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The Dambury Recoil Separator (DRS) and Silicon Detector Array (SIDAR) have been installed at Oak Ridge Na- 
tional Labtory  ( O m )  to perform measurements of reaction cross sections of astrophysical interest using radioac- 
tive ion beams (RIBS). For example radioactive "F beams will be used to determine the ''0(a,p)'7F and "F(p,y)'%e 
stellar reaction rates - both of which are important reactions in the Hot-CNO cycle. The first reactions studied will be 
'H(l7F,p)l7F and 'H(I7F,a)l40. These experiments will require "F beams with intensities of lo4 - IO6 ions per second 
in conjunction with the SIDAR. The 1H('7F,p)17F reaction will be used to probe resonances in '%e which contribute 
to the 17F(p,y)'8Ne stellar reaction rate, while 1H(17F,a)140 will be used to determine the stellar reaction rate Of the 
inverse reaction l4o(a,p)l7F. In preparation for these experiments, measurements have been made of the 
H(170,p)170 and 'H('70,a)'% reaction cross sections. When higher beam currents of 17F become available, a direct 

measurement of the 'H(17F,18Ne) resonance strength will be made using the DRS. To test the performance of the 
DRS for measuring capture reaction cross sections, the well-known *H("C,'%) cross section has been measured at an 
energy similar to those proposed for radioactive beam experiments. Results from these stable beam experiments are 
discussed. 
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INTRODUCTION 

There are a number of astrophysical events during 
which hydrogen serves as fuel for (p,~) fusion reactions 
under non-hydrostatic equilibrium conditions. These ex- 
plosive hydrogen burning events, which include novae and 
X-ray bursts, are among the most energetic explosions 

ergs) known in the universe. They are character- 
ized by extremely high temperatures ( K) and densities 
( lofJ g/cm3), conditions which cause (p,~) reactions to 
rapidly (on timescales of ns - min) produce nuclei on the 
proton-rich side of the valley of stability. Any such nuclei 
produced with betadecay half-lives longer than, or compa- 
rable to, the mean time between fusion events will become 
targets for subsequent nuclear reactions. Sequences of 
(p,$ reactions on proton-rich radioactive nuclei can 
therefore occur during these explosions (l), and the ob- 
servable ashes of such nuclear burning sequences are an 
important probe of the conditions in these events. 

The Hot-CNO (HCNO) cycle ( '2C(p,~)13N(p,~)'40(e+~e) 
''N(p,y)150(e+ve)15N(p,a)'2C) is a primary reaction chain 
through which explosive hydrogen burning occurs. The 
energy generation rate of this sequence is limited by the 
beta-decay lifetimes of I4O and I5O at moderately high 
temperatures. When the stellar temperatures are high 
enough (approximately 300 million degrees or higher), the 
beta-decay of I4O can be bypassed by the ''0(a,p)17F reac- 
tion, and the reaction sequence 140(ol,p)'7F(p,y)'8Ne(e+ve) 

'8F(p,a)'50 can increase the energy generation rate and 
alter the abundances of the CNO nuclides. The reaction 
sequence '60(p,y)17F(p,'y)'sNe(e~ve)'8F(p,a)'50 can alter 
the CNO nuclide abundances as well, while the sequence 
140( a,p)'7F(p,y)'8Ne(e+ve)18F(p,~)1 9Ne(p,y)2%a can pro- 
vide a path from the HCNO cycle into the rapid proton (rp) 
capture process. The energy generation rate in the rp- 
process can be two orders of magnitude larger than the i[3 
HCNO cycle (1), and at temperatures over one billion de- 
grees, elements more massive than Fe can possibly be 
formed (2). In order to understand these cataclysmic stel- 

stellar reaction rates. 
Comparisons of astrophysical models with the latest 

observations require measurements of the important reac- 
tions involving radioactive isotopes. By producing high- 
quality, intense beams of the radioactive ions involved in 
explosive nucleosynthesis, the Holifield Radioactive Ion 
Beam Facility (HRIBF) at ORNL (3,4) has the potential to 
significantly improve the understanding of these spectacu- 

at HRIBF by an ISOL-type targevion source (5,6). A high 
temperature (1100 - 2200" C) refractory target is bom- 
barded by a 0.5 kW light ion (p, d, 3He, or 4He) beam from 
the K= 105 Oak Ridge Isochronous Cyclotron (ORIC). The 
radioactive reaction products then diffuse out of the hot 
target material and through a short (10 an) transfer tube to 
a modular ion source, where they are ionized and ex- 
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tracted. Fibrous A l 2 0 3  targets (7) are being used to pro- 
duce 17F via the 160(d,n)'7F reactions at 30 MeV. Once 
produced the radioactive ions are charge-exchanged (if 
they are positive ions) and then undergo two stages of mass 
analysis (with h / m < 1 0 - ~  before their injection into the 
25-MV tandem accelerator, subsequent acceleration, and 
delivery to the experimental areas. 

THE "F(p;y)'*NeREACTION 
The l7F(p,y)I8Ne stellar reaction rate at temperatures 

characteristic of stellar explosions is thought to be domi- 
nated by resonances in "Ne at excitation energies of 4.520, 
4.561, and 4.589 MeV. The 4.561 MeV resonance, how- 
ever, has only been observed in a measurement of the 
'60(%e,n)18Ne reaction (8), but it was not observed in 
measurements of the 2%e(p,t)'8Ne and 12C('2C,6He)18Ne 
reactions (9,lO). From comparison to the isobaric analog 
nucleus "0, this resonance may have J" = 3', which po- 
tentially makes it a strong I - 0 transition in the 
I7F(p,'y)''Ne reaction. The 17F(p,y)18Ne capture reaction 
itself - with a cross section = 2.5 pb - is too weak to be 
used to search for the resonance. We, therefore, plan to 
first measure the 'H(l7F,p)I7F excitation function at the 
HRIBF to confirm the existence of this state and measure 
its properties: resonance energy, width, spin, and parity. 
Since the cross section for this reaction is large (- 1 barn), 
this measurement can be performed with relatively low 17F 
beam currents (IO4 17F/s with a 50 pg/cm2 C H 2  target). 
Once the resonance is found and higher beam currents of 
17F become available, a direct measurement of the resonant 
17F(p,y)18Ne cross section will be made using the Dares- 
bury Recoil Separator (DRS) now located at ORNL. An 
intensity of approximately 6x107 (0.01 pnA) would be re- 
quired to make a 10% measurement in 25 days at the 
dominant resonance. 

The elastic scattering excitation function of I7F(p,p)l7F 
will be measured with a 17F beam and a polypropylene 
( C H 2 ) ,  transmission target in inverse kinematics (i.e., 
LH('7F,p)'7F). The scattered protons will be detected in an 
annular array of single-sided silicon strip detectors in the 
target chamber downstream of the target location. This 
silicon detector array (SIDAR) is comprised of 128 seg- 
ments with 16 radial (from 5 to 13 cm) and 8 azimuthal 
divisions, similar to the LEDA array used at Louvain-la- 
Neuve (1 1). The array subtends 15 to 35 degrees in the 
lab, allowing detection of the forward-focused protons 
while passing the "F beam out of the target chamber. The 
SIDAR has the advantages of large solid angle coverage 
and simultaneous measurements of the particle energy and 
angular distribution. With a beam current of lo4 I7F/s and 
a CH, foil of thickness 50 pg/cm2, an average of 300 pro- 
tons per hour will be detected in the SIDAR. This will 
allow 3% statistics to be obtained in 4 hours at each beam 
energy, and several beam energies between 10 and 13 MeV 
would be used to map out the excitation function. From 

FIGURE 1. The 1H('70,p)170 excitation function. 

the excitation function, the resonance energy and width of 
the state can be extracted. From the proton angular distri- 
bution measured while on resonance, the spin and parity of 
the state can be deduced. 

In preparation for this experiment, a measurement of the 
1H(170,p)170 excitation function has been performed. The 
energy range of the I7O beam was picked to populate the 
isobaric analog in 18F of the 3' state sought in 18Ne. We 
ais0 included in our measurement a nearby 2' state in '*F. 
This allowed us to examine the sensitivity of the angular 
distribution measurement to the spin and parity of the state 
that we are populating. Proton yields were measured for 
19 beam energies from 9 to 13.5 MeV over a period of 4 
days with "0 beam currents of about 5x106 170/s. The 
normalid proton yields are plotted in Fig. 1 along with a 
fit to the data. The fit was made using a Breit-Wigner 
formalism (12), and the fit results are given in Table 1. 
The proton angular distributions are plotted in Fig. 2 and 
clearly show our sensitivity to the spins and parities of the 
states involved. We get a much better fit to the 10.08 MeV 
angular distribution data if we assume a 3' state in the fit; 
while the 12.24 MeV angular distribution data is fit much 
better by a 2" angular distribution. This agrees with the 
known spins and parities of these states (13). 

A direct measurement of the 'H("F,I8Ne) reaction cross 
section will be made using the DRS (14). The I8Ne recoils 
will be detected at the DRS focal plane by a position- 
sensitive carbon-foil microchannel plate and a AJ2-E gas 
ionization counter. This method of direct recoil detection 
in inverse kinematics has several advantages over tradi- 
tional capture ?-ray detection techniques (15). A high de- 
tection efficiency is possible because all recoils are within a 
cone of half-angle 0.5" with respect to the beam direction, 
and the signal-to-noise ratio is improved because the detec- 
tors are located far from the target. Other detection meth- 
ods also become possible such as delayed activity detection 
TABLE 1. The 'H('~O,~)''O Fit Results. 

s Fit Results Accepted ( 13) 
3+ E, (MeV) 6.1605 f O.oO09 6.1632f0.0009 
3' r(keV) 13.8 f 0.6 14.0 f 0.5 
2' E, (MeV) 6.2741 f 0.0014 6.2832 I 0.0009 
2" r(keV) 11.4f0.9 10.0 10.5 
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FIGURE 2. The *H("O,p)"O angular distributions at the reso- 
nance energies. The solid line is a fit assuming that the state is a 
3+ resonance. The dashed line is a fit assuming that the state is a 
2' resonance. The reduced x2 of the fits are shown. 

and recoil-y coincidences. The recoil detection approach 
is, however, challenging because: the separator must be 
located along the beam axis and accepts all of the beam 
particles; the recoils are only IO-'' to 10-l~ times as intense 
as the projectiles; and the projectiles and recoils are simi- 
lar, having nearly identical momentum and differing in 
velocity and mass by only a few percent. The recoil sepa- 
rator must, therefore, be optimized to collect the ions of 
interest while simultaneously suppressing the transmission 
of unwanted scattered beam projectiles. The focal plane 
detectors must also be capable of distinguishing the recoils 
from the projectiles, which is quite challenging in view of 
the low energy (0.4 - 2.0 MeV/amu) and low mass of the 
particles to be identified. 

To test the performance of the DRS for measuring cap- 
ture reaction cross sections, a measurement of the well- 
known 1H(12C,13N) cross section has been made. A 0.666 
MeV/amu I2C beam was used to bombard a CH2 target, 
and I3N recoils were collected at the focal plane of the DRS 
for 12 hours. The ionization counter spectrum for this 
capture reaction measurement is shown in Fig. 3. The 
suppression of scattered beam particles - defined by the 
ratio of beam particles incident on target to those reaching 
the focal plane - was 3 x lo-", which is within the range 
needed (IO-" to IO-'') for capture reaction measurements. 
This rejection value is consistent with previous measure- 
ments that utilized elastic scattering reactions (e.g. 
12C(14N,12C)14N) (16). Furthermore, the gas ionization 
counter cleanly separated the I3N recoils from the scattered 

C projectiles. The combined projectile rejection of the 
DRS and the focal plane detector was, therefore, beyond 
that needed for capture reaction measurements. The DRS 
transmission, however, for the recoils was 7%, a factor of 7 
lower than expected. Since the CH2 targets could only 
withstand 0.5 pnA of beam, the I3N count rate was only a 
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3. Particle identification in the DRS ionization counter. 
few counts per hour which w b  too low to be used to opti- 
mize the DRS settings. We have found in subsequent tests 
with scattering and fusion-evapration reactions that the 
optical elements of the DRS were not appropriately med 
during this measurement and that the dispersions of the 
different sections of the DRS were not matched properly. 
This resulted in the 13N recoils not being focused at the 
spectrometer focal plane and a reduction in the observed 
transmission. Optimization of the DRS using fusion- 
evaporation and scattering reactions is in progress, and 
measurements of capture reactions with stable beams are 
planned for the future. 

THE I * o ( ~ ~ ) ~ ~ F  REACTION 

The rate for the ' ' ~ ( ~ p ) ' 7 ~  reaction is also quite uncer- 
tain. Stable beam spectroscopy measurements indicate that 
a 1- state at E, = 6,150 MeV in "Ne provides the dominant 
resonant contribution to the 140(~p)17F reaction rate at 
temperatures less than lo9 K. At these temperatures, the 
rate depends upon the unknown spectroscopic factors (total 
and partial-alpha widths) of the 6.150 MeV state, as well 
as upon the I- 1 direct reaction component and the inter- 
ference between them (9). Higher energy states, including 
those observed at 6.29, 7.05, 7.12, and 7.35 MeV, are ex- 
pected to make a significant contribution to the reaction 
rate at temperatures greater than lo9 K. 

A measurement of the 1H(*7F,a)140 reaction will be 
made to determine spectroscopic properties of resonances 
at E& = 6.0 - 7.5 MeV in "Ne. A I7F beam with energies 
between 39 and 64 MeV will be used with a transmission 
polypropylene CH2 target. The recoil alpha particles will 
be detected in the SlDAR which will be run in "telescope" 
mode (i.e. a 1OO-pm-thick detector backed by a 500-pm- 
thick detector) to discriminate between the alpha recoils 
and scattered protons and projectiles. The SDAR will 
subtend angles 10 to 25" in the lab. Additionally, the 1 4 0  

recoils will be detected by a smaller annular silicon detec- 
tor which will be placed behind the SIDAR and subtend 
angles 3.2 to 6.5" in the lab. This "mini" detector is also 



FIGURE 4. Particle identification from the 'H(170,a)1~ reac- 
tion using the SIDAR. 

highly segmented (16 radial and 4 azimuthal divisions) 
and, therefore, can handle the high counting rates from 
elastic scamring experienced at such forward angles with- 
out significant pileup. 

In preparation for this experiment, we have performed a 
measurement of the 1H(i70,a)'4N reaction. A 40 MeV I7O 
beam (5 x lo6 170/s) was used to bombard a 100 pg/cm2 
CHz target for a period of 3 days. The SIDAR particle 
identification is shown in Fig. 4 where the alpha recoils are 
cleanly separated from the other reaction products and 
scattered projectiles. The recoil detector spectrum is 
shown in Fig. 5, where a peak from I4N recoils was ob- 
served. The shaded spectrum was produced by gating on 
alpha recoils in the SIDAR which reduced the background 
significantly. 

CONCLUSIONS 

We have made stable beam measurements of reactions 
similar to the ones we will measure with a radioactive I7F 
beam. We have demonstrated our readiness to perform 
radioactive ion beam experiments and measured reaction 
cross sections which will contribute background to our 
radioactive beam experiments. Propehes of resonances in 
'*F have been measured with the 1 H ( ' 7 0 , ' ~ i 7 0  reaction 

using the SIDAR, and a measurement of the 12C@,$13N 
reaction cross section has been made using the DRS. We 
have, furthermore, made a measurement of the 
H(170,a)i4N cross section by detecting 14N and alpha re- 

coils in coincidence in two detector arrays. 
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FIGURE 5. The energy spectrum from the recoil silicon detec- 
tor. The shaded graph was gated on alphas in the SIDAR. 


