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Astrophysical reaction rate for the 8F(p,a)'°0 reaction
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An excitation function for thé®F(p,a)*°0 reaction has been measured in the energy rénge=600—800
keV using a radioactivé®F beam. A resonant state with a spin value of 3f&as been found at an energy of
652 keV above threshold. Thig=0 resonance is found to dominate the astrophysical reaction rate at tem-
peraturesT>0.5.

PACS numbsgs): 25.60.Je, 25.70.Ef, 26.36k, 27.20+n

[. INTRODUCTION strength and the excitation energy are then used to calculate
the astrophysical reaction rate.

Experiments with radioactive ion beams have opened new
opportunities for the study of reaction processes which are
important for our understanding of explosive nucleosynthesis
[1]. Explosive nucleosynthesis is thought to occur in the Uni- The experiments were performed using a two-stage
verse at various sites including nova and supernova explanethod for producing thé*F beam. Aqueoud®F~ ions are
sions. The recent detection gflines from the decay of°Al produced at the University of Wisconsin cyclotron via the
in the interstellar mediuni2] and of *®Ni in SN 1987a[3]  *¥0(p,n)®F reaction with 11 MeV protons bombarding an
provides experimental evidence for the nuclear processeanriched[!®0] water target. After replacing thg®0] water
taking place in the universe. The synthesis of heavier elewith [1°0] water by azeotropic distillation, th&F is depos-
ments in explosive nucleosynthesis in a proton-rich environited on the surface of an Al/Ag plug which is pressed into the
ment is believed to proceed through the nucftdee which  copper cathode insert for a negative-ion Cs-sputter source
is produced either directly via th®O(a,y)'*Ne reaction or  (SNICS National Electrostatics Corporatjoithe cathode is
via the “O(a,p)!’F reaction followed by the sequence then flown to Argonne and installed in the ion source of the
YE(p, »)BNe(87) ¥R (p, v)°Ne. ®Ne is then the starting point tandem accelerator of ATLAS. A more detailed description of
for the rp process producing nuclei up ¥Ni and beyond the production method can be found[itl]. The number of
[4]. In the reaction chain starting with proton capture’fy,  ® atoms in the ion source was between 5 anc 10/,
however, there is a competing reactidff(p,a)'°0, which  corresponding to an initial activity of 150-300 mCi. The
recycles material back into the CNO cycle. H&% interacts  overall efficiency for extracting®F ions from the source ma-
with protons at low energies is therefore of key interest forterial to the tandem injection line ranged in the recent experi-
controlling the breakout from the “hot CNO cycle” into the ments from 0.1 to 1 %. This represents an improvement by a
rp process. This is evidenced by recent network calculationfactor of ~10 over previous experiments and is due to a
[1,5] which show a strong dependence of the reaction flowreduction of the Cs-sputter rate in the SNICS source by op-
on the'®F(p,a)'°0 rate. For this reason a measurement of theerating the source at lower ionizer currents. The use of solid
185(p,a) cross section is needed requiring the development®F material in the ion source seems to be advantageous since
of radioactive'®F beams. test measurements with gaseous;EHesulted in a source

During the last year two studies of th&F(p,«)'°0 reac- efficiency of only 3<10™.
tion have been reported. In one experiment, using a tandem The % ions in their 4 state were accelerated with the
accelerator, the heavy reaction partni%ﬁO) was detected tandem accelerator to energies between 11.7 and 15.1 MeV.
with a magnetic spectrograpB,?], while in the other, using The transmission efficiency of the FN tandem accelerator
a cyclotron, thex particle was measured in an annular arrayoperating at terminal voltages below 3 MV as determined
of Si detector$8,9]. Both experiments identified a 3/Ztate  from a comparison of the currents at the ion source and at the
at an energy about 650 keV above threshold. The location dfrget, respectively, is strongly energy dependent and is gen-
this 3/2" state differed slightly in the two publications. While erally only 1-10 %, so that only 2->6L0° % are transmit-
in [7] an energy of 655 keV above the threshold was asted to the target. For a typical rurf @ h this corresponds to
sumed based on measurements of tRé€’Het)!°Ne reaction  an average beam current on target-&x10° & /sec. Since
[10], the results of8] gave an energy of 63815 keV. In a  the beam transport system does not sepdf&fé ions from
new set of experiments using the same technique 4g]in the stable isobat’0*" the !®F beam has a considerable ad-
and utilizing the easy energy variability of a tandem accel-mixture of 130 with an intensity which is~500—2000 times
erator we have measured an excitation function for thestronger.
18(p,)*°0 reaction. The results obtained for the resonance Thin stretched polypropylene foilé~60 ug/cnf) were

Il. EXPERIMENTAL DETAILS
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FIG. 2. Cross sections for tH@F(p,a)lSO reaction measured at
various incident energies in the angular ramgg, =110°+5°. The
horizontal error bars represent the respective target thicknesses. The
solid line represents the cross section calculated from a resonance
with parameters from the second row in Table | averaged over an
energy interval of 55 ke\(see text for details

.8 Particle identification was obtained using the gas-filled
magnet method which gives clean mass @nidentification
even for particles with energies of about 500 keV/nucleon.
Details for the technique are given[ih2]. To improve back-
FIG. 1. (a) Two-dimensional plot of time of flightTOF) vs ~ 9round suppression the particles from thep(lsFa léo)a
magnetic rigidity 8p) measured with the gas-filled magnet and the 'eéaction were detected in kinematic coincidence with a 450
Si-strip detector array in the focal plane. The energy of‘f@éF mn? Si detector, mounted at the appropriate scattering angle.
beam was 12.4 MeV. The various particle groups are indicatdn the experiments di7] the focal plane counter was a large
ed. (b) Same aga) but with the additional requirement of a coin- area parallel-grid gas counter providing position and time-of-
cident particle in the recoil detector located @,=60°. Because flight information. In the present experiment this counter was
the recoil angle was chosen for tipg!®F, 1°0)a reaction only a  replaced by an array of 24X% cn? position-sensitive Si
fraction of the'®N originating from thep(*®0, **N)a reaction are  detectors arranged to cover a 600 cm area which mea-
detected in the coincidence spectrum. sured the position, time of arrival, and the residual energy of
the incoming particle§13].
used as targets. The target thicknesses were measured beforeA spectrum of time of flight{ TOF) vs magnetic rigidity
and after the experiment with a Gf source. A Si surface Bp is shown in Fig. 1a), measured at a scattering angle
barrier detector was used to monitor the hydrogen content ofi,,=13° and an incident energy of 12.4 MeV. The various
the targets by measuring H- recoils @,=30°. Four'® particle groups are indicated in the figure. They originate
samples were studied at bombarding energies of 12.0, 12.fom elastic scattering 0ffO and*®F on “C, from the®O-
12.9, and 13.4 MeV, respectively. Together with the resultsand *¥F-induced(p,) reactions producing®N and*°0, and
from our earlier measurements at 11.7, 13.4, and 15.1 Me¥om *2C and '®0 recoil products. Figure (b) shows the
[7] cross sections for thp(*®F, 1°0)« reaction at seven dif- same spectrum, but with the requirement of a coincidence
ferent excitation energies fffNe have been obtained cover- with the recoil detector mounted at a scattering angle of
ing the energy range from 616 to 795 keV above the thresh,,=60°. In this coincidence spectrum onljO and **N
old for p decay at 6.411 MeV. reaction products from thp(*®F, °0)a and thep(*0, 1°N)
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TABLE |. Resonance yields, energies, and total widths obtained from least-squares fits to the measured
excitation function.

wy Eo E,(**Ne) I, I, r,
(keV) (keV) (MeV) (keV) (keV) (keV) Remarks
2.7+0.7 653t7 7.064 3220 This work
Three-parameter fit
2.1+0.7 652+4 7.063 13.6:4.6 5+1.6 8.6:2.5 This work
I'p/l',=0.58
3.7x0.9 655 7.066 40 E, and T fixed [7]
5.6+0.6 638+15 7.049 3%5 13 24 [9]
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« reactions and a few random coincidences Wit par- 5
ticles remain.

Ill. EXPERIMENTAL RESULTS 4

The hydrogen content of the polypropylene targets was -
found to change during the course of the experiment. The
cross sections were therefore normalized to the number of
elastically scattered hydrogen recoil particles measured in
the Si monitor detector. The cross section for elastic scatter-
ing of p+80 which is typically 90% of the Rutherford value ol
in this energy region was taken frdrb4]. The absolute angle
of the detector was determined from the ratio of fR€ B
recoil particles and the elastically scattef8® beam which

o7 (keV)

1 | 1 | 1 I 1 1 1 1

is a very sensitive measure of the scattering angle. Another 640 650 660 670 680 690
method for calculating thé'®F, 1°0) cross section, which is E (keV)

independent of the hydrogen content in the target, uses the °

ratio of the™N and*°O counts[see Fig. 1a)] together with FIG. 3. Two-dimensional plot of the normalizgdin the Eg-wy

the measured’O(p,a)"N cross section§15,16. The Cross  plane as obtained from the analysis of the data shown in Fig. 2,
sections calculated by these two methods were found to
agree within 20%, better than the 30—-40 % statistical accunance was 40 keV. If we analyze the new excitation function
racy. with the same constraint df;=40 keV, we obtainwy=2.8
Figure 2 shows the cross sections measured in this experi-0.7 keV consistent, within the uncertainties, with the 3.7
ment together with the results obtained #). The horizontal ~ +0.9 keV of[7].
bars represent the range of energies due to the energy loss inThe results fronf9] which were obtained from thick tar-
the target. As shown if6—9] this resonance has a spin value get measurementsee fourth row in Table)Ishows values
of 3/2" corresponding to ah=0 proton transfer. The solid for the resonance strength and the total width which are
line represents a Lorentzian averaged over an energy ran@gger by about a factor of 2. The reason for this discrepancy
of 55 keV with parameters obtained from a least-squares fig not clear. The value for the total widi}=37+5 keV in
to the energy-averaged yields as described below. The energy] results in ana width of I',=24 keV which is consider-
range of 55 keV represents an average value for the differerfply |arger than the width observed for a 3/Xtate
target thicknesses which correspond to energy losses bgt E,=7.10 MeV in the mirror nucleus®r where from a
tween 40 and 75 keV. Because of this large value for théS\(q,a) measurement a width of8 keV (in the c.m. sys-
integration width the least-squares fit with three free paramtem) was deduced19]. This value is in better agreement
eters(resonance energy, resonance strength, and total widthyith the result from our analysis where, with thg/T',=0.58
did not exhibit any sensitivity to the choice of the total width constraintl’,=8.6+2.5 keV was obtained. The evidence for
I't. The parameters obtained from this three-parameter fit arg 3/2" state at this excitation energy had been questioned in
given in the top row of Table I. a reanalysis of the data by Met al. [20]. However, as
In order to reduce the number of free parameters we havgointed out if21] this reanalysis of th&N(a,a) experiment
used the recently measured value for the ratioresults in an overprediction of the cross section at most
I'y/I',=0.58+0.06[10] in a least-squares fit leaving the reso- angles. Since bottfF(p,2)*°0 experiments conclude that the
hance energy, and resonance strengihy as free param-  data require 4,=0,3/2" state in**Ne around 7.06 MeV the
eters. The ratiol',/I', was obfained in[10] from a  conclusions ir{20] have to be questioned.

F(CHet)™Ne* coincidence experiment populating particle-
unbound states ifPNe with the triton detected a=0°. Al-
though a 3/2-7/2" doublet probably exists in°Ne in this
energy region the shape of the angular distribution for the A 3/2" state in’®Ne formed byl =0 protons has a strong
(*Het) reactions favors the 3/2state, since as shown in influence on the astrophysical reaction rate for #fp,a)
[17,18 (®He}) angular distributions foAJ=3 show a mini-  reaction. In order to predict this rate the contributions from
mum at 0°, whileAJ=1 transitions exhibit a maximum. The other states located in the excitation energy region must be
parameters resulting from this two-parameter fit are given irconsidered. Such calculations are complicated by the fact
the second row of Table I. that not all analog states dfF have been located in the

A contour plot of)? in the Eg-wy space is shown in Fig. mirror nucleus’®Ne. There are seven states knownif
3. Varying thel' /T’ value between 0.2 and 1.0 did not result between an excitation energy of 6.75 and 7.25 M@¥].
in any appreciable changes of thg and wy parameters. They are summarized together with their spin values in Table
Values of wy=2.1+0.7 keV,I';=5+1.6 keV,I',=8.6+=2.5 II. The only analog pairs in this region are the 3¢fates at
keV, andI',=13.6+4.6 keV were obtained for the different 6.742 MeV(**Ne) and 6.787 MeV(**F) and the 7/2 states
particle widths. It should be noted that the value éoy is at 6.861 MeV(**Ne) and 6.927 MeV(*°F). For the other
about 45% lower than the previous result of 809 keV  cases the excitation energy ifiNe has been calculated as-
obtained in[7]. The reason for this difference is largely that suming the same Thomas-Ehrman shift as found for the 3/2
in [7] we had assumed that the total width of the3f@so-  pair at 6.787 MeM**F) and 6.742 MeM*°Ne). A survey of

IV. THE ASTROPHYSICAL REACTION RATE
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TABLE Il. Energies and widths for various states used in the reaction rate calculations shown in Fig. 4.
Ex(lgF) Ex(lgNe) Ecm. IS T,

J7 (MeV) (MeV) (keV) (keV) (keV)

3/2t 710 7.063 652 5.61.6 8.652.5

712t 7.114 7.069 658 3.3<10724 34

1/2” 6.989 6.944 633 2.3x10724 53

ra 6.927 6.862F 450 1.8x10°%¢ 2.5

3/2” 6.89F 6.846 435 6.5¢1073¢ 20

5/2* 6.839 6.793 382 8.3x1074¢ 1.2

312" 6.787 6.742 329 gx10 44 2.6

q19].

br22].

‘Calculated from the location of the corresponding states in the mirror nutieus

dAssuminng:O.01><F5mg|e particlefOr Negative-parity states arig,=0.

®Scaled from the corresponding valueslofin 1°F.

the widths for 1/Z and 3/Z states at similar excitation en-

ergies in the neighboring nuclei shows that the experimentaNa(ov) =Na[8/(7u(kT)
widths for negative-parity states are typically less than 1% of

their single-particle value, while for positive-parity states

IXTgingle particiefor positive-parity states.

3)]1’2fa(E)exp(—E/kT)EdE,
0
(1)

(5/2*,7/2%) values up to 10% have been observed. This mayyhere

be explained qualitatively on the basis of the proximity, in
this region of excitation energy, of thesg, and 1d single-

particle states, giving rise to a larger value of the strength

function, and the distance from the@ land 2 single-particle

T,(E)T,

— 2
o(B)=mttw e Eg)2+T2/4’

@

states. Therefore, for lack of any better information on pro-y, is Avogadro’s numberu the reduced massy the spin

ton widths, we used the rough estimatelf=0.01"I'y, for
negative-parity states anll,=0.1"Ty, for positive-parity
states in the calculations. The alpha widkhswvere scaled by
penetrabilities from the experimental values of mirror state
in 1°F, since by isospin symmetry, the reduced widths dor
decay of'®Ne states td°0 should be the same as those of
1% decaying to"°N. These data are summarized in Table II.

The reaction rate from an isolated resonanceEatE,
was then calculated from the integral
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FIG. 4. Astrophysical reaction rate calculated from the reso

nance parameters for several states with parameters given in Tadt&S€ O

Il. The shaded curve represents the contribution of thé 3é&o-

statistical factor associated with the resonance at a c.m. en-
ergy Eq, I''=1",+I',,, and x the reduced de Broglie wave
length, respectively. In the evaluation of the integral the en-

®rgy dependence of the proton width(E) has been taken

into account. Because of the positi@evalue for the(p,a)
reaction thea width changes only very little in the energy
range of interest and was kept constant. The reaction rate
from Eqg. (1) is plotted as a function of 4 in Fig. 4 for each
resonance given in Table II.

Since at low temperatures contributions from lower-lying
states in'®Ne need to be considered, only the range above
T¢=0.4 is shown in Fig. 4. One can clearly see that the
reaction rate abové@y=0.5 is dominated by thép=0,3/?
state at 7.063 MeV. Only at temperatufBg<0.5 do contri-
butions from other states start to be significant with the 3/2
level at 6.742 MeV excitation energy being the most impor-
tant state.

Earlier estimate§23—26 of the ¥ (p,«)'°0 reaction rate
at Tg=0.6 based on theoretical arguments are shown by the
different symbols in Fig. 4. Most of the calculations overpre-
dict the reaction rate by factors up to about 10.

V. SUMMARY

A technique for measurements of nuclear reactions with
beams of radioactive species with lifetimes on the order of
hours has been developed. It has been used for the
f8F (T,,,=110 min to measure the low-energy cross

section of the®F(p,@)'®0 reaction which is of interest

nance measured in this experiment. The solid lines are order-ofn explosive nucleosynthesis._ Average beam currentSfof
magnitude estimates for other states, as discussed in the text. T target on the order of510° ions/sec have been produced.

different symbols represent total reaction rate$at0.6 from vari-
ous earlier calculations.

Aresonance if’Ne has been found that is likely to dominate
the stellar reaction rate for théF(p,a) reaction in this do-
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main. The resonance it’Ne hasJ™=3/2" at an excitation ~measurement foFV/Fp~10‘3. Preparations towards this ex-
energy of 7.0630.004 MeV, and proton andr-particle  periment are under way. Possible ways of extending the tech-
widths of 5-1.6 and 8.6:2.5 keV, respectively. nigue to other interesting systems are being explored.

The complementary cross section needed for astrophysi-
cal models is that fol®F(p,y) reaction. With improvements  This work was supported by the U.S. Department of En-
in the ion source, in the transmission efficiency for the beamgrgy, Nuclear Physics Division, under Contract No. W-31-
and in particle detection it should be possible to carry out thél09-ENG-38 and the National Science Foundation.
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