are represented schematically.
tained inl" ,, the low-energy resonances were inaccessible to P y

experiments aiming at a direct strength measurement. Thesguept horizontally and vertically across an effective target
possible resonance levels, which would dominate the reagyea of 1 crfi to illuminate the target homogeneously. The
tion rate at astrophysical energies, have been so far studiggrgets were mounted at 0° to the beam direction and were
only indirectly. The*®O(°Li, d)*Ne « transfer reaction has directly water cooled. Target and chamber formed a Faraday
been used to investigate the level structure’®le around  cyp for measuring the integrated beam current on target. A
the a threshold[8]. Attempts to measure these low-energy negative voltage of 300 V was applied to the Cu trap to
resonances directly could provide only upper limits for thesuppress secondary electron emission. Typicaleam cur-
resonance strengtli8,9]. The predicted resonance strengthsrents of~115 A on target at energies above 600 keV were
are low(<1.7 ueV) and are reported as extremely difficult to ayajlable, while at lower energies the current was limited to
be accessed in direct measuremégais ~70 uA.

In general, there is a strong demand for reliable charged The experimental setup was optimized in several steps
particle reaction rates for stellar nucleosynthesis calculationgnd was eventually adopted in the version sketched in Fig. 1.
The main problem is that these measurements are handihe main component in the-detection system is the Eurisys
capped by high backgrounds, which include natural, cosmigjesures Clover array placed at 0° to the beam direction. It
ray induced, as well as beam induced components. Sincgnsists of four coaxiat-type HPGe diodes 50 mm in diam-
background reduction and event suppression techniques agger and 70 mm in length, cut in a way that enables close
imperative for the investigation of extremely weak reactionspacking with a Ge-Ge distance of only 0.2 nfii]. The
[10], this work is aimed at improving the detection sensi-  crystals are mounted in a common cryostat. The total active
tivity, or in other words, at increasing the capture yield-to-Ge yolume is 470 ch The y efficiency was determined
background ratio. from the knowny decay of the?’Al( p,y)?%Si resonance at

With standard spectroscopy, background levels are ovelyg2 kev[12,13 and the known resonance strength «f
whelmingly much higher than the expected yield from the—(1 91+0.11) eV [14] as well as by calibrated sources. The
weak resonances even with heavy passive shielding. B¥econd part of the-detection system consists of four Sci-
analysis of the different components in the background spegnix BGO crystals, 1813x3 cn? in size, surrounding the
trum and of the expected transitions in tfe compound pstream side of the target. The BGO detectors together with
nucleus, the setup has been designed to selectively exclugge plastic scintillator panels on top of the setGPx50x2
all events that do not satisfy certain physical criteria characen?) serve to provide coincident events that can be used for
teristic of the sought transitions. The method utilizes high-sft-jine background reduction. The passive lead shield con-
efficiency bismuth germanate oxid8GO) scintillators in  gjsted of a 10-cm-thick layer for reducing the ambignty
coincidence with high resolution granular Ge detectors fromyackground level. This geometry has been optimized for
which all information is recorded event by event for later cjoyer-BGO coincidences. The final geometry adopted for

common backgrounds, includes cascades of well defiped sjye geant4 [15] Monte Carlo simulations.

lines, substantial background reduction could be achieved by The signals from all detectors, i.e., from the energy out-

means of the coincidence technique. puts of the four Clover crystals, two energy outputs of the
As a result, the detection sensitivity could be sufficientlyfoyr BGO scintillators (each two coupled togetherthe
enhanced to identify at least the first excited state to groungt|over-BGO timing signals, as well as the Clover-plastic
state transition in the compound nucletfle for the reso-  scintillator timing signals are processed and recorded event
nances in the astrophysically relevant energy range, which tgy event in an 8 analog-to-digital converter data acquisition
our knowledge are the weaket,y) resonances ever di- system. No hardware vetos have been included, so that all

rectly measured. necessary information is preserved for repeated and flexible
software analysis.
Il. EXPERIMENTAL METHOD If each crystal in the Clover detector is considered inde-

pendently as a single detector, then the composite Clover

The experiment has been conducted at the Karlsruhdetector is said to be operated in “direct” mode. Thus the
3.7-MV Van de Graaff accelerator. The beam, guidedphotopeak detection efficiency is simply the sum of the in-
through a Ta collimator and a Lfcooled Cu trap, was dividual photopeak efficiencies of each of the four crystals.
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On the other hand, the close packing of the Clover detector 500/

facilitates its operation in the so called “addback” mode. In g

this mode, coincident events in different crystals are summed R T S
resulting in the reconstruction of full-energy signals if o t i
Compton-scattered and 511-keV annihilation photons escap- T30

ing from one crystal are detected in another crystal. The % 200

summed signals are stored in the addback spectrum, which s

results in improved full-energy peak efficiency at the ex- 100+

pense of the Compton continuum and escape peaks. In case

of coincident cascade photons resulting from the decay of a 2 4 6 8 10 12 14
highly excited nuclear state, summing effects may compli- Charge (C)
ggtr? d;hﬁo{n;ﬁ[;sgﬁ fhﬂcgé?ggt?énsg‘%iiég;ﬂgﬁ:ﬁ%ggﬂ%;& FIG. 2. Verification of the target_ stability using the 6_60-keV

) C ; o fesonance of thé®O(«,y)??Ne reaction. The measured yield for
¥s but on the possibility of detecting coincident Cascadet e transition from the first excited state to the ground state is plot-
photons as well. However, these effects are strongly reduced against the accumulated charge.
in the coincidence spectra. As implied by the geometry of the
detection system, the coincidence spectrum includes selec-

tively and by definition those transitions in the cascade thal rgm :ﬁer&wﬂh the gurrent dsstlﬂﬁ'%. 3 re\g_eaIsTnhew dQete:|Is d
correspond toy photons emitted in opposite directions. De- about the decay modes and branching ratios. 1he direct mode

tailed description of the different modes of operation of theSPectrum acquired for an mteg_rate_d bea.”.‘ current of 4.88 C
detection system together with the Monte Carlo simulationg1618 been analyzgd, and the "T‘e Intensities h_ave been cor-
are in preparation and will be published in a forthcomingrectEd for summing efngts using the COI‘re.CtI.OI’.l fadtbr
paper[16]. The coincidence option is further described in —(M—1)77]™*, whereM is the average multiplicity of the
conjunction with the study of the reference resonances iry transition in the different cascades calculated from the
Sec. IV. branching ratios of the secondary transitiphg,13], and 5

The 80 targets have been prepared as'#D; films de- is the average total efficiency for a single Ge crystal in the
posited onto 0.4-mm-thick Ta backings by reactive sputterind>lover array[16]. The intensity of each decay mode of the
in an Ar/*%0, mixture at 0.4 Pa. Thé®0, gas was of high fésonant state has been obtained from the analysis of the
purity, >99.9% in chemical composition and 96.6% in iso- SPECtTUm as the weighted average of the intensity of the cor-
topic enrichment, and an aluminum disk of high purity "€SPonding primary transition and that of the observed sec-
(99.999% has been used as the sputtering cathode. The sanf@idaries. Table | lists the observed primary transitions and
method has been used to prepare natural oxyge®Aky- f[he correspondlng branching ratios together with those found
ers for background measurements. in the literature. _ _ _

The search for low-energy resonances has been performed The previously available information on the resonance

using 95..g/cnPAlL 0, films. A target of the same thick- strength is 56@60 peV [9] and 47G-80 ueV [6]. Trautvet-
ness has been used to measure the resonance at (efet al. [6] determined the resonance strength of the 750-

—660 keV. Thinner0 targets (35 ugl/cn?) served to keV resonance relative to a resonance at 2.20 MeV, the

study the high-energy resonancesEgt=750 and 770 keV. strength of which was determined relative to the closely

The stoichiometry of the targets was verified by measur—Spaced doubletAE,=1.9 keV) atE,=1.53 MeV of the

14 18 7 i H
ing the strong2’Al( p,y)?Si resonance at 992 keV with a N(«, y)*°F reaction. While the stopping power values used
pure Al target and an AD; target. The observed ratio of the

yyields is in excellent agreement with the expectation for an 300- . = & Resue
Al,O3 stoichiometry. — g % 1 s326m0

The target stability was monitored during the experiments 2004 § —F—25% §
by investigating the yield from the 660-keV resonance of the -5
80(a, y)#*Ne reaction in stepsfal C up to atotal inte- 100
grated charge of 14 C for am beam of~120 uA on target ®
(Fig. 2. The stability of the targets was also confirmed by €
measuring thé®O(p, y) 1%F resonance yield at 1167 kd¥7] 3
before and after each of the long runs performed at fow  © 802 A=Y
energies. 6ols ===t

40 \
Ill. THE RESONANCE AT E =750 keV 20 J\

Although the resonance of th€O(«,y)??Ne reaction at . ! : Wil it o

E,.=750 keV has been previously investigate&l9,8), its 6 7 Energ?y (MeV) 9 10

decay properties have been examined in this work with im-
proved accuracy. Since angular distribution measurements on FIG. 3. Cosmic suppressed spectr(direct modé acquired for
this resonance indicate isotropigemission[8], the spec- the 750 keV resonance for an integrated beam current of 4.88 C.
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TABLE I. Branching ratios obtained in this work for the 750- Only cosmic suppressed
keV resonance compared to those found in the literature. 1000 Direct mode
1004
b h(%
v branch(%) , 10]
Primary transition This work Ref9] Ref. [6] § 1 ' ' '
_ S <« Coincidences
R=7489 (1) 7.7+0.8 103 1000/ 127400 § oo BGOwindow3-11MeV
R=6853 (1') 10.1+1.1 204 15+ 4 1001 4 %g Direct mode
R=6691 (1) 7.1+1.1 8 =B
R=5326 (1) 46.6-2.5 44-5 55+4 10;
R=1274 (2") 28.5+3.1 25+5 30+4 1 . . J—w—iufi{b”rr——
Energy (MeV)
in that determination were obtained from RE18], more FIG. 4. The Ge Clover spectrum taken on the 750-keV reso-

recent stopping power daft&9] lead to a corrected resonance nance with an integrated beam current of 4.88 C. The top panel
strength ofwy=390£70 ueV. Similarly, the corresponding shows the situation if only the plastic scintillators covering the ex-
correction for the 660-keV resonanp@] leads to a revised perimental setup are used for reduction of the secondary cosmic ray
value of wy=240+40 ueV (Table II). background. The bottom panel shows the coincidence spectrum ob-
From the total yield of (1.560.12)x 10" 1* per incident  tained with a BGO window of 3-11 MeV where the cosmic com-
particle obtained in this work, and using the effectiveponent is also suppressed. The improvement in the peak-to-
stopping powera(A|21803) - 3(180)+§s(AI)=79.5>< 10°%° background ratio for the 1274-keV line is obvious.
eV cnt [19], the total strength of the 750-keV resonance has
been determined to hey=490+45 ueV. The uncertainty in  excited state-ground statedetected in the Clover and pri-
the resonance strength includes, in addition to the statisticghary transitions detected in the BGO's. These results will be
uncertainty in the measured yield, the uncertainties in th@ormalized to the higher-energy reference resonances at 660,
detection efficiency, the total efficiency for the summing cor-750, and 770 keV. Accordingly, the coincidence techniques
rection in direct mode, as well as the 5% uncertainty of theare discussed and applied to the reference resonances in this
stopping power data. The weighted average of this measurgection. This sets the ground for the study of the low-energy
ment and the two previous values yields a resonance strengfsonances that will follow in Sec. V. The coincidence option

of wy=490=40 ueV (Table II). using an energy window in the BGO data above 3 MeV was
found to provide the best signal-to-background ratio. This

IV. THE COINCIDENCE OPTION AND THE REFERENCE window includes the primary transitions feeding the first ex-
RESONANCES AT 660, 750, AND 770 keV cited state at 1274 keV. In spite of the reduction in the num-

o . ber of real counts in case of coincidences, the improved
The determination of the strengths of the astrophysically,e s t0-hackground ratio allowed the identification of a clear

important weak resonances at 566 and 470 keV is to bSeak for the 1274 keV line during the search for the low-
based on coincidences between the secondary tranfftisin energy resonances.

The improvement in the detection sensitivity of the 1274-
%eV line is illustrated in Fig. 4 for the 750-keV resonance.
Though the peak efficiency in the coincidence specttiot-
tom panel is reduced, the strong background suppression
provides a convincing argument in favor of the coincidence

TABLE Il. Parameters of the reference resonances in th
80(a, y)?*Ne reaction.

Eg (keV)®  E, (keV)® Jre wypeV)  wpueV)

662.1+1.0  10208.9 I 212+4%F 229+19 option for detecting the much weaker yields anticipated for
240+ 4(¢ the low-energy resonances. Apart from the 1274-keV transi-
230+ 257 tion, severaly lines at higher energy, especially from a
749.9+1.0 10280.8 O(1°,2") 56060  490+40 strong decay mode through the 5326-keV std&ble |) can
390+70¢¢ be identified as well. The gain in peak-to-background ratio is
490+ 45° shown in more detail in Fig. 5 for the energy region around
767.651.0  10295.3 3 1200120 1200+120 the 1274-keV line. While the yield is lower by a factor 4.4 in
the direct mode and 3.7 in the addback md@eé pane), the
%Referencd9]. background is reduced by factors of 125 and 260 for the
PReferencg 13]. coincidence option, in the direct and addback modes, respec-
‘Referencd8]. tively (right panel. These ratios suggest that the addback,
dReferencd6], corrected for stopping power valuéSec. Ili). while not required for the high-energy resonances where the
€This work (Sec. llI). statistics in the direct mode are sufficient, will be helpful in

fUsed to calculate the contribution of the corresponding resocase of the much weaker low-energy resonances. As dis-
nance to the total stellar reaction rg®ec. V) as well as a refer- cussed earlier, the addback mode suffers from uncertainties
ence value to determine the strengths of the weak low-energy resalue to summing effects. However, these effects are strongly
nancegSec. V. reduced in the coincidence spectra. As implied by the geom-
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mentioned bypasses over the first excited state. Obviously,
mode 4 cannot be accounted for in this respect since the

L] 104

3001 ° decay goes directly to the ground state. However, this mode
o . : is expected to contribute to the total yield only in the decay
- . of resonances with spinl(=1").

Ezom " The rather important contribution of decay mode 3 cannot

§ ) L a A be obtained from the singles spectra in case of the weak yield
© 4004 o OV A . anticipated for the low-energy resonances, where no identi-
D'ﬁii.n 011 o 2o ) fiable y lines can be measured. In order to investigate the
Fomosaunisy IR T I FVOUR s relative contribution of this decay mode in an alternative
1260 1280 1260 1280 way, three-dimensional coincidence “matrix spectra have
Energy (keV) been constructed for each resonance. These matRagso)

give the number of events in 1-MeV energy bins in the ad-
FIG. 5. Left panel: Same as in Fig. 4, but zoomed on the 1274¢dback Clover spectrum which are in coincidence with
keV transition from the first excited state to the ground state. Rightl-MeV energy bins in the BGO data. Since mode 3 decays
panel: The same energy region is shown for the background rubypassing the first excited state are characterized mainly
using a natural AlO; target. Both spectra correspond to a collectedpy v lines in the 3—6 MeV energy range, the corresponding
charge of 1 C. The squares correspond to the spectra in which onlgx 3 MeV region in the matrices gives, at least qualitatively,
the secondary cosmic ray background component is suppressegh idea about mode 3 bypasses. It should be noted that mode
while the triarllgles represent the Clover coincidence spectra with 3 g1so could contribute to this region. A “peak” inside this
3-11 MeV wmdow_ln the BGO data. Closed and open Symb°|s“square" is clearly seen in the 750-keV resonance matrix
correspond to the direct and addback modes, respectively. which is consistent with the mode 3 bypasses anticipated
) o . from its decay scheme. From the branching ratios obtained in
etry of the detection system, the coincidence spectrum ingis work for the primary transitionéSec. Il and those for
cludes selectively and by definition those transitions in thgpe secondariefl12,13, the contribution of mode 3 i§49
cascade that correspond tophotons emitted in opposite +4)% of the total decay modes for this resonance.
directions. That holds, in particular, for two step cascades The absolute efficiencyy.o;, for detecting the 1.27-MeV
which contribute 100%, 55%, and 75% to the total decay§ansition in coincidence with the 3—11 MeV BGO energy
feeding the 1274-keV level, for the resonances at 660, 75Qyindow can be calculated from the adopted strengths of the
and 770-keV, respectively. o known resonances at 660, 750, and 770 k&sble 1) and
The different decay modes of any resonance in this reaGne feeding probabilitB of the first excited state calculated

tion can be classified as in the upper right panel of Fig. 65,om the known branching ratio&column 3 of Table 1)
The coincidence option discussed so far considers mOdeSJsing the relation

and 2, and a bypass correction is needed to account for the

contribution of the other two modes in the calculation of the

resonance strength. It would be necessary to consider mode 3 oy
in the coincidence option in order to correct for the above

 Yeoin26 181

a Tcoin N2 22B’ @)

wheree is the effective stopping power of particles in the

10 Bypase Mo, gYes Al,*%0;, target] = e(*%0)+3e(A) ], A is the center of mass

> 8 660 key M wav_elength,Ycoin is the g:omc[dence yield per incidernt

= E particle. The results are listed in the last column of Table 1lI
25 T along with the adopted weighted average(@B80+0.07)%.

83 . Although the three reference resonances have different decay
§ 2 162: i v ¥ §+ branchings and angular correlations, the uncertainty in the
<10 10" weighted average of the coincidence detection efficiency is
§ 5 750 keV o 770 keV constant within 9%. This can be explained by the large de-
S E %i tection angles covered by the Clover and BGO detectors
kS 2 m i s (Fig. 1) (for details, see Ref16]).

g3 3

E % % V. THE RESONANCES AT STELLAR ENERGIES

O 123456789 127123456789 127

BGO coincidence window (MeV) The techniques described above are applied to the low-

energy resonance&<600 ke\) in order to measure their

FIG. 6. Matrix spectra constructed for the three high-energyresonance strengths, including additional fine tuning for the
resonances. A clear “peak” in the 3—6 MeV regidboth Clover coincidence calculation.

and BGQ for the 750-keV resonance is consistent with the strong
mode 3 transitions for this resonance. The rightmost column in each
matrix represents coincidences in a BGO window around the 1274-
keV line. The different modes of decay for a resonant state are Trautvetteret al.[6] measured thé®O(«, y)?’Ne reaction
summarized in the upper right panel. in the energy range from 0.6 to 2.3 MeV. Their astrophysical

A. Previous attempts
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TABLE IIl. Net counts in the 1274-keV line in coincidence with a 3—11 MeV BGO window, and the
corresponding absolute coincidence detection efficiency for the three high-energy resonances. The feeding
probability (B) has been used to correct for bypasses over the first excited state.

Resonance energy  Coincidences B Absolute coincidence efficiency
(keV) (Couns /10 (%) (%)
750 3649 51.5+4.2 0.73+0.09
660 100-3 20.0+3.58° 0.97+0.20
770 1582:28 75.771.7F 0.90+0.14
Average coincidence efficiency 0.80.07

&Calculated from the branching ratios of the primary transitions measured in this work and of the secondaries
[12,13.

b\Weighted averages of 7 [9] and 235 [6]. The only transition feeding the first excited state is the direct
decay of the resonant state.

Calculated from the branching ratios of the primary transiti@jsand of the secondari¢42,13.

reaction rate includes the contribution of the resonances ipopulated states if?Ne. Possible spin assignments for these
this energy range, as well as contributions of the direct captevels were also obtainable, since for these natural parity
ture process, the wings of a broad resonance at 1.53 Me¥tates the spin and parity are determined uniquelyl &y
and results from a previous wofK] that covered the energy and ==(—1)'. The angular distribution measurement did
range from 2.15 to 3.70 MeV. The compilation by Caughlannot allow, however, for the assignment of uniguealues.
and Fowler CF8820] basically adopted their resulf] but  Therefore, the)” assignment for these states remained am-
included an estimate for the resonance at 58 keV. The stell&figuous[22]. The available data are listed in Table IV. The
reaction rate is well determined by these experimental data aésonance strengths in this table were calculated relative to
temperature§o=0.3—4.3. BelowTy=~0.3, however, the the known 660-keV reference resonance using the relation
rate was expected to be significantly enhanced if additional
resonances could be detected at energies below 600 keV (2J+ 1)SIa(EX)PI(Ea)
[6,21]. wy= T —R R
In a later study, Gieseet al.[8] used the'®O(5Li, d)?>Ne (2Jr+1)S,(EPI(EL)
a-transfer reaction to study the level structure?@le in the
excitation range E,=85-11.3 MeV in search for WhereS'a is the a-spectroscopic factor arf, is the penetra-
a-unbound natural parity states. Four states were observed bility through the Coulomb and orbital momentum barriers.
that experiment at 9.72, 9.85, 10.05, and 10.13 MeV, correThe uncertain spin assignments for one single resonance cre-
sponding to resonancesBt =58, 218, 470, and 566 keV in ate large variations in the corresponding calculated reso-
the *¥0(a, y)?°Ne reaction. From their angular distribution nance strengths, emphasizing the need to measure the reso-
measurements of the transfer reaction, they obtained infomances directly. An attempt was made by Vogeletaal. [9]
mation on the possible angular momentum trantfer the  using four large-volume Nal detectors inrdgeometry and

OYR, (2)

TABLE IV. Low-energy resonance parameters found in the literature.

wy (ueV)
Experimental
E, E, Using Eq.(2) upper limit
(keV) (MeV) Jré S.(%0) [22] (8] (9]
58 9.72 3 1.1 4.1x 10740
(2" 2.5 1.5<10°%°
218 9.85 4 1 7.1X10712
(1) 2.7 5.8<10 11
470 10.05 0 15 0.55 <17 <(0.0+0.2
(17) 4.7 0.23
566 10.13 4 0.85 7.9%10°3 <17 <(2.0+0.5)
(2M) 1.9 1.95
(37) 1 0.15
662 10.21 T 3.5 23025

#The first assignment for each resonance was adopted by Géeser]8].
bReference resonance used in E2).
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1004 50 2 %% grsc ] 31¢C c S
€ . . . . O®
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€ 3 : 2
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3120 [ 7 301 . &
e 20 . 2
80| 200 .-, . " .
i . . . (T PLPLLIT] J O
40 A 1270 1280 1270 1280
' ' " bt Energy (keV)
0.5 1.0 1.5 2.0 2.5 . . .
Energy (MeV) FIG. 8. Top: The region of the spectrum, with only cosmic ray

) background suppression, around the 1274-keV line for the low-
FIG. 7. Top: The spectrum for the combined runEgt=600,  energy resonancés66 keV) as well as for the background mea-

620, an_d 640 keV with 87.5 C total mtegrate@ currer_1t and 213 h ofred with a natural oxygen target. Bottom: The corresponding
beam time on target. These runs were carried out in search of thgyectra with the coincidence option. The first excited state to ground
weak resonance at 566 keV. The secondary cosmic ray backgroungate transition for the 566-keV resonance can be clearly identified
component is suppressed in this spectrum and the appeglings i the coincidence spectrum. All spectra are in the addback mode.
correspond to the background contributions. The shaded area rep-
resents the energy region where the first excited state transition T17i14 yields an average of 1.30.16 counts per 1 C.

expected. Bottom: The corresponding coincidence spectrum illus- Using this result, along with the average absolute coinci-
trates the strong improvement of the peak-to-background ratio al(-j n detection ;‘fi ien _0.80+0.07 described in
lowing the clear detection of the 1274-keV transition in the very ence detection etlicienCycon=1.0U= 1. escribe

weak 566-keV resonance. Sec. IV(Table Ill), the partial strength of the 566-keV reso-
nance has been calculated according to

by Gieseret al.[8] using a large Ge detect@5%) in close
geometry with the target. While the results of the earlier
measurement by Trautvettet al. [6] for the resonances
above 600 keV were confirmed, the measurements failed in

detecting any of the lower resonances, and only upper limitghere ¢ is the stopping power antl;, is the coincidence
for the strengths of the low-energy resonances could be oRjie|d per incident particle. The result isy=0.63+0.09 ueV
tained(Table IV). (Table V). The uncertainty includes a 5% error in the stop-
ping power in addition to the uncertainties in the coincidence
B. The 566-keV resonance yield and efficiency. This partial strength is a lower limit for
the total strength of this resonance and does not account for
the transitions which bypass the first excited state at 1.27

Y coin 2¢ 18
w A= — 5 ==, 3
Ypartial Teom N2 22 ©)

Al, O, targets 95ug/cn? in thickness(corresponding to
120 keV energy loss of the beam at 600 keYhave been ; "
used in search of the resonance reported by f8fat 566 MeV. However, this resonance has a spif=2" [25] and
keV. Typical @ beam currents of-115 A on target at ener- strong gro_und state transitions hgve been observeql only for
gies of 600, 620, and 640 keV were available. Background States in*Ne [12,13. Information about the fraction of
measurements have been carried oUE a 620 keV using Mode 3 decayssee Sec. 1Y can be obtained from the
natural oxygen AIO; targets of the same thickness. present data. . : . S

The coincidence spectruBGO window 3—11 MeV for From the branching ratios obtained in this wa@8ec. Il))

the combined runs at 600, 620, and 640 keV and for arf®" the 750-keV resonance, those listed by Voge&tal. [9]
integrated beam current of 87.5 C is shown in the lowe or the 770-keV resonance, and the available information

panel of Fig. 7. It illustrates the clear and unambiguous de[9,6] for the 660 keV resonance, the relative contributions of

tection of the 1274 keV transition from the first excited state
to the ground state, which has never been detected before. TABLE V. Resonance strengths used to calculate the stellar re-

The upper panel of the figure shows the spectrum for th ction rate compared to NACRE4]. All other resonances not
same runs but for which only the cosmic ray backgroun isted are the same as in NACRE. The experimental partial strengths

. . - . obtained in this work for the two low-energy resonances are also
component is suppressed. Thdines appearing in this spec- .
. - given
trum correspond to the different room background contribu-

tions. The region of the spectrum around the 1274-keV ling; ¢ nance energy o ysaria (1eV) wy (ueV)

is further illustrated in Fig. 8 for this low-energy resonance (keV) Tpﬁirsl,awork This work  NACRE[24]
as well as for the corresponding background specti3hC)

acquired ate,=620 keV using the natural oxygen target. 470 0.24+0.08 0.48-0.16 0.6
Figures 7 and 8 demonstrate how the real events immersed in 566 0.63:0.09 0.71x-0.17 0.01
the overwhelming room background are “picked out” by 660 22919 239+ 23
making use of the coincidence option. The net counts under 750 490+ 40 530+ 50

the 1274-keV line in this addback coincidence spectrum of
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shown in Fig. 10. The clear feature in this spectrum, which
i corresponds to the 1274-keV transition, was never seen be-
3 fore. The background corrected net area of this line is 20.6
+7.9 for 33.3 C of integrated current. The same region of the
o spectrum shown in Fig. 10 has been further analyzed using
E the maximum likelihood estimatédMILE) and Poisson statis-
tics [23]. Investigating the spectra of the high-energy reso-
11 i nances in the addback mode, the average full width at half
" maximum of the 1274-keV line is 3.8 channels correspond-
, , , , ing to 0=1.6 channels. Using the MLE for Poisson statistics
566 660 750 770 and the coderoissoNMLE[23], the total signal for the 470-
Resonance energy (keV) keV resonance is estimated as 206/3 counts with 68.5%
FIG. 9. The ratio between the net number of coincideridess ~ confidence level. This result is in excellent agreement with
MeV windows in both, Clover and BGQo the net number of first the background subtracted net area mentioned above and
excited state Clover coincidencé8GO window 3—11 MeV. This  yields a value of 0.620.19 counts pel C of integrated
comparison examines the contribution of mode 3 decays that bypasseam current. It should be noted here that when the MLE is
the first excited state. applied to the background spectrum measured with a natural
oxygen target, it yields an upper limit of 0.18 counts per 1 C.
mode 3 decays have been calculated and found t¢4Be Using the absolute coincidence detection efficiency and Eq.
*=4)%, (24+8)%, and<4% for the three resonances, respec-(3), the partial strength is 0.240.08 ueV for the resonance
tively. Accordingly, the net number of coincident events in gt 470 keV, where the uncertainty includes, in addition to the
the 3 MeVx3 MeV area(defined in Sec. IY has been cal- ncertainties in the coincidence yield and efficiency, a 5%
cu!ate_zd and cpmpared to the net 127_4-k¢’s( that are in grror in the stopping power.
coincidence with a 3—11 MeV BGO windogmodes 1 and Further detailed coincidence analyses such as those ap-

ﬁ)' Thﬁ resul(tjs are shlng in Fig. % It Sho‘#d be emphasizedjiaq for the 566-keV resonance have been found to be not
ere that mode 2 could also contribute to the 3 M&MeV (%ossible due to the large uncertainties. The spin of this reso-
t

zone in thg matrix spectrum. This suggests that mode 3 d ance is not uniquely known,'0or 1~ [8]. For this reason,
cays contribute less than 20% to the total resonance strength. .
a’large branching to the ground state cannot be excluded. A

This is supported by the fact that for all knowr Zeso- . . :
typical branching ratio of 50% has been adopted from a com-
nances, no strong mode 3 decays were obsqzdd. For arison with the known branchings of 1states in?’Ne

this reason, we estimate a partial strength for the mode .
decay of 0.080.08 ueV, leading to a total resonance 12,13. This leads to a total resonance strength of 0.48

strength of 0.7%0.17 ueV which we adopt to calculate the +0.16 ,ue\/_. ) )
corresponding stellar reaction ret@ec. V). The estimates found in the literature for the strength of

this resonance suffer from large uncertainti@able V).
This applies, in particular, to the upper limits reported by
Ref.[8] and Ref.[9] of <1.7 and<(0.0*=0.2) ueV, respec-
The attempt to directly measure the low-energy resonanctively. In such cases, the compilations of reaction rates
at 470 keV has been affected by the lower beam current$20,24] usually assume 10% of the upper limit for an esti-
which was limited to~70 pA at a-particle energies of 530 mate of the resonance strength. The values obtained from the
keV. The coincidence spectrum obtained at this energy iangular distribution of the®0(°Li, d)??Ne transfer reaction
[8,22] could, however, be compared to this measurement if
the resonant level is populated with other reactions in a fu-
ture experiment aiming at measuring the branching ratios
and consequently determining the feeding probability of the

C. The 470 keV resonance

10 first excited state. In addition, and given the excellent perfor-
2 mance of the present setup and the remarkable stability of
3 the sputtered targets, there is a good chance to arrive at an
o 5] improved quantitative result for the 470-keV resonance, if

the measurement is repeated at a dedicated facility, where
high a-beam currents can be realized at low energies as well.

1260 1270 1280 1290 VI. ASTROPHYSICAL IMPLICATIONS

Energy (keV) Because of the fairly high level density, the stellar rate of

FIG. 10. The coincidence spectruiBGO window 3-11 Mey  the *®O0(a, ) reaction is entirely determined by single reso-
obtained in search of the 470-keV resonance for 33.3 C of intehances, while the nonresonant reaction component can be
grated beam current. The counting statistics are limited because ¢feglected20,8,22,24. For a given temperature, the stellar
the low beam current. The curve is a fit of the 1274-keV transition.reaction rate per particle pair for a narrow resonand@1$
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27 |2 —Eg™ Recommended
— 2
<Uv>_(MkT> A (wy)r ex% kT ) (4) 10° Total reaction rate ™~
For several narrow resonances, the total reaction rate is @ 4070 ] Ex= 660 keV E =470 keVl
simply the sum over the contributions of the single reso- g ER=566 keV
nances. In units of reactions per'anol™* cm?, the reaction “E 107 R
rate as a function of temperatufg is [22] % \ER =218 keV
> -20
10
Na(ov)=1.54 v,
11 60&5M Z 0% E, > 700 keV
X10P(uTg) 92> (wy); exp('T—R'),
' 9 10°° L . .
5 n
( ) ‘g 102_ <GV>This work
whereER™ are the center of mass energies of the resonances c — <OV> . o0
in MeV, (wv); are the corresponding resonance strengths % 10"+
eV), and u is the reduced magsm amu. s
It should be noted that from the angular distribution of the -g 10° 4
transfer reactiof8], the spin assignment for the level corre- k! This work
sponding to the 566-keV resonance could indeedJbe § 10" - OV cre
=2" instead of 4 as adopted by Kapeleret al.[22] and by : : :
NACRE [24]. Also Mao and Fortung25] reported this level 0.1 02 + 03 0.4
with a J7=2" assignment. In this case, the resonance °
strength would be 1.9&eV instead of 7. 10 3 eV [22] FIG. 11. Stellar reaction rates based on this weidp) com-

(or 0.01 eV [24]), resulting in a more significant contribu- pared to previous attemptbottom.
tion to the reaction rate. This argument is confirmed by the
results of the present measuremé®éc. V B. Recalling the calculate the stellar reaction rate are listed in Table V. The
partial strength(Table V) for the 566-keV resonance along contribution of all other resonances not listed in the table are
with the recommended value of 0F0.17 ueV (Sec. V B, the same as in the NACRE compilatig@4]. The stellar
we can thus exclude thE"=4" assignment and confirm the reaction rate based on the results of this work is shown in
2* character of this resonance. The upper limi{20+0.5) Fig. 11. Comparison with the literature is shown in the lower
ueV suggested by Vogelaat al. [9] (Table 1V) also sup- panel. The present rate confirms the strong enhancement
ports this conclusion. (relative to CF8820]) at He-burning temperatures suggested
The results obtained for the 470-keV resonance, on th&y Kappeleret al.[22] and by the NACRE compilatiof24].
other hand, cannot be interpreted so easily. As discussed be- At high temperaturesTy=0.3), the reaction rate is deter-
fore, the uncertainties due to the weak beam currents attaimined by the 660-keV and higher-energy resonar(€ég.
able at 530 keV do not allow for a reasonably precise condl). In the temperature range of stellar He-burning scenarios
clusion about the resonance strength. This resonance strondyo=0.1-0.3), the rate is dominated by the low-energy
influences the reaction rate at the temperatures of interestesonance at 470 keV. Clearly, the rate is much more sensi-
Unfortunately, though the coincidence method has proved ttive to the 470-keV resonance than to the 566-keV reso-
be effective in solving the ambiguity in the 566-keV reso-nance.
nance, the measurement of the weaker resonance at 470 keV The total reaction rate and the contributions of the 470-
still needs to be improved. Nevertheless, we have obtaineda@nd 566-keV resonances are also given in tabular form
value of 0.48-0.16 ueV for the strength of this resonance (Table VI). The temperature steps are the same as in CF88
(see Fig. 10 and the related discussion in Sec.)V C and NACRE.
The strengths of the two low-energy resonances as well as The total reaction rate foFg=<6 is given by the analytical
for the reference resonances that are used in this work tapproximation:

Na(ov)=1.95< 107 13T 3%exp — 2.0691) + 1.248x 10~ 2T, *%exp( — 4.462T )
+1.845x< 10 2T, ¥%exp( — 5.3731 ) + 5.95T4 *%exp( — 6.285Tg) + 12.74T 4 3%exp( — 7.11914)
+31.197, *%exp( — 7.287M ) + 3.22X 10°T4 *%exp( — 21.801T), (6)

where the rate is again given in émol 1s™ 1.
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TABLE VI. The total reaction rate (cimol 's™') and the sion. The combination of the high resolution Ge Clover de-
contribution of the 470- and 566-keV resonances as a function ofector and the high-efficiency BGO scintillators was instru-

temperaturelg(=10° K). mental for achieving the required detection sensitivity for
investigating the very weak resonances at astrophysical en-

To 470 keV 566 keV Total ergies. The remarkable stability of the sputtered targets under

0.07 1.4E—28 4.6F—34 1.5F_24 the thermal load of high beam currents is an additional pa-

rameter contributing to the success of the measurement.

0.08 3.3E-25 5.5€-30 5.0E-23 . . - .
0.09 136E_22 81E_27 88622 _The exponential term in Eq4) implies that resonances
with energies neakT will determine the reaction rate for a
0.10 1.6&-20 27E-24 2.3E-20 .
011 8.26—19 31E—22 8.8E—19 given stellar tempe_ratw[@.l]. For temperatures of stellar He
burning, the energies and strengths of the low-energy reso-
0.12 21&-17 1.6&-20 21&-17 nances are, therefore, extremely important. In particular, the
0.13 3.3E-16 4.4¥-19 3.3E-16 470-keV resonance dominates in this temperature regies
0.14 3.4€-15 7.5€-18 3.5E-15 Table VI). Based on the results of the present work, the de-
0.15 2.5€-14 8.8€-17 2.6%-14 termination of the strength of the 566-keV resonance reduces
0.16 15E-13 7.5E-16 1.5%-13 considerably the previous uncertainties in its contribution to
0.18 2.8E-12 2.6E-14 2.9£-12 the total reaction rate. The sensitivity of the present experi-
0.20 28&-11 44%-13 31E-11 ment is sufficient to deduce the contribution of the weaker
0.25 1.7E-09 6.8&-11 2.5%-09 resonance at 470 keV as well. If repeated wittparticle
0.30 2.6£-08 1.8E-09 6.7C—-08 beams of an intensity comparable to that used to measure the
0.35 1.7&-07 1.9E-08 8.8€£—07 566-keV resonance, it is expected that this result can be fur-
0.40 7.0&-07 1.0E-07 6.8 —06 ther improved. A supplementary experiment to populate the
0.45 2.0£-06 3.9€-07 3.5€E-05 two resonant states using other reactions in order to measure
0.50 4.7€E—-06 1.1E-06 1.3E-04 the branching ratios of their decays, and thus to deduce the
0.60 1.5&€—05 5.1F-06 9.4E-04 feeding probabilities of the first excited state, would be help-
0.70 3.6E—05 1.46—05 0.004 ful to confirm the present assumptions.
0.80 6.6E—05 31E-05 0.011 With these experimental results, the reaction rate could be
0.90 1.0E—04 55FE_05 0.024 quantified reliably and has been found to be higher compared
1.00 14604 8.5FE—05 0.045 to previous estimates by Caughlan and Fom. We con-
firm the strong enhancement at He-burning temperatures
suggested by Gieseat al. [8], Kappeleret al.[22], and by
VII. CONCLUSION the NACRE compilatiorj24].
The ®0(a,y)??Ne reaction at low energies is of consid-
erable astrophysical interest, since it determines the role of ACKNOWLEDGMENTS
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