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Search for nonresonant capture in the ' O(a, y ) Ne reaction at low energies

K. H. Hahn, * K. H. Chang, T. R. Donoghue, ~ and B. W. Filippone
California Institute of Technology, Pasadena, California 91125
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Ne recoils produced from the ' O(a, y) Ne reaction were detected in coincidence with capture

y rays using a recoil separator, NaI(T1) y-ray detectors, and a helium gas target. Total cross sec-
tions for cascade and ground state capture were measured in the range E, =1.7—2.35 MeV. Im-
proved measurements of the total width and resonance strength of the E, =1.99 MeV (J =0+)
resonance and the resonance strength of the E, = 1.054 MeV (J = 1 ) resonance are reported.
The astrophysical S factor for nonresonant capture into the Ne ground state was measured to be
0.26+0.07 MeVb, assuming an energy-independent S factor between E, =1.7 and 2.35 MeV.
Using theoretical estimates for the energy dependence and branching ratios for the nonresonant
capture, a best estimate for the total S factor at 300 keV of 0.7+0.3 MeVb is determined.

I. INTRODUCTION

The ' O(ct, y) Ne reaction is expected to occur dur-
ing the helium burning stage of stellar evolution. It is
helium burning that provides the bridge over the insta-
bility gaps at mass 5 and mass 8 in stellar nucleosyn-
thesis through the triple alpha reaction, Be(a, y )' C,
and determines the relative abundance of ' C to ' 0
through the ' C(a, y)' 0 reaction. The subsequent cap-
ture of an alpha particle by ' 0 to form Ne is thought
to occur at too slow a rate' to affect either the ' 0 or

Ne abundance significantly. However, recent calcula-
tions using a microscopic cluster model and the genera-
tor coordinate method have yielded a reaction rate at
helium burning energies four to five times larger than
that recommended previously. ' Even though this
change should not significantly alter the astrophysical
predictions, experimental measurements are crucial in
order to test the range of validity of these new calcula-
tions, as they also play a key role in determining the as-
trophysical rates of experimentally inaccessible reac-
tions.

At the typical helium burning temperatures of
2 —3&& 10 K (corresponding to an eff'ective energy for
helium burning reactions of E, -0.300 MeV), the
' O(a, y) Ne reaction rate is dominated by nonresonant
direct capture, while at higher temperatures, resonant
capture through several known low-energy resonances is
also possible. A level scheme for Ne is shown in Fig.
1, where only those states relevant to ' O(a, y) Ne are
indicated. The parameters for the important resonances
have been determined experimentally, but the contribu-
tion from the direct capture has previously been deter-
mined by theoretical calculation alone.

From the recent predictions of the direct capture
cross section, ' it appeared possible that the direct cap-
ture could be observed at center-of-mass energies of
—1.6—2. 5 MeV. While higher than energies of stellar
interest, measurements here can establish the magnitude
of the nonresonant capture process, allowing a reliable

extrapolation to stellar energies. In fact, for carefully
chosen energies, the direct capture cross section was ex-
pected to exceed the contribution from narrow reso-
nances. The J =1 resonance at E, =1.054 MeV,
the J =3 resonance at E, =2.429 Me V, and other
nearby resonances contribute little to the cross section at
these energies, because they are either too narrow or too
weak. However, the J =0+ resonance at E, = 1.99
MeV was expected to contribute significantly to the
cross section at the energies of interest. Thus a more ac-
curate measurement of the width and strength of this
J =0+ resonance was necessary in order to determine
the direct capture contribution to the total cross section.
Data were also taken at the 1 and 3 resonances for
calibration purposes and to study system parameters.

A new coincidence technique was used in the present
experiment, where both the y ray and the Ne recoil
particle from the reaction were detected. When used in
conjunction with an efficient recoil separator and a recoil
detector capable of distinguishing Ne recoils from
background ' 0 beam particles, the requirement of
time-of-flight coincidence can provide an essentially
background-free signature of the ' O(ct, y) Ne reaction.

II. EXPERIMENTAL PROCEDURE

The 3 MV Pelletron Tandem Accelerator at the Kel-
logg Radiation Laboratory was used to provide high
current ' 0 beams from a Cs sputter source. Beam
currents incident on the target were typically several
particle pA. The beam energy was defined and stabi-
lized with slits before and after a 90' analyzing magnet.
The analyzing magnet was calibrated at the narrow 1

resonance in ' O(a, y) Ne, which has a known center-
of-mass energy of 1.0539+0.0018 MeV.

The apparatus, which included a transmission gas tar-
get and an electromagnetic recoil separator, is shown
schematically in Fig. 2. The target was a differentially
pumped, 5.72 cm diameter cylindrical chamber which
was pressurized to 2.5 Torr of high-purity (99.999%)
helium gas. The amount of gas outside of this central
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FIG. 1. Level diagram of Ne showing the natural parity
states which are relevant to ' O(a, y) Ne.
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FICx. 2. Schematic diagram of the experimental apparatus.

chamber (i.e., in the 10 cm diameter difFerential pumping
stage) amounted to —10%%uo of the total target thickness.
Since both the y-ray efficiency and the recoil detection
efficiency are essentially independent of position in this
region, the total target thickness was used in the
analysis. The pressure was reduced to the vacuum of the
beamline by a series of small apertures and high speed
pumps. The target thickness was determined to be
(5.4+0.2) && 10' particles/cm for 2.5 Torr of target

pressure by measuring the energy loss through the target
for several (a, y) resonances with ' C and ' 0 beams. It
was also measured using the energy loss of a proton
beam measured with the 0.992 MeV resonance in the

Al(p, y) Si reaction with an aluminum target placed
after the He target. The main uncertainty in the target
thickness arises from the uncertainties in the stopping
powers.

To detect elastically scattered alpha particles for beam
current normalization, a silicon surface barrier detector
was placed 6.3 cm from the center of the target. The sil-
icon detector was placed at an angle of 60' from the
beam axis, and its acceptance was defined by a 0.5 mm
collimator in front of the detector. The total number of
incident ' 0 ions at each energy was determined through
a two-step calibration of the number of elastically scat-
tered alpha particles detected in the silicon detector.
This two-step calibration is required because the a parti-
cle yield in the vicinity of a resonance can deviate
significantly from the Rutherford cross section. Cali-
brating the alpha particle yield directly against the in-
tegrated charge of the beam after the target was not pos-
sible, since the gas in the target equilibrated the single
incident charge state of the beam into a distribution. In-
stead, the alpha particle yield was calibrated against the
integrated beam power of the ' 0 beam by attaching a
beam power calorimeter to the beamline downstream
from the target. The calorimeter provided a dc current
proportional to the incident beam power, and the in-
tegrated output current was therefore proportional to
the beam energy times the total number of particles.
The beam power calorimeter was then calibrated against
the number of incident particles by repeating the mea-
surement without gas in the target and using electrical
beam current integration. The uncertainty in the num-
ber of incident particles determined with this procedure
was +5%.

Four large NaI(T1) crystal scintillators (15.2X 15.2
&&25.4 cm) were used for y-ray detection. Placed in
close geometry to the target, their total efficiency was
over 50% in the energy range of interest. The NaI(T1)
crystals provided both energy and timing signals. The
energy resolution was measured to be 9%%uo for 0.661 MeV
y rays from ' Cs, and the timing resolution was mea-
sured to be 4.5 nsec for the C y-ray cascade with a
plastic scintillator start channel. Five centimeters of
lead and 1.3 cm of plastic scintillator surrounded the
NaI(T1) crystals to reduce the background rate from
cosmic rays and natural radioactivity.

Ne recoils produced from the reaction were separat-
ed from the incident ' 0 beam by a recoil separator,
composed of a quadrupole doublet, a Wien (E)&B) ve-
locity filter for velocity separation, a quadrupole singlet,
and a 60' dipole magnet for momentum/charge (p/q)
separation. The recoil separator was tuned to maximize
the transmission of an abundant charge state of recoils
from the gas target and to minimize the beam-induced
background. The Wien filter provided the bulk of the
separation of the Ne recoils from the main beam by
directing the incident beam to a beam dump while trans-
porting the Ne recoils to a set of velocity slits. The ve-



894 HAHN, CHANG, DONOGHUE, AND FILIPPONE 36

locity slits were centered 3 from the incident beam
direction with the additional deflection of the recoils re-
sulting from extended electric field plates in the Wien
filter. This deflection provided for rejection of neutral
background particles that are not deflected by the Wien
filter. The dipole magnet following the velocity slits pro-
vided further background reduction and, combined with
the quadrupole singlet, imaged the recoils onto the recoil
detector.

Because a Ne beam could not be produced at the ap-
propriate energies, the recoil separator was tuned with
reaction Ne ions and by extrapolation from settings
determined with ' 0 and ' F beams over the energy
range of the experiment. The quadrupole and dipole
magnets were scaled in p/q directly from the optimal
settings for ' 0 and ' F beams; however, because of cou-
pling between the electric and magnetic fields in the
Wien filter, a calculation (based on the electric and mag-
netic rigidities of the beam and the effective lengths of
the electric and magnetic fields) was used to semiempiri-
cally predict its settings. ' F and ' 0 beams at various
energies and charge states were used to determine the
parameters of the code. For a single incident beam
momentum, the magnetic field in the Wien filter was
varied to maximize transmission of the beam through
the velocity slits at difterent electric field settings, and
the parameters of the code was adjusted to reproduce
the measurements. Ne recoils from the J"= 1

J =0+, and J = 3 resonances were also used to verify
that the settings were accurately predicted for c.m. ener-
gies between 1.054 and 2.429 MeV. The velocity slits
after the velocity filter were set to a width of +1.0 cm,
corresponding to a velocity acceptance of —+2.0%. A
Monte Carlo beam optics code based on TRANSPORT

(Ref. 9) showed that, with this acceptance, there would
then be 100% transmission of Ne recoils from
' O(a, y) Ne through the recoil separator over the en-
tire energy range of the experiment. This was confirmed
at the peak of the strong resonances by measuring the
ratio of the coincidence yield to the singles y-ray yield
which, with 100% transmission, should equal the charge
state fraction of the selected recoil.

The recoil particle detector consisted of a dual gas
ionization chamber of isobutane separated from the
beamline by an -40 pg/cm thick, 3.8 cm diameter po-
lypropylene window. The recoil detector provided three
separate signals. The first was a fast timing signal, pro-
duced from a thin (5 mm thick) low-pressure multiwire
proportional chamber' which was filled with 1 Torr of
isobutane and run at 400 V on the anode wire plane.
The measured timing resolution was 2.5 nsec, measured
with alpha particles from an 'Am source. The remain-
ing signals were differential energy (hE) and residual en-

ergy (E AE) signals fr—om two insulated collector plates
located in the second chamber through which 6—8 Torr
of isobutane continuously flowed. Since ' 0 and Ne
ions have different stopping powers over the energy
range of interest, they could be distinguished in the re-
sulting two-dimensional E-AE spectra.

Data were collected event-by-event through an analog
to digital converter (ADC) which began conversion

when a y ray with E~ & 1.3 MeV was detected in any of
the NaI(T1) detectors. However, the ADC was automat-
ically cleared unless a fast signal from the recoil detector
was received within 1.5 psec after the y-ray detection,
since the Ne recoil time-of-flight between the target
and the recoil detector was always less than 1 @sec. If
not cleared, the output from the ADC was processed on
a VAX 11/750 and later transferred to tape. The pulse
heights recorded for each event were from each of the
four NaI(T1) crystals, E and AE signals from the recoil
detector, and the time interval between y ray and recoil
particle detection. The singles rates in the detectors
were —15—30 kHz in the recoil detector and —100 Hz
in the NaI(T1) detectors, resulting in a trigger rate of
several Hz.

Data were taken at energies corresponding to the
above-mentioned 1, 0+, and 3 resonances in the
' O(a, y) Ne reaction, and at four off-resonance ener-
gies, E, =1 ~ 7, 2.2, 2.3, and 2.35 MeV. Detailed exci-
tation functions were measured at the three resonances
for target thickness information and to study systemat-
ics. These measurements were done at a target pressure
of 1 Torr in order to improve the sensitivity to the reso-
nance widths of the 0+ and 3 resonances. For high
statistics, the reaction was run at the peak of each reso-
nance until several thousand Ne y-ray coincidences
were detected. The theoretical predictions of Langanke
indicated that the direct capture would be significantly
higher than the residual resonance contributions at each
of the four nonresonant energies, and data were taken at
these energies until —100 Ne y-ray coincidences were
observed. As expected, the run at 1.7 MeV had the
lowest cross section and consumed almost 40 h of run-
ning time.

The eSciency of the apparatus is mainly the product
of three separate efBciencies: the charge state fraction of
the reaction Ne, the NaI(T1) detection efficiency within
the selected y -ray energy cuts, and the E-AE recoil
detection efficiency.

Since a Ne beam at the appropriate energies was not
available from the accelerator, the Ne charge state
fraction was determined by fitting a semiempirical for-
mula to charge state distributions measured with ' 0,
' F, and Na beams incident on the He gas target. It
has been shown"' that a reasonably good description
of charge state distributions can be obtained with the
following Csaussian parametrization for the fraction of a
given charge in an equilibrium distribution,

F =(2~~')-""'e ' "' (1)

where the mean charge is i o =~vZ; + C, and the width of
the gaussian is o =aoZ Z; is the . atomic number of
the incident particle, v is the velocity of the incident par-
ticle, and ~, C, and oo are semiempirical parameters.
' 0 charge state fractions were measured over the ener-

gy range of the experiment by placing a cup connected
to an electrical integrator after the dipole magnet in the
recoil separator. The dipole magnet was set to select in-
dividual charge states, and the fractions were determined
by comparing the integrated currents in the cup to the
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alpha particle yield in the silicon detector. These data
were then fitted to the above parametrization in order to
calculate the charge state distributions for other incident
ions. Further measurements of charge state fractions for
' F and 'Na, over a narrower energy range, were then
performed to verify that the charge state predictions
were valid. The fit to the ' 0 data and the prediction
for ' F are shown in Fig. 3 along with the measured
data. Predictions for Na also agreed with the measure-
ments to better than 5%. The above parametrization
also agreed with previous measurements' of Ne on
He to within 5%. We have assigned a total error of
10% to the predicted Ne charge state fractions, as this
is the level of agreement found in previous studies of the
Gaussian model, and we have also found that the fit to
the ' 0 measurements requires this magnitude of uncer-
tainty in the data to achieve a +,, of 1.0.

The parametrization of the charge state fractions with
Eq. (1) depends to a large extent on the attainment of
equilibrium for the charge state distribution. Equilibri-
um can be obtained with a sufficiently thick target and
can be checked by measuring the charge state fractions
as a function of target thickness. We have performed
such measurements by varying the pressure in the gas
target, and find that at 2.5 Torr the target is —5 times
equilibrium thickness. There is thus a potential none-
quilibrium distribution of charge states for "Ne recoils
produced in the last 20% of the target. However, we
have performed detailed calculations of the approach to
equilibrium using the energy dependence of the electron
pickup and loss cross sections which indicate that this
effect produces charge state fractions which differ from
equilibrium by &5%. Measurements of reaction yields
at different target pressures confirm this estimate.

The total NaI(T1) efficiency was measured for an iso-
tropic y-ray distribution using the E~ = 340 keV reso-
nance in the ' F(p,ay)' 0 reaction. Since there is nearly
a one to one ratio of emitted alpha particles to 6.13 MeV
y rays produced in the reaction, the NaI(T1) efficiency

was extracted by determining the geometric acceptance
of a silicon surface barrier detector, which detected the
alpha particles from the reaction. With this technique
the total absolute efficiency of the four NaI(T1) detectors
at E,, =6. 13 MeV was measured to be 58+2%. The rel-
ative detection efficiency at low energies was measured
with radioactive sources and at higher energies with the
4.44 and 11.66 MeV y rays from the ''B(p, y)' C reac-
tion at E„=163keV. The NaI(TI) efficiency for noniso-
tropic y-ray angular distributions was calculated from
the detector geometry. This calculation involved an in-
tegration of the y-ray absorption over all possible paths
between the source and the detectors as well as the ab-
sorption in the material surrounding the target. The
large angular range accepted by the detectors reduced
the importance of this effect. The calculated efficiencies
for pure El and E2 capture to the ground state were
67% and 56%, respectively.

The y-ray efficiency for a particular window on the
y-ray energy was determined at 4.44 and 11.66 MeV by
using the E„=163keV resonance in "B(p,y)' C. These
y rays are produced in cascade from the 16.1 MeV reso-
nant state. Thus by demanding a y-y coincidence be-
tween the detectors, the response of the individual detec-
tors to a single y ray at these two energies can be deter-
mined with little background. It was found that for a
low energy cut of 0.6E,, the efficiency of the energy cut
was nearly independent of y-ray energy and amounted
to 0.74+0.02.

Because of the very large detection efficiency of the
NaI(T1) detectors, a correction of the yields for sumtning
of the pulse heights from coincident y rays is required.
This was accomplished by comparing the net yields for
various combinations of the addition of the pulse heights
from the four detectors. By comparing the yields from a
single detector with those with any pair, any three, and
all four added together, the amount of summing-in or
summing-out could be determined.

The recoil detector inefficiency resulted from ions hit-
ting the wires in the timing detector, and from pileup
due to the high rate in the detector. The efficiency was
analyzed at several resonances in ' O(a, y ) Ne as a
function of the rate in the detector. This was done by
producing two time-of-Aight (TOF) spectra, one generat-
ed with a cut on the selected window in the E-AE spec-
trum, and the other without a cut. The ratio of the
coincident yields from the two spectra determined the
efticiency of the recoil detector. A 5% inefficiency ob-
served at very low rates was consistent with the fraction
of the aperture obscured by the wires in the timing
detector. At 30 kHz, the highest rate used, the total
efficiency of the recoil detector was 0.77+0.05.

0.2

0 1

oo
1

'1, 1
( N1 & X )

FIG. 3. Measured charge state fractions: (a) "0 data and
the fit from Eq. (1); (b) predicted charge state fractions for "F
and measured values.

III. ANALYSIS AND RESULTS

Yields were extracted during replay of the data by
generating TOF spectra with a window on the Ne peak
in the E-AE spectra and a window on the desired y-ray
energy in the NaI(T1) detectors. Examples of these TOF
spectra are shown in Fig. 4. Because of the large
efficiency of the NaI(T1) detectors, summing of cascade y
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The measured total widths of the 0+ and 3 are in good
agreement with previous values (see Table I).

Since the target thickness (-45 keV at 2.5 Torr target
pressure) at the energy of the 1 resonance was much
greater than the resonance width of the state (I -28
eV), the 1 resonance strength was calculated using the
thick target equation:
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FIG. 4. Time-of-flight spectra for y-ray and recoil ' Ne
coincidence from the ' O(a, y ) Ne reaction: (a) E, = 1.99
MeV; (b) E, =1.70 MeV. The abcisssa corresponds to 7
nsec per channel.

rays can pose a serious problem if the pulse heights from
the detectors are simply added. To correct for this
effect, TOF spectra were created requiring a y ray
within the desired energy window in any one detector, in
any pair of detectors, in any triplet of detectors, and
finally in all four detectors. By extrapolating these
yields to zero detector number, a zero-summing yield is
obtained.

The excitation energy E* in Ne is the Q value for
the reaction (4.731 MeV) plus the c.m. energy, which
ranged between 1.05 and 2.35 MeV. For all of the mea-
sured energy range, except near the 3 resonance, the
reaction y rays are expected either to cascade through
the E *= 1.63 Me V, J =2+ first excited state in Ne or
to decay directly to the ground state. The 0+ resonance
is expected to decay —100% of the time through the
1.63 MeV state since the ground state is also 0+. Two
separate TOF spectra were generated at each beam ener-

gy: one with a minimum cut on the y-ray energy above
the 1.63 MeV transition, and another with a minimum
cut above E' —1.63 MeV. The total yield was extracted
from the first cut and the ground state contribution from
the second cut.

In order to determine the resonance widths and
strengths, the resonance excitation functions were fitted
to an integrated Breit-Wigner resonance shape including
beam energy spread, energy straggling, and the stopping
power of the target. Fitting the narrow 1 resonance
(I T ——28 eV ) provided the beam energy spread and
straggling parameters for the fits to the other reso-
nances. Since the widths of the 0+ and 3 resonances
with the dominant effect determining the shape of the
leading and trailing edge of the excitation function, un-
certainties in beam energy spread, beam straggling, and
target thickness contributed little to the uncertainty in
the extracted widths. The data taken in the 1 and 0+
resonances, together with the fits, are shown in Fig. 5.
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FIG. 5. Coincidence excitation function for two resonances
in ' O(a, y) Ne: (a) J =1, E, =1.05 MeV; (b) J =0+,
E, =1.99 MeV.

where coy is the c.m. resonance strength, 3; and 3, are
the atomic numbers of the incident and target particles,
M; is the mass of the incident particle, E, is the c.m. res-
onance energy, e is the stopping power per atom per
cm of the target at the lab energy of the beam, N; is the
number of incident particles, and eT is the total detec-
tion efBciency. The measured strength of the resonance
was 19.7+4. 1 meV, compared to previous values' ' of
12+3 and 18.2+3 meV. The measured ground state
branching ratio of 19+4% is in good agreement with
the previous value of 18+5 %.

For the determination of the resonance strength of the
0+ state, data were taken at two different target pres-
sures: 1.0 and 2.5 Torr. This provided an important
check because the target thickness was not much greater
than the expected natural width of the state. From a
thin target analysis the resonance strengths as measured
with both target pressures agreed to & 5% and yielded
an average value of 71+12 meV. The measured reso-
nance parameters are compared with previous data in
Table I.

There is some disagreement between the previous
work and this experiment for the resonance strength of
the 0+ transition. Both of the previous experiments' '
employed a SiOz target with an incident He beam, and
both reported a difticulty posed by a nearby resonance in
' O(a, n) 'Ne at E, =1.975 MeV, arising from the nat-
urally occurring ' 0 impurities in the SiO&. The



36 SEARCH FOR NONRESONANT CAPTURE IN THE. . . 897

TABLE I. Total widths and resonance strengths of states in Ne studied in the ' O(a, y) Ne reac-

tion.

(MeV) (MeV) Present

r, .
(keV)

Previous Present Previous

1.055
1.994
2.432

5.785
6.722
7.156

1

0+
3

20 +3
8.3+0.5

(2.8+0.3) 10
15 +7
8.1+0.3

20+4
71+12

14 +3
38 +10
11.3+1.3

isO(a, n)21Ne reaction complicated their analysis, and it
is possible that this neutron background may have intro-
duced a large systematic error in their yield extractions.
It was noted in Ref. 15 that their measured E2 transition
strength for the decay of this resonance was about a fac-
tor of 4 lower than other E2 intraband transitions in

Ne. The present measurement reduces this discrepan-
cy somewhat.

The measured resonance parameters were then used to
calculate the energy dependence of the resonance cross
sections in the single-level R-matrix approximation, '

and the calculated cross sections were then compared
with the measured cross sections at the off-resonance en-
ergies to search for a nonresonant contribution to the
cross section. As expected, the calculated resonance
cross sections at 1.7, 2.2, 2.3, and 2.35 MeV yield
significant contributions only from the 0+ resonance.
The calculated resonance cross section and the measured
cross sections are shown in Fig. 6. This calculation as-
sumed a radius of 6.0 fm. Variation of this parameter by
+0.5 fm changes the calculated cross section at 1.7 MeV
(the most sensitive energy) by +12%. As can be seen in
the figure, the measured cross section is significantly
larger than the resonance contribution both below and
above the 0+ resonance, indicating the presence of non-
resonant capture. However, the extraction of the non-
resonant cross section is complicated by the possibility
of interference with the resonant amplitude for capture
from the same partial wave. The calculations of Lan-
ganke and Descouvemont and Baye predict that the
nonresonant capture proceeds predominantly by a cas-
cade through the 1.63 MeV 2+ state from initial states
with l =0, 2, and 4. Nonresonant radiative capture
from the initial s wave will interfere with the 0+ reso-
nance capture, which complicates the determination of
the nonresonant capture cross section. However,
20—25% of the total nonresonant capture is predicted to
be from the initial l =2 state directly to the ground
state. As the 0+ resonant capture is a pure cascade
(branching ratio & 98% from the present experiment)
through the 2+, 1.63 MeV state, the contribution to the
ground state capture from the 0+ resonance should be
negligible. The E2 ground state component of the non-
resonant capture can thus be determined without in-
terference from resonance contributions, at the off-
resonance energies.

The ground state cross sections were analyzed in
terms of the astrophysical S factor:

)1/2
S(E, )=E, o(E, )e

10

10

1OO

1O-'
1 1.25 1.5 1.75

Ec m (Mev)
2.25

FIG. 6. Measured total cross sections for ' O(a, y) Ne.
The dashed curves are the calculated individual resonance con-
tributions (with J as indicated) and the solid curve is the sum

of these contributions.

where Eo is the Cxamow energy [Eo
=(2iraZiZ&) pc /2; p is the reduced mass of the in-
cident channel, and a is the fine structure constant].

The measured S factor for capture into the ground
state of Ne is shown in Fig. 7. Because the S factor is
expected to be nearly independent of energy for the ener-

gy range of the measurements, a weighted average can
be taken, yielding a result for S of 0.26+0.07 MeV b for
E, =1.7—2. 35 MeV. This is significantly lower than
the value of —1.2 MeV —b predicted by Langanke for
d-wave capture to the ground state. The calculation of
Descouvemont and Baye predicted a total d-wave cap-
ture (both to the ground and first excited state) of -0.8

MeV —b in the energy range of the present experiment.
As discussed above, it was not possible to determine

the total nonresonant S factor in the present experiment
because of the potential interference between the 0+ res-
onance yield and the cascade component of the non-
resonant capture. However, upper limits on the non-
resonant cross section can be set by assuming that the
interference is such that the nonresonant capture is as
large as possible but still consistent (at the 2 —o level)
with the measured cross section. The upper limits for
the total nonresonant capture S factor are calculated to
be 2.3 MeVb at E, =2.35 MeV and 2.8 MeVb at
E, =2. 3 MeV with & 95% confidence. These upper
limits were set for the case of fully destructive interfer-
enee above the 0+ resonance, and are just barely con-
sistent with the theoretical calculations. ' Perhaps the
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best way to estimate the S factor at the astrophysically
interesting energy of E, —300 keV is to use the mea-
sured value for ground state capture, and the theoretical
predictions for the branching ratios and energy depen-
dence. Such an analysis yields a total S factor of
0.7+0.3 MeV b, where an additional uncertainty of 30%
has been added in quadrature to account for the
differences in the energy dependence predicted by the
two calculations. We note that this best estimate is ap-
proximately a factor of 2 larger than the older estimates'
for S (300 keV).

While this new value for S (300 keV) should not
significantly alter our understanding of nucleosynthesis
during helium burning, the experiment provides an im-
portant constraint on the theoretical calculations of re-
action rates. Such calculations must be verified where
experimental information is available in order to reliably
predict rates for reactions that are inaccessible to experi-
ment: cases of very small cross sections, nuclear physics
complications, or very short-lived nuclei.
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