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Coincidence Measurement of the ' C(a, y) ' 0 Cross Section at Low Energies
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The E 1 capture cross section for the reaction "C(a, y)
' 0 to the ' 0 ground state has been measured

for E, =1.29-3.00 MeV. A y-ray-recoil-particle coincidence technique has been used to obtain essen-

tially background-free reaction yields. A three-level R-matrix analysis of the E1 S factor leads to an al-

lowed range for SE& at 300 keV of 0.00-0.14 MeV b. A model-dependent R-matrix analysis and a hy-

brid R-matrix analysis result in values of 0.14 and 0.08 MeV b, respectively, for SEI(300).

PACS numbers: 25.40.Lw, 27.20.+n, 95.30.Cq

Both the elemental abundance predicted from nu-

cleosynthesis' and the final evolutionary state of a mas-
sive star (neutron star/black hole) depend critically
upon the rate of the reaction ' C(a, y)' O. Although
this reaction has been the subject of intense experimental
and theoretical effort for the past twenty years, there is
still considerable uncertainty in the value of the astro-
physical S factor at stellar helium burning energies
(E, =0.3 MeV). The S factor removes most of the
strong energy dependence of the reaction cross section
due to the Coulomb penetrability and is defined as

S(E,.) =E,.~(E, )e""", (1)

where Eo is the Gamow energy (Eo=(2traZIZ2) Itc I
2; It is the reduced mass of the incident channel and a is
the fine-structure constant].

The cross section at E, =0.3 MeV is expected to be
dominated by p-wave (E 1) and d-wave (E2) capture to
the (J' 0+) 'sO ground state. Two states at 6.92 MeV
(J =2+) and 7.12 MeV (J'=1 ), which are just
bound (Q =7.16 MeV), appear to provide the bulk of the
capture strength through their finite widths that extend
into the continuum. 3 4 Determination of the S factor at
stellar energies requires a considerable extrapolation
from the experimentally accessible energies of E, & 1.0
MeV, where the cross section is dominated by a broad
E 1 resonance at E, =2.4 MeV.

Two previous measurements of the El cross section5
and the total cross section6 are in substantial disagree-
ment, differing by =30% in the vicinity of the E, =2.4
MeV resonance and by nearly a factor of 4 at the lowest
measured energies (E, =1.4 MeV). Only a part of
this discrepancy can be accounted for by the presence of
a significant E2 cross section that has been suggested by
recent experimental and theoretical "work. Recently,
a new experiment has extended the measurements down
to E,~ ~ 1.0 MeV and has reported results for the E 1 5
factor' (SEI) which appear to be in reasonable agree-
ment with the data of Ref. 5.

In all previous experiments, the reaction y ray alone
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FIG. 1. Schematic diagram of the experimental apparatus.

was detected, and these experiments thus suffered from
beam-induced, cosmic-ray, and natural radioactivity
backgrounds. Since the cross section, in the energy
range where measurements are feasible, varies by more
than 3 orders of magnitude from a maximum of =50
nb, significant background reduction is essential, espe-
cially where the cross section is very small ~ In this
Letter we report new measurements of the ' C(a, y) ' 0
cross section using a novel time-of-flight coincidence
technique. This coincidence requirement provides a
unique signature of the reaction that is essentially
background-free.

Reaction yields were measured by the detection of the
reaction y rays in delayed coincidence with the recoiling
' 0 ions, which were separated from the ' C beam by a
recoil separator. The ' C beam was produced from a Cs
sputter source and accelerated by the NSF-Caltech 3-
MV tandem Pelletron accelerator. With a ' C beam, the
reaction kinematics constrain the recoil ions to a forward
cone with a half angle of &1.6' for the energies of the
present experiment. The recoil-particle- y-ray coin-
cidence apparatus, shown schematically in Fig. 1, was
designed specifically for the reaction ' C(a, y) ' O.
Briefly, the apparatus consisted of large NaI(T1) y-ray
detectors surrounding a windowless 2He gas target, fol-
lowed by the recoil separator whose key element was an
EXB velocity filter. A gas ionization detector and a
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FIG. 2. Time-of-flight spectra for y ray and recoil ' 0 coin-
cidence from the reaction' C(a, y)' O. (a) E, =2.68 MeV,
(b) E, =1.29 MeV. The absence of counts for time of flight

& 330 ns is due to a threshold condition in the electronics.

multiwire proportional chamber were located at the end

of the separator for measurement of recoil energy and
arrival time. A more detailed description of the recoil
separator, y-ray detection, and heavy-ion detection ap-
paratus can be found in Hahn et al. "

The reaction yields were extracted from time-of-flight
histograms which were constructed with cuts on mea-
sured recoil-particle energy, specific energy loss (dE/
dx), and y-ray energy. Examples of these spectra are
shown in Fig. 2. The )-ray cut was above the energy of
cascade radiation to excited states in ' 0 in order to al-
low extraction of the ground-state cross section.

The absolute cross section depends directly on the
measured yields, the number of incident particles, the
number of target particles, and the total detection
efficiency of the apparatus. The number of incident-
beam particles (up to 15 particle pA) was determined
from the yield of elastically scattered a particles moni-

tored with a silicon surface-barrier detector at a labora-
tory angle of 60'. The density of the target was deter-
mined from the measured energy loss of 'H, ' C, and
' 0 ions in the He target combined with global fits to
ion stopping powers. ' The target density obtained from
this procedure, 3.6~0.2 pg/cmi, was consistent with
that calculated from the measured pressure, target
length, and density profile (measured with elastically
scattered protons) to ( 10%.

Determination of the total detection efficiency of the
apparatus relied on independent measurements of the y-

ray efficiency and recoil-ion acceptance which were used
in a Monte Carlo simulation of the apparatus to deter-
mine the total acceptance. The predictions of the simu-
lation were checked with direct measurements at several
high-yield points as discussed below. Both the absolute
y-ray efficiency and the efficiency above the y-ray cut
were determined from resonances in the reactions "B(p,
y) ' C (Ez =165 keV) and ' F(p, ay) ' 0 (E~ =340
keV).

In order to study the acceptance of the recoil separator
a large number of calibration measurements were per-
formed. The solid-angle acceptance of the separator was
measured by the transmission of a particles from an
2 'Am source located at the front of the target chamber
through the system. The measured solid angle was large
enough to accept & 95% of the ' 0 recoils for the select-
ed charge states down to E, =1.0 MeV. The velocity
acceptance was determined in the vicinity of the broad
E, =2.4 MeV (J =1 ) resonance in the reaction
' C(a, y)

' 0 by our varying the beam energy while

keeping the parameters of the recoil separator fixed. The
full velocity acceptance was defined by the velocity slits
to be hv/v=2. 5%. The recoil separator was tuned and
the recoil detectors calibrated prior to each run by the
transport of an ' 0 beam with the same momentum as
the ' C beam through the entire system.

The Monte Carlo simulation included complete reac-
tion kinematics, y-ray angular distributions, the effects
of incident-beam and recoil-particle energy loss, multiple
scattering, finite beam size, and finite target length.
Beam-optics transport coefficients were calculated to
second order with the code TRANSPORT. Comparisons
between the Monte Carlo predictions and measured
transport properties were made at several energies where
resonances in ' C(a, y) ' 0 and ' 0(a, y) Ne provided
sufficient yield to compare single y-ray measurements
with coincidence yields. These measurements confirmed
the prediction of the Monte Carlo simulations that the
total transport efficiency was substantially higher for
pure E 1 y decay than for pure E2, because of the small-
er velocity dispersion of the recoils for E1 decay as the
y-ray angular distribution is peaked at 90'. Over the en-

ergy range of the experiment the calculations indicated
that the efficiency for E2 capture was 50%-65% of the
efficiency for E 1 capture. This reduced efficiency for E2
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ip 2capture allows for extraction of the E 1 cross section with

less sensitivity to the value of the E2 cross section as dis-

cussed below.
Because the dispersion of the recoil separator depends

on the charge of the recoil ion, only one charge state of
the recoil ion is transported to the recoil detector at each
beam energy. Charge-state fractions (CSF) were mea-

sured with an ' 0 beam passing through the He target
at all energies where cross-section data were obtained.
These equilibrium CSF ranged from 20% to 40% de-

pending on the charge state selected and the energy of
the beam. Departures from equilibrium CSF due to pro-
duction of '60 from the reaction '2C(a, y) '60 were cal-
culated to be small.

The E 1 cross sections were determined from the equa-
tion
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(2)

where YToF is the peak yield from the time-of-flight
spectra, and P is the product of the number of incident
particles, the number of target particles per square cen-
timeter, the total E 1 detection efficiency, the CSF, and
the detector live-time fraction. The last factor in the
denominator is the product of the ratio of efficiencies and
the ratio of cross sections for El and E2 capture. To
extract the El cross section, the ratio of aE2/crE~ is
needed. This ratio has been measured previously ' over
most of the energy range of the present experiment, and
there exist calculations " of this quantity which, al-
though they differ by nearly a factor of 4, particularly at
low energies, indicate that the E2 capture remains & 0.5
of the E1 cross section. In fact, if we extract crEi from
our data using the entire range of published values for
oE2/crE~, the maximum variation in the E 1 cross section
is still only 20%. The extracted E 1 cross section for cap-
ture into the ground state is shown in Fig. 3(a), where

oE2/crEi from the calculation of Ref. 8 (which uses the
E 1 data from Ref. 5) has been used.

To determine the reaction rate at the temperatures
relevant to stellar helium burning, an extrapolation of
the cross section to the appropriate energies (E,~ =300
keV) is necessary. For this extrapolation, we use Eq. (1)
to convert the measured cross sections to 5 factors. Fig-
ure 3(b) shows the 5 factor for El capture from the
present experiment, where a 2o upper limit at E, =10
MeV from the present experiment has also been includ-
ed. In order to model the energy dependence of the cross
section, a three-level R-matrix analysis has been per-
formed. The three levels correspond to the E*=7.12
MeV bound state, the E*=9.5 MeV unbound state [the
broad peak in Fig. 3(a)), and a level at higher excitation
energy to account for all higher-lying 1 states. Three
parameters are required to define each level: an a-
particle width, a y-ray width, and an eigenenergy. Two
of these parameters can be expressed in terms of the oth-
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FIG. 3. (a) E1 cross section from the present measure-
ment. Error bars correspond to statistical uncertainties only.
In addition there is an estimated overall systematic uncertainty
of 15%. The solid line is the simultaneous fit to the present
data and the elastic-scattering measurements of Refs. 16, 17,
and 18 with use of the procedure of Barker (Ref. 19). The
dashed line is the fit with use of the hybrid R-matrix analysis.
(b) E1 S factor deduced from the cross-section measurements
of the present experiment. The lines are the same as in (a).
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ers, ' and the eigenenergy of the higher-lying state may
also be fixed. 2' This leaves six parameters to be deter-
mined from the data. Some of these parameters can be
constrained by our calculating the 1=1 phase shift for
a-' C elastic scattering and comparing with the mea-
surements. By our simultaneously fitting the parameters
of the three-level R-matrix analysis to both the
' C(a,a)' C data' ' and the ' C(a, y)' 0 data from
the present measurement, we obtain an allowed range for
the S factor at 300 keV of 0.00-0.14 MeV b. The X for
the fit is actually minimized at a value of 0.01 MeV b,
but the X dependence on SE~(300) is quite flat for the
above range. The allowed range was deduced by the ob-
servation of a 30% increase in X from its minimum
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value of 1.3 per data point, where X is calculated for
both the elastic-scattering data' ' and the present data.
This procedure corresponds to a confidence level of
=95%, based upon the total number of data points. The
present result can be compared with two previous deter-
minations of the El 5 factor at 300 keV with use of a
similar analysis which yielded ranges of 0.02-0.28 and
0.02-0.48 MeV b. ' In all cases the large range in the
allowed values results from the correlation of the
strength of the bound state with that of the background
level. A large value for the high-lying strength and a
small value for the bound-state strength and the converse
give a reasonable description of the measurements.

Several attempts have been made to characterize the
high-energy 1 strength in order to eliminate this pa-
rameter and thus reduce the uncertainty in the extrapo-
lation. In the hybrid R-matrix analysis the 9.5-MeV
state and the higher-lying 1 strength are both de-
scribed by a single potential. Barker' has argued that
the contribution to the reaction ' C(a, y) ' 0 from
higher energies is negligible in the energy range of the
measurements (i.e., I „=0 for this contribution), thereby
eliminating this as a free parameter. For comparison,
these analyses yield best-fit values (simultaneously fitting
both the elastic-scattering and a-capture data of the
present experiment) for SE1(300) of 0.08 MeV b for the
hybrid calculation23 and 0.14 MeV b for a three-level
R-matrix fit with I „=0for the high-lying 1 strength. "

A combined analysis of the various experiments is un-
derway~' with use of the techniques described above in

order to better limit the allowed range in Sq1(300).
New measurements of the reaction ' C(a, y) ' 0 at
higher energies may also prove useful as a means of ex-
perimentally characterizing the high-lying 1 strength
and thus reducing the uncertainty in SE1(300).
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