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Branching ratio I',/T",, of the 4.033 MeV 32" state in **Ne

K. E. Rehm, A. H. Wuosma#,C. L. Jiang, J. Caggianb). P. Greene, A. HeinzD. Henderson, R. V. F. Janssens,
E. F. Moore, G. Mukherjee, R. C. Pardo, T. Pennington, J. P. Schiffer, and R. H. Siémssen
Argonne National Laboratory, Argonne, lllinois 60439, USA

M. Paul
Hebrew University, Jerusalem, Israel

L. Jisonna and R. E. Segel
Northwestern University, Evanston, lllinois 60208, USA
(Received 14 March 2003; published 30 June 2003

The branching ratid", /T, of the 4.033 MeV 3/2 state in'®Ne plays a crucial role in the breakout from the
hot CNO cycle into the rapid proton capture process. This ratio has been studied by making use of the
advantages of inverse kinematics. The state was populated vitHe@Ne,«)*°Ne* reaction and its decay
via y or « emission was measured by detecting the heavy reaction prodfides ¢r *°0) in coincidence in a
magnetic spectrograph. An upper linbit, /T, <6Xx 10" has been obtained. With these results, the astrophysi-
cal reaction rate for thé®0 (a,y) '®Ne reaction has been calculated. Its influence on the breakout at various
astrophysical sites, novas, x-ray bursts, and supermassive stars, is discussed.
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. INTRODUCTION 180(p, y)1’F reaction[3,4] while, for the second reaction,
the small yield for the'“O(«a,p)’F reaction is the main
At astrophysical sites where explosive hydrogen burninghottleneck[5—7]. Furthermore, the positive value for the
[1] can occur, e.g., in novas, on accreting neutron stars or iR (p, «)1%0 reaction leads to a very small value for /T,
supermassive stars, the energy production at elevated teifg] and, thus, to a negligible breakout probability through
peratures {=10° K) proceeds via the so-called hot 8¢ The third path,'®Ne(a,p)?Na, has the highest Cou-
CNO (HCNO) cycle. This is a reaction cycle consisting lomb barrier of the three breakout reactions and is, thus,
of a sequence of p,y), (p,a) reactions andB"  thought to contribute only at higher temperatures and densi-
decays: 2C(p,y)*N(p,y)"O(e" ve)*N(p,7)*°0(e* ve)  ties[9]. It is presently assumeid] that the 1°0O(a, y) reac-
*N(p,@)*?C. In this network, the rate of energy production tion is the most likely path for the breakout from the HCNO
is limited by the slowg decays of**0 and O, with Ty, cycle into the rp process.
=70.6 s and 123 s, respectively. At even higher temperatures A direct measurement of thé®0(«,y)'Ne reaction,
(T=3.5x10° K), a-induced reactions oA**0 can bypass which has an estimated cross section~e£00 pb, is cur-
these waiting points, resulting in a strong increase in thgently not feasible because it requires very inten'S®
energy production rate and, possibly, in the breakout fronbeams that are not yet availaljle0]. For this reason, only
the HCNO cycle into the rapid proton captuir@) process, indirect measurements have been performed so far.
where, through a sequence df,f) reactions and3™ de- The portion of the level scheme dPNe relevant for the
cays, nuclei above mass 20 are produic&id 1%0(a, y) reaction is presented in Fig.[11]. The first states
Once elements heavier thdfNe are formed, the reaction in *Ne above the ¢,y) threshold at 3.529 MeV are a 3/2

Q values in this mass region are such that no reaction sestate at 4.033 MeV, followed by 972and 7/2 levels at
guence can recycle the nuclei back into CNO material. There

are three possible breakout pathways from the CNO cycles (7/21)\ 2030
into the rp process:'®F(p,y)**Ne, ®O(«,y)*Ne, and ves 5242
BNe(a,p)?'Na. The first path,*¥F(p,y), requires the pro- (5/2;)\ 2 002
duction of ¥ which can occur either via the 132, 4.783
16 17 18Ne(at )18 B2\ 4.712
O(p,y) 'F(p,y) *Ne(B" ve)"°F route or through the se- (112732 Yy e 4638
quence®O(a,p)'F(p,y) *¥Ne(B* Ve)ISF- The first route is (;g_): P
hampered by the small cross section characterizing the 9127y 4.379
N2 4197
* i
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4.140 and 4.197 MeV, respectively. Because of the smalfhe energies of the correspondifgNe particles are, how-
angular momentum transfed(=1) and the lower excita- ever, below 4 MeV, i.e., too low to escape fronf®e gas
tion energy, the 3/2 level is expected to dominate the,(y)  target. In addition, thex particles from the decay of the
reaction rate. The contributions from the next two levels arg; n33-MeV state int%Ne are then emitted over the full solid
suppressed by about an order of magnitude due to the larggpgie and with very low energies, requiring a large-area Si
angular momentum transfep(=4). detector array for good detection efficiency.

In. Ref. [12] an estimate of thed, y) reaction rate was The case for inverse kinematics with?@Ne beam is rep-
obtained through a measurement of the spectroscopic faCt%sented by the solid lines in Fig. 2. Because of the high c.m.

of the 3/2" state in the mirror nucleu$’F, populated via the momentum in the laboratory system, theand “*Ne par-

15N(8Li, d)1°F reaction. From this measurement,@mwidth, . . ) .
ticles are restricted to a forward cone with opening angles of

r,=9ueV, was deduced. Together withl',=73 R N . . :
+41 meV, again taken from the decay in the mirror nucleus56'7 and 10.1°, respectively particles emitied at small

195 [11], an estimated branching ratio Bf, /T~ 104 was ©M angles[21].emerge at forward Iabora_ttory _angles with
obtained. As outlined in Ref13], however, estimates based V€Y oW energies. As a result, only particles in the range
on analog states can be quite uncertain and, thus, exper‘?c-m? 30° have energies that are sufficient to be detectable
ments that can obtain direct information of thewidth for Py Standard techniques. The correspondifige particles are
the 3/2" state in1°Ne are needed. Due to the small value of €Mitted into a small forward cone with typical energies of
I',, however, these measurements are very difficult. 2-5 MeV/nucleon. When'*Ne decays in flight the decay
In the indirect measurements reported so far, the” 3/2 products @ and '°0) have then comparable velocities.
state in 'Ne was populated in a transfer reaction and theThese high recoil velocities make it possible to directly de-
branching ratio of the subsequent decay'®fle into « and  tect and identify the®O nuclei that are produced with much
%0 was determined. Possible transfer reactions includsmaller yields than ther particles arising from a variety of
F(CHet) [14,15, *®Ne(d,p) [16], 2°Ne(d,t) [15], background reactions such &3\e breakup. Because of the
2Ne(PHe,a) [17], C(*'C,a) [18], *C(*’0,'%Be) [19], forward focusing, the ratio of the solid angl€k. m/Q}ap .
and >!Ne(p,t) [20]. While earlier attemptfl4,15 have used shown in the lower part of Fig. 2, is larger in inverse kine-
normal kinematics, e.g., bombarding % target with a®He  matics by factors of about @or “He detectioh and 10(for
beam, a large increase in the efficiency for detectiige  !°Ne detection Detecting the heavy reaction produtiO
and its decay productsY0+ @) can be achieved by taking from the decay of'®Ne works especially well for states in
advantage of inverse kinematics, i.e., bombardintHa tar-  the vicinity of the threshold, which are states that play a
get with a'%F beam. Under these conditions, thle nuclei  dominant role in astrophysical applications. Furthermore,
produced in the reaction are focused into a small forwardsince the opening cone for the decay '8Ne into 0+ «
cone yielding an improvement in the detection efficiency bydecreases with increasingNe velocities, higher bombard-
a factor of more than 10. The advantages of inverse kinematng energies are clearly advantageous. Thus, the ratio of the
ics are illustrated in Fig. 2 for the example of the reactionnumber of1°0 and *®Ne events, detected in kinematic coin-
2ONe(®He,a)®Ne (E,=4.033 MeV) performed at the same cidence witha particles populating the 3/2state at 4.033
center-of-masgc.m) energy €. =13 MeV) with either a  MeV, directly measures the branching ratig/T",,. A simi-
%He beam bombarding &Ne target or with a?Ne beam lar technique has been used previously for a measurement of
bombarding a@He target. A*He beam results in high-energy the branching ratid", /T oq [22]. In this case, however, the
a particles that can be easily detected with solid state deteanass and of the heavy reaction product were not identified
tors or a magnetic spectrografsee dashed line in Fig)2 and, therefore, only branching ratios greater theh1 could
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FIG. 3. Schematic representation of the experimental setup. The
3He cell has 1.5-mg/cfathick Ti entrance and exit windows. See 50 4 ’ .
text for a detailed description.
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be determined. This is not sufficient fé’Ne, where a con- E (cheanrigls)
siderably higher level of sensitivity is needed.

FIG. 4. AE-E, s spectrum for light particles measured with the

Si detector telescope.
Il. EXPERIMENTAL DETAILS . . . . .
uid nitrogen temperature, resulting in 3He thickness of

There are several good candidates among the possib&) ug/cn?. The pressure in théHe target was kept constant
transfer reactions that can populate the 4.033 MeV 3tate  to better than 1%. For an incident 104.8-Mé%Ne beam,
in °Ne. One of these is the(*’Ne,Ne)t reaction[23]  the energy in the center of the target was 98.3 MeV. The
which, because of its large negativ® value @ 20Ne beam intensity was approximately 1 pnA. In order to
=—19.177 MeV), requires &Ne beam with an energy of minimize the effects of kinematic broadening, the beam spot
at least 20 MeV/nucleon. This energy is beyond the preserdn the 3He target was collimated to a diameter of 1 mm.
capabilities of ATLAS and has therefore been investigated The outgoinga particles from the®He(**Ne,a)**Ne re-
elsewherd20]. action were detected in a Si strip detector telescope consist-

We have studied the(*’Ne,**Ne)t(Q=—14.641 MeV) ing of a 500um-thick, 40< 40 mnfAE detector backed by
and *He(*Ne,"®Ne)a(Q= —0.320 MeV) reactions, using a a 50x50 mn?, 300-um-thick E,.s detector tilted by an
solid CD, target or a gas cell filled with Por 3He gas. For angle of 50° in order to increase its effective thickness for
the d(*°Ne,t)**Ne reaction the cross section for populating the incident particles to about 50m. TheAE detector was
the 3/2" level was found to be only of the order of 2(b/sr  subdivided in the front and back into 32 vertical and hori-
with comparable yields for the neighboring 7/2and 9/2 zontal stripg1-mm width which were read out individually.
stated 15]. Similar results are found for thdHe(*%F,t)1Ne  The telescope was calibrated using?®@Th « source and
reaction Qg = —3.258 MeV) which more favorably popu- energy resolutions of 45 keV for theE andE,.s detectors
lates the neighboring 7/2and 9/2 stated14,15. In a high-  were obtained. The Si detector telescope covered a solid
resolution study of the®Ne(®*He,a)!°Ne reaction atE,, angle of about 35 msr in the angular range .,
=15 MeV using a magnetic spectrograph it was shdif] =6.8°-17.2°. A 29.6-mg/cfathick Mylar absorber was
that, in the angular regiod. ,,=30° (where, in an experi- mounted directly in front of th\E detector in order to stop
ment in inverse kinematics, the particles have high enough ?°Ne particles elastically scattered from the entrance or exit
energiey, the cross sections are typically around 1o/sr.  foils of the gas target. A two-dimensionAE-E, . spectrum,
We have, therefore, chosen to study the inverse reactiomeasured with théHe target, is presented in Fig. 4. Regions
®He(®Ne,a)®Ne at the same c.m. energy, using?®Ne  corresponding to protons, deuteroisle, and*He particles
beam of~105 MeV are clearly visible in the spectrum. Because of its total thick-

The different magnetic rigidities of the reaction productsness of only 100Qum, higher energy particles were not
a, Ne, and*®0 permit their spatial separation at 0° in the stopped in the telescope, leading to the characteristic kinks in
focal plane of a large-acceptance Enge split-pole specdhe light-particle distributions shown in Fig. 4. For the
trograph. It was discovered, however, that energy and smalkhannel, this affected only particles from the®He(**Ne,
angle straggling of the primary®Ne beam in the’He gas  «) ®Ne reaction populating states below an excitation en-
cell resulted in a high background rate restricting the primaryergy of aboutE,=2.8 MeV in ®Ne. Thea particles popu-
beam intensity to less than 0.1 pnA, which is too low for alating states in the energy region above thgy) threshold
measurement of",/I", below 10°3. The magnetic spec- atE,=3.529 MeV were all stopped in the,. detector.
trometer was consequently rotated away from 0° to an angle The energy resolution that can be achieved with this setup
of 3.7°. is determined by many contributions, including the geom-

A schematic representation of the experimental arrangeetries of the detector and thle target, the energy and angle
ment used in this work is shown in Fig. 3. TR&Ne beam straggling in the window foils of the gas target, and the in-
bombarded a 1.5-mm-long gas cell filled wiftde at 700 trinsic resolution of the detector. These individual contribu-
mbar. The entrance and exit windows of the cell consisted ofions are summarized in Table I. Adding these in quadrature
1.5-mg/cnd titanium foils. The gas target was cooled to lig- results in a 385-keV value for the energy resolution. This
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TABLE |. Contributions to the energy resolution ef particles ‘
measured in the SAE-E telescope. 7
Uncertainty 160 |
Source (keV) 2 i
Pixel resolution 175 gzoo |
Angle uncertainty due to beam 125 9
spot diameter s .
Angle uncertainty due to finite 35 ¢
length of the target 240 7]
Small angle straggling ofHe 80 |
in Ti exit foil
Energy loss straggling ofHe 20 280 T T T T T T . [ :
in Ti exit foil 0 100 202 300 400 500
Small angle straggling ofHe 110 Erighenmes)
in Mylar foil FIG. 5. Particle identification spectrufrange vsE?) for heavy
Energy loss straggling ofHe 70 particles measured with the Bragg-ionization chamber in the focal
in Mylar foil plane of the Enge split-pole spectrograph.
Energy loss and straggling 270
of *Ne in Ti foil and *He target two independent measurementenergy and TOF The
Intrinsic energy resolution of Si 65 nuclear charg& can also be determined from two indepen-
detector and electronics dent measurements, either from a plot of range veBtis
Total 385 (see Fig. 5 or from the height of the Bragg pedkee Ref.

[26] for detaily. The redundant determination of the two
translates into & value resolution of about 210 keV, in good critical parameterg a”d”!’ therefore, provides a high degree
of background suppression.

agreement with the experimental resolution of 220 keV. The The experimental setup was tested by studving elastic and
main contribution to the energy resolution comes from the b b Y ying

) . 3 inelastic scattering ofr particles from ?°Ne at backward
relatively large energy loss of'Ne in the 50ug/cnt °He ngles[24]. Similar to the case of°Ne, excited states in

target. This resolution could be improved by running the ga%oNe above an excitation enerdy—4.729 MeV can decay

cell at a lower pressure, but the reduced target thickness . ¥O. i o
would require correspondingly longer running times. via @ emission to the ground state 0iO. Since this is a well

The heavy reaction producte.g., ““Ne, 50, 2F) from studied systenj25], it served as a convenient calibration

the 3He(®*Ne,«) reaction were separated according to their"®action-
magnetic rigidities in the Enge split-pole spectrograph. Mass
m, nuclear charg&, and magnetic rigidity information were IIl. EXPERIMENTAL RESULTS

provided by a hybrid, position-sensitive heavy ion focal- 9 . )
plane detector consisting of a multiwire parallel-plate  The nucleus'Ne becomes particle unbound with respect

counter filled with 5 Torr of isobutane, providing position {0 @ emission at an excitation energy of 3.529 MeV, and with
and time information. This was followed by a Bragg-curve-espect to proton emission at 6.410 MeV. Thusparticle

type ionization chamber with GFas the counter gas for a spectra measured by the Si detector telescope in coincidence
measurement of energl, nuclear chargeZ, and particle

range[ 26]. In order to cover the full range in energy anof 900
the outgoing patrticles, a pressure of 35 Torr was chosen foi2 250
the ionization chamber. Figure 5 presents spectra of particle§ 200
range versu&? measured for heavy particles emitted in the §150
angular rangé,,,= 3.7°+ 1.4° coincident with arnx particle & o0
detected in the Si telescofisee Fig. 4. The groups corre-
sponding to Ne, F, and O are indicated. High-energy oxygen%igg
particles are not stopped in the detector and, therefore, the (§ 150
line reaches a maximum value E? before bending back- & '® o
ward around channel 250. Events with nuclear chaiges - I I |-
=8-10, selected from Fig. 5, are shown separately in a 40-50 160 70 60.°90" 40,50 60 70, BOIl90 401150 €0 70; £0.190
two-dimensional plot of time-of-fligh{ TOF) versus mag- Bp (channets)

netic rigidity Bp and E versusBp in the top and bottom FIG. 6. Top: Two-dimensional plots of TOF vs magnetic rigidity
panels of Fig. 6, respectively. The groups corresponding t®,~ p/q for Ne, F, and O particles selected from the particle iden-
different charge stateg and massem are also indicated in tification spectrum shown in Fig. 5. Bottom: Two-dimensional plots
the figure. From these two plots, particles with differeig of E vs Bp for Ne, F, and O particles. The mass and charge values
values can be selected. The masss, thus, determined by of the different particle groups are indicated.

T T T T T
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150 . FIG. 8. Relative efficiency(°Ne)/e(*°0) for detecting'®Ne or
300 N, 150 in the focal plane of the magnetic spectrograph. The arrow
"\\ indicates the location of the 4.033-MeV state.
250 -
200 =4.033 MeV, this efficiency correction is about 1.4. A factor
s 1500 of 1.2 is caused by the charge state distribution while the rest
100 200 300 0 20 40 60 80 100 is due to the geometrical acceptance’dfle and *°0, re-

E, (channels) 6, (channels) . K .
spectively. For the geometrical acceptancedhgarticle was

FIG. 7. Left: AE-E spectra fora particles in coincidence with assumed to be emitted isotropically in th#e rest frame. A
“Ne, *®F, and ™0, respectively, selected from the particle groups[1+ 3 cog(6)]/2 distribution results in a 10% decrease of
shown in Fig. 6. Right: Two-dimensional spectratof vs 6j,, for — ¢(1°Ne)/e(°0) for the 4.033-MeV state. The total uncer-
« particles in coincidence with°Ne, 8, and®0. For **Ne, thea tainty for e(*°Ne)/e(150) is about 20%.
spectrum has been restricted to particles stopped i\t tele-
scope. The solid lines represent the kinematic location of the 4.033-

MeV state in*Ne.

with %0 or ®F particles should not extent beyond these 1000 =TT T[T
excitation energies, whiler particles coincident with'°*Ne

can populate all states. This is confirmed by the Si telescope 800 |- .
spectra shown in the left part of Fig. 7 plotted in thE-E

plane. As discussed above, particles populating states in 600 .
®Ne below E,=2.8 MeV are too energetic to be fully

stopped in the Si telescope. The right part of Fig. 7 gives 400 - i
two-dimensional spectra dE versus®,,, (E=AE+E,q)

for a particles detected in the Si telescope in coincidence 200 |- A

with ®Ne, 1°0, and®F, respectively, detected in the mag-

netic spectrograph. The scattering angle was calculated from

the geometry of the individual pixels of the Si strip detector. L

The kinematic curves expected for the 4.033 MeV state are 0L 180 Twovww *,.m‘

indicated by solid lines. R UONRSARY
When *Ne decays in flight into®®O+ « or into ¥F+p, f Hy

the 0 or *¥F nuclei are emitted with respect to the original

%Ne direction within cones whose opening angles increase 10

with increasing'®Ne excitation energy. Because the spec-

trograph has a finite entrance aperture, only a part of these ‘

cones will be accepted and transmitted to the focal plane 1

detector. The relative acceptances have been calculated using

Monte Carlo simulations that take into account the kinemat- L | L

ics of the reaction, small angle scattering in the foils of the 3.6 4.0 44 48 52

T E, (MeV)

gas target, as well as the charge state distributions. As an X

example, the efficiency ratie(‘°Ne)/e(*°0) is plotted in FIG. 9. Excitation energy spectra far particles in coincidence

Fig. 8 as a function of excitation energy #iNe. The rise in  ith 19Ne (top) or 150 (bottom). The solid lines in the*Ne spec-

€(**Ne)/e(*°0) towards higher excitation energies originatestrum are the result of a deconvolution into Gaussian peaks located

from the increase of the opening angle for the decay’™e  at excitation energies taken from REE7]. The arrows indicate the

into 10+ «. For the first state above the threshold atE, locations of the known levels if°Ne.

Counts
o

—9-
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O
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T T T
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analysis of Ref[27] an upper limit(90% confidence limjtof
7x 104 for the branching ratid", /T’ is obtained. Adding
the results obtained in a test run, where an annular position-
sensitive Si detector replaced thé&-E telescope, the upper
limit for the branching ratio becomes>610 *. This upper
limit is comparable with the results obtained receny]
using thep(*'Ne,t)**Ne reaction. The inverse(t) reaction
has a large cross section for populating the 4.033 MeV 3/2
state[23]. On the other hand, the higher bombarding energy
(~40 MeV/nucleon) also resulted in a highérO back-
ground, due to fragmentation of the incidetiNe beam.
Because of th&Q-value resolution £Q~220 keV) and
the increasing level density, it is difficult to extract branching
ratios for higher-lying states. In Fig. 10, we have, therefore,
FIG. 10. Branching ratioB,,, B,, andB,, calculated from the plotted th_e ratios of the SpectllaNeIE, %0/%, and 18%2,
efficiency-corrected®Ne, 1°0, and*®F spectra, as a function of the Where> is the sum of the eﬁ'Q'enCY'CorrECtéaNe’ O,
excitation energy in‘®Ne. The arrows indicate the location of the and '8F counts. This spectrum gives a measure of the energy-
known levels inl°Ne. averaged branching ratids, /T', I',,/T", andT',/I". The ar-
rows indicate the locations of known states itNe. The
only levels that are sufficiently well separated from their
neighbors are the 5.092-MeV state and, to a lesser extent, the
4.379-MeV state. For these two levels, branching ratios
r,/I'=0.8+0.1 (5.092 Me\j} and 0.016:0.005 (4.379
eV) are obtained. These values are in good agreement with

P ¢mej?'m T

*Bg, »

LR
— o
—
.

107

E, (MeV)

The Ne excitation energy spectra, derived from the
measuredy-particle energy and angle appear in Fig. 9 dor
particles in coincidence with®Ne and*®O, respectively. The
19 . . .

Ne coincidence spectrum has been deconvoluted with %ﬂ )
least-squares fit into contributions from individual steese the re;ults reported in Ref’@‘l.él,?(f] (see Table I o
Fig. 1) indicated by Gaussian curves, superimposed on a !N Fig. 10, one observes an increasd iy I" at excitation
linear background. This background is caused by tails fronfnergies above 6 MeV and 7 MeV, indicating that there are
incompletely stoppedr particles (see Fig. J populating states in th|s' excnatlpn energy region decaying wﬂﬂlO% '
states of lower excitation energy #Ne. The location of the ~Probability via y emission. These are probably high-spin

i . Dably
peaks was kept fixed at the excitation energies obtained intetes(e.g., 7/2', 9/27, 11/27) in analogy with similar lev-
the high-resolution®°Ne(®He,«)'*Ne experiment of Ref. els observed in this energy range in the mirror nucléls

[17]. In order to reduce the number of parameters in the fitt22] with I', /T branching ratios between 2 and 20 %. Be-
states separated by less than 100 keV in excitation enerdsuSe of the high level density, however, no spin assignments
were combined into a single peak. The yield for populating®® Proposed.

the 4.033-MeV state is deduced from this spectrum. In the
corresponding'®0 coincidence spectrum no events were ob-
served for the 4.033-MeV state during a 3.5 day long experi-
ment. Including the efficiency correction from Fig. 8, and For a calculation of the astrophysical reaction rate, values
using the statistical formulas based on a Bayesian statisticér the resonance strengths

IV. ASTROPHYSICAL IMPLICATIONS

TABLE II. Excitation and resonance energies, spin parities, branching ratisigths, and resonance strengths for state¥Ne above
the « threshold at,=3.529 MeV.

E, E, J7 B,? B," B, ¢ r, w0y
(MeV) (MeV) (meV) (meV)
4.033 0.504 32 <6x10°4 <4.3x10°4 12+3 2.5x10 2
4.140 0.611 912 5.7x10°4d
4.197 0.668 712 8.9x10%¢
4.379 0.850 712 0.016+0.005 <3.9x10°° 0.044+0.032 458 92 29+11
4,549 1.020 3/2 0.16+0.04 0.07-0.03 39"34 4132
4.600 1.071 5/2 0.32+0.04 0.25-0.04 101-55 90+ 50
4.712 1.183 5/2 0.85+0.04 0.82-0.15 43+8 110+21
5.092 1.563 5/2 0.8+0.1 0.90-0.06 0.9G-0.09 196-39 530+ 110
&This work.

bReferencd20].

‘Referencd 14].

dcalculated assuming spectroscopic factors of 0.1 foratheidth.
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(2J+1) r,r, (23+1) 1 -
OY= - =— . B, I'
(2j1+1)(2]2+1) Tiorar (21+1)(2]p+1) " 7 = -
1) = 10* |-
S i
are needed. In Eql) J, j;, andj, are the spins of the E L
resonance and of the particles in the incoming channel, re- § L
spectively.B,, is the a-particle branching ratio antl,, is the : 1072
v decay width. Presently no good experimental data are g L
available forl",, for any of the resonances itiNe. We have, ;’< 16"
therefore, used results obtained either from the decay in the i
mirror nucleus®F or from theoretical calculations. Values od e e e o0
for the widthsI", (see Ref[20]) and the resulting resonance Ty
strengthswy are included in Table Il. Even with these re- 20 ' ' oo T
strictions, some conclusions regarding the astrophysical im- i i
plications for the breakout from the hot CNO cycle into the g 16 ]
rp process can be drawn from the present measurement. 2 i w ]
Although there are ten states #iNe in a 1.5-MeV wide % 121
window above thea threshold, only two of them play a N4 i D i
dominant role for the astrophysical reaction rate calculated S 08 L F —
via the equation o 04‘ ] ]
L ®)
0 I | 1 | L | $
Na(ov)=1.54X 105(ATe) 223 (w7y), 0 02 5 0% 04 08
r
FIG. 11. (a) Astrophysical reaction rate of th®O(«,y)**Ne
Xexp(—11.60%, /Ty), ) reaction(solid line) as a function of the temperature in®1Q. The

contributions from the individual states #iNe are indicated in the
figure. (b) Ratio of the astrophysical reaction rates taken from the
whereA is the reduced mass in atomic mass uniigjs the literature and the rate shown {a) plotted as a function oT4. W,
temperature in 10K, w7y the resonance strength in eV, and Ref.[30]; D, Ref.[20]; F, Ref.[12]; L, Ref.[29]; M, Ref.[14].
E, the resonance energy in MeV. The reaction rate depends
linearly on the resonance strength, but exponentially on the
resonance energy. The next important state for the astrophysical reaction rate
Because of its low energy and low spin value (3/2the s the 7/2 level at 4.379 MeV, which dominates the reaction
4.033-MeV state is expected to dominate the rate at the lowrate aboveTy,=0.6. For this state two values &, have
est temperatures. Two suggested valuesIfpf4.033) are peen published14,20. The result of our measuremeBt,
published in the literature. In Ref14], the value observed —=0.016+0.005 (see Fig. 1Dis consistent with the average
for the corresponding transition in the mirror nuclet®,  of the two previously published values. Since no experimen-
I',=73+41 meV, was used while, in a recent experiment, aal value forI', is available, the theoretical estimate from
value of 1&2 meV was obtainedi28]. The latter result has Ref. [20] was used to calculate the resonance streaggh
been deduced from the limits provided by lifetime and For higher-lying states, the resonance strengths from Ref.
DSAM measurements including a theoretical value for theg20] were taken. The contribution of the direct reaction rate
E2/M1 mixing ratio[28]. The experimental data alone allow was calculated in Ref29] and predicted to be smaller than
values ofl",, between 6 and 400 meV. For the calculation wethe resonant rate by two to three orders of magnitude. The
have used the upper limit fd?,, (21 me\) from Ref.[28] to individual contributions to the astrophysical reaction rates
obtain a limit of 25ueV for the resonance strengthy  are shown in Fig. 1), emphasizing the dominance of the
(4.033 MeV). The contribution of this state to the astrophysi- 3/2" and 7/2 states at temperatures beldw~0.7. The
cal reaction rate is shown by the solid line in Fig(d1In total reaction rate is given by the thick solid line in Fig.
the temperature range typical of novaBy{-0.1-0.4), the 11(a). The ratio between the rates obtained from previous
3/2" state dominates the reaction rate by three to four ordersstimates and measurements to the current experiment in the
of magnitude. temperature range critical to the nova environmemt (
The next two states &,=4.140 and 4.197 MeV have =0.1-0.5) appears in Fig. (). With the exception of the
tentative spin assignments of 7/2and 9/2°, respectively, rate from Ref[30], which is larger by about a factor of 1.5,
and can be populated in th€O(«,y) reaction through &  all other rates are in agreement with the upper limits ob-
=4 transfer. Assuming rather large spectroscopic fac#drs tained in this experiment.

=0.1, resonance strengths of 058V and 8.9ueV are ob- The influence of the"®O(a, y)°Ne reaction on the resi-
tained, which are still considerably smaller than the uppedence time of'®0 in various astrophysical environments is
limit obtained for the 4.033-MeV state. shown in Figs. 1@)—12c). The “destruction rate”\, at
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2o f +] time window during which the temperature in a nova ex-
10 e e—="—7 ceedsTy=0.1 is about 500—-1000 K9,32], corresponding
10" F . to about 2—4 CNO cycles. Because the destruction rate of
10° ] 150 via (@,y) under nova conditions is several orders of
8 [ ] magnitude smaller than th8™ decay rate, no significant
10 . . .
10l . breakout towards heavier nuclei can be expected. This
10_12__ i conclusion is confirmed by detailed calculationi9],
10 T 7] where it is shown that at temperaturéiy<<0.3, the
amount of 2?2Mg [produced via the sequence
10t F® %0(a, y)*Ne(p, y)*Na(p, ) *"Mg(B™ ve)*Na(p, v) *Mg]
_10%F is still three to five orders of magnitude below that'6£0,
oA ;L indicating a negligible breakout probability via this route.
< ot For a significant breakout, temperatures abdye=0.6 are
10_4 == required. Such temperatures are considerably higher than the
10 [ peak temperatures predicted in typical nova models
10’6 - [9,32,33.
i In contrast, the conditions in x-ray burst$p
0 E© 1 ~10°-1C glen?, To~1-2, see Fig. 1®)] are such that the
o' b - 150(a, y)°Ne rate exceeds thg-decay rate by more than
N | three orders of magnitude, indicating that, on the surface of a
105 - a neutron star®0 is not a waiting point nucleus, but is easily
10 | - processed towards heavier nuclei. The precise value of the
10" F i a-decay branching ratio does not play a significant role in
10° L SMS N this environment.
- Lo g i aaay . Another astrophysical site where the breakout from the
0.1 03 0507 1.0 HCNO cycle might occur is in supermassive stéB$/1Sg,
T i.e., population Ill stars that potentially existed in the early

stages of the universe. Their fate depends on the energy gen-
FIG. 12. Destruction rates o°O through the'*O(,y) ®Ne  erated by hydrogen burning during the collapse phase. If
reaction as a function of the temperatiitgin various astrophysical enough energy is produced during this phase, the star might
environments:(a) Novas, (b) x-ray bursts, andc) supermassive explode rather than collapsing into a black hi8&]. One of
stars. The gray areas are calculated from the reaction rates in Figne reactions controlling the evolution of a SMS is, again, the
11(a) with different density-temperature regions given in the text. breakout reactior’rSO(a )19Ne Thel50 destructio7n rate élt
The solid horizontal line represents tjge -decay rate of*®0 and this astrophvsical site i’syshowrll in Fig. (&2 In this environ-
the dashed line the CNO cycle rasee text for details ment. IF; zomparable with thes degc.ay rate of50 and
g INr [
éhus, a detailed knowledge of the resonance strength as well
as of the temperature and density conditions in SMSs is cru-
cial for predicting the fate of such objects.

different astrophysical sites is obtained from the reaction rat
Na(ov) through the equation

X
7\r=PKNA<0'U>’ 3
V. CONCLUSIONS

wherep is the density in g/c X the mass fraction of the A technique for measuring small branching ratios of
captured element, andl its mass numberX=0.27 andA  particle-unbound states has been developed. It makes use of
=4 for “He). \, represents the average rate at whté® is  the kinematic focusing effects occurring in transfer reactions
destroyed in a particular astrophysical environment with denstudied in inverse kinematics. By detecting in kinematic co-
sity p and temperatur&. Also shown by the two horizontal incidence the heavy reaction products, which are produced
lines in Fig. 12 are th@™* decay rate of°0 (=177 s, solid  with small yields in possible background reactions, very
line) and the cycle rate of the CNO cycle£279 s, dashed clean, background-free spectra are obtained. Because of the
line) which is dominated by the two waiting point nuclei good particle identification and, consequently, low back-
141%9, The conditions typical of novas explosions are showrgrounds it will be possible to measure branching ratios in the
in the \-T plane in Fig. 128) (p~10°-1C* g/cn?, Ty 10 ° range in sufficiently long experiments. The technique
~0.2-0.35). From the marked area in Fig(d?2it can be  works best for states that are close to the energy thresholds,
seen that, even at extreme temperaturest £ 0.35, the i.e., precisely the levels that dominate the astrophysical reac-
%0(a, y) rate is still one to two orders of magnitude below tion rates. In the present case we studied the branching ratio
the 8% decay rate. How much of the CNO material is pro- of the 4.033 MeV 3/2 state in'*Ne, which was populated
cessed ta*°®Ne and beyond during a nova explosion dependsiia the reaction®He(**Ne,«)*Ne* (4.033). An upper limit
strongly on the duration of the thermonuclear runaway. ThéB,<6Xx 10 % was obtained for this ratio. With this limit,
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