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Astrophysical S Factor of ' C(a, y) ' 0 from the Beta-Delayed Alpha-Particle Emission of '6N
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The spectrum of low energy beta-delayed alpha-particle emission of ' N was measured with high sen-
sitivity; e.g. , at EL = 1 MeV, a sensitivity for a beta-decay branching ratio in the range of 10 9 (to
10 '0) was achieved. We used previous theoretical work of Ji, Filippone, Humblet, and Koonin to ex-
tract from these data the astrophysical p-wave S factor for the '2C(a, y) '60 capture reaction, and find
Sel(300) =95 ~ 16(stat) 4 28(syst) keVb. This result is crucial, for example, for understanding the
last stages of a massive star before a supernova.

PACS numbers: 23.60.+e, 25.55.Ci, 27.20.+n, 95.30.Cq

The cross section of the ' C(a, y) ' 0 reaction at low

energies is crucial for understanding helium burning in
stellar environments [1]. It has to be measured at (or ex-
trapolated to) the Gamow window for helium burning at
energies of 300 keV. Attempts to measure [2-6] this S
factor have led to values ranging from 0 to 500 keVb,
with a compiled [7] value of S~ t(300) =60-+3o keVb, and
SE2(300) =40 —+2o keV b. A determination of the S factor
with an error of approximately 20% is required for under-
standing the origin of elements heavier than ' C as well
as the last stages in the life of a massive star before a su-
pernova collapse. The S factor is governed [8] by the re-
duced alpha-particle widths of the bound 1 state at 7. 1

MeV and the bound 2+ state at 6.9 MeV in ' 0, which
thus far could not be measured or calculated in a reliable
way.

The beta-delayed alpha-particle emission of ' N (with
a total Q value of 3.26 MeV) was originally proposed for
a possible measurement of the p-wave contribution (SE~)
to the total S factor. Additionally, the d-wave contribu-
tion (Ss2) could be determined from the ratio S~t/S~2
(with a compiled value of 1.5), which is better measured
than each individual S factor. This suggestion was fur-
ther developed by Barker [9] in the 1970's, who used R-
matrix theory to simultaneously analyze data on alpha-
particle elastic scattering, the ' C(a, y) ' 0 capture reac-
tion, and the beta-delayed alpha-particle emission [10] of
' N, to extract Sz& with a very large uncertainty. Barker
also estimated the contribution from f wave alpha part-i-

cles allowed for beta decay.
More recently [11—13] specific predictions of the shape

of the low energy beta-delayed alpha-particle spectrum of
' N were published using similar R-matrix [12] and K-
matrix [13] theories. The predictions of Refs. [11—13]
are consistent with each other and suggest an interference
of the bound 1 state at 7. 1 MeV with the broad 1

state at 9.6 MeV that leads to a secondary peak atE'™= l. l MeV and a minimum in the vicinity of 1.4
MeV. It is shown that the height of the secondary peak is
directly related to Sz&(300). Depending on the exact

value of SE|(300), the observation of the low energy in-
terference peak requires the ability to measure the beta-
decay of ' N with a sensitivity for a branching ratio of
the order of 10

The cross section of the ' C(tt, y) ' 0 reaction at low

energies is very small due to the small Coulomb penetra-
tion factor (e.g. , at 300 keV it is 10 nb). In the case of
the beta-delayed alpha-particle emission, however, we ex-
pect a large enhancement. One enhancement is due to
the fact that for lower energy alpha particles the corre-
sponding beta-decay energy is larger; thus the rate for
low energy beta-delayed alpha particles is increased, as
the beta decay rate is approximately proportional to the
energy to the fifth power. The branching ratio for the
beta decay to the broad 1 state at 9.6 MeV in ' 0 was
measured [10] to be 1.20(5) x10 . This branching ra-
tio has been confirmed in a recent measurement [14] that
we carried out at Michigan State University, where we
measured it to be 1.3(2)x10 . This branching ratio
corresponds to a matrix element for the beta decay to the
broad 1 state at 9.6 MeV approximately a factor of 4
smaller than the one for the bound 1 state at 7. 1 MeV.
Thus in addition to the kinematical enhancement expect-
ed for low energy beta-delayed alpha particles, we expect
an increased sensitivity to the reduced alpha-particle
width of the bound 1 state due to its larger matrix ele-
ments.

In this paper we report on measurements of the beta-
delayed alpha-particle emission of ' N with a background
low enough to reveal the predicted interference peak
[11—13] at E, = 1.1 MeV. Attention was given to the
determination of the systematic uncertainties of the
detection system and the use of a collection foil of finite
thickness. A theoretical analysis of our data to extract
SE~ is presented.

The secondary ' N nuclei were produced with the
' N(d, p) ' N reaction, using 9 MeV deuterium beams
from the Yale ESTU tandem accelerator. Beam intensi-
ties of the order of 2-5 pA were used. Typical produc-
tion rates of 10 ' N/sec were achieved, and the radioac-
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tive ions were stopped in the production target and
transferred to the counting area with an efticiency of ap-
proximately 10%. The target was bombarded for 10 sec;
then a chopper was inserted upstream near the accelera-
tor position to stop the beam, and then the target was
moved (during 4 sec) by an arm of approximately 1 m di-
ameter to the counting position. After a counting period
of 10 sec the target was moved back to the irradiation po-
sition. Because of the large neutron Aux produced by 9
MeV deuterium beams, only one target was used, giving
rise to a duty cycle on the order of 35%. The target sur-
face was tilted at 7 with respect to the beam, so as to in-
crease its eAective thickness by approximately a factor of
8. We have calculated the range of the recoiling ' N nu-
clei using a Monte Carlo [15] method. The collection of
' N nuclei depends in a complicated fashion on the emis-
sion angles (both 0 and @) and the energy and we found
the foil thickness sufhcient to stop most of the recoiling
' N nuclei. We, however, do not stop most nUclei with
energies higher than approximately 2 MeV or those emit-
ted with angles larger than approximately 20'.

The target was composed of an approximately 80
pg/cm Ti ' N foil backed by an approximately 250
pg/cm Au. The thickness of the titanium-nitrite was
measured with proton beams from a 1 MV model JN van
de GraaA accelerator using the EL =429 keV narrow res-
onance of the ' N(p, ay) ' C reaction. The thickness of
the gold backing was determined by measuring the shift
in the observed resonance energy for a reversed target
geometry (with the gold facing the proton beam). The
target thickness was measured before and after the exper-
iment. No significant deterioration in the target was
found after one week of running with a total integrated
beam bombardment dose of approximately 1 C. Data
were collected over two weeks of running with a target of
total thickness (gold plus titanium nitrate) of 400 keV for
1.8 MeV alpha particles, over three weeks with a 250 keV
target, and over three weeks with a 170 keV target.

The large background due to beta decay was removed

by measuring beta-alpha time of Aight (TOF). The beta
particles were measured with an array of twelve plastic
scintillators spanning approximately 35% of 4x, placed 2
cm from the foil. The alpha particles were measured
with an array of nine Si surface barrier detectors span-
ning approximately 6% of 4m, placed 9 cm from the foil.
The count rate of each of the beta detectors was kept
below 200 kHz. The silicon detectors counted at a total
rate of approximately 10-20 Hz (due to energy deposited
by beta particles above the threshold), with the actual
rate for detected alpha particles being very small (of the
order of 0.02 Hz in each detector), which allowed for
small random coincidences and small pileup of P particles
with alpha particles in the Si detector.

The Si detectors were 50 pm thick with an active area
of 450 mm and a maximum viewing angle restricted to
less than 25, so as not to increase the eAective thickness

of the foil for emerging alpha particles. The electronic
threshold of the Si detector was set at 300-400 keV. For
reducing energy deposited by beta particles in the Si
detector, it is essential to use thin Si detectors, and unfor-
tunately it was not possible to reduce the Si wafer below
50 pm thickness of such large area detectors. The detec-
tor energy response of the Si detector was measured using
the ' B(n, a) Li reaction with a boron-oxide layer of ap-
proximately 5 pg/cm areal thickness. Thermalized neu-
trons were produced by placing a Pu-Be neutron source
outside the vacuum chamber with a wax layer, approxi-
mately 7 cm wide inside the chamber for neutron ther-
malization. This reaction yields narrow calibration lines
at 841, 1014, 1472, and 1775 keV, spanning the entire re-
gion of interest. In addition, calibration lines of ' Gd
(3.183 MeV) and Po (4.880 MeV) sources were used

approximately every 6 h, to monitor energy gain shifts.
The twelve fast plastic beta detectors (Bicron BC418

0.6 cm thick, six of dimension 5x 5 cm and six of dimen-
sion 2.5&&2.5 cm) were coupled to twelve separate pho-
tomultiplier tubes placed outside the vacuum. The
threshold on the beta detectors was set at 100 keV, which
reduced the beta efficiency to about 25%. The P-a TOF
response for 5 MeV alpha particles was measured using a

Ac source, and the TOF line shape for 0.6 to 5 MeV
alpha particles was measured using beta-delayed alpha-
particle emission of Li from the reaction Li(d,p) Li.
The Li target was fabricated with a calculated energy
loss (for low energy alpha particles) that matched very
well those of the ' N target and allowed for the deter-
mination of the TOF line shape for alpha particles origi-
nating in the target. The measured time resolution (at 1

MeV) of approximately a =1 nsec, was sufficient to re-
move the large background due to P-y TOF. In addition,
this time resolution was sufficient to remove (3.5o) low

energy signals from alpha particles that deposited a frac-
tion of their energy in the detector due to partial charge
collection in the Si detector. The background obtained
over three weeks of running with all 108 pairs of P-a
detectors defined a sensitivity for a branching ratio of ap-
proximately 2 x 10 . Data obtained with the two Si
detectors with the highest threshold (and hence smaller
background due to smaller random coincidences) yield a
sensitivity for a branching ratio of approximately
7x10

The data were analyzed by projecting 50 keV energy
slices of the two-dimensional TOF versus energy histo-
grams onto the TOF axis. The area under the expected
TOF peak (with centroid and width defined by the beta-
delayed alpha-particle emission of Li) was extracted,
with a signal to background ratio of approximately 2 to 1

around EL = 1 MeV. The spectrum of beta-delayed al-
pha particles was corrected [15] for alpha-particle energy
loss (in the 250 keV thick foil) and is plotted in Fig. 1(a).
The spectrum exhibits the low energy interference peak
predicted [11—13] by theory.
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FIG. 1. The spectrum of beta-delayed alpha-particle emis-
sion of '6N measured with a 250 keV thick target. (a) We also
show the "zero" target thickness spectrum [10] and its convolu-
tion with the response function of our detector system, as
discussed in the text. (b) We show the unfolded data (with ef-
fects of target thickness removed), together with the fit for
Sgl(300) =95 keVb, the I =3 and I =1 components, and the
curves for the extreme values allowed by the statistics (~ 6
keV b).

We have measured the decay lifetime of the beta-
delayed alpha particles, and observed the mean lifetime
of 10 sec (half life 7 sec) of ' N over the entire energy
range. In addition, a control experiment with natural ni-
trogen target (99.6% ' N) was carried out. No delayed
alpha particles were observed in the control experiment,
after two days of counting with similar beam conditions.

The line shape of the beta-delayed alpha-particle emis-
sion of ' N, measured with a thin target [10], is also
shown in Fig. 1(a). These data were collected with very
high statistics in Ref. [10]. They are, however, governed
at lower energies (below E, ~ =1.5 MeV) by a large
background from beta particles. In addition we have
measured [14] with smaller statistics, the beta-delayed
alpha-particle emission of ' N implanted into a Si detec-
tor (i.e., "zero" thickness foil), using ' N secondary
beams from the A1200 fragment analyzer of the Michi-
gan State University (MSU) K1200 cyclotron. The MSU
data confirmed the earlier results of Ref. [10]. As can be
seen in Fig. 1(a), the effect of the finite target thickness
used in this experiment is to yield an asymmetric line
shape of our data. The systematical uncertainty due to

target thickness was studied by varying the target thick-
ness (i.e. , 400, 250, and 170 keV) and will be discussed in

a long forthcoming article [16]. We have unfolded our
data to remove effects of target thickness, as discussed
below.

The zero target thickness data of Ref. [10] were convo-
luted with the response function of our detector system,
and the resulting curve fit our measured data as shown in

Fig. 1(a). In this procedure we determine (semiempiri-
cally) the response function of our system. The response
function arises from the measured integration interval
(target width) and a low energy tail that is determined
empirically by comparing our data with Ref. [10]. This
response function is determined exactly over the range of
available zero target thickness data and is extrapolated
beyond this region [the convoluted extrapolation is shown
in Fig. 1(a) as the dashed line]. The so obtained response
function is thus well understood down to 1.4 MeV, as can
be seen in Fig. 1(a). This procedure allows us to unfold
our data and to remove effects of finite energy integration
in our target. The unfolded data obtained (of the 250
keV thick target) are shown in Fig. 1(b). It represents
the yield for a zero thickness target. A detailed descrip-
tion of the unfolding procedures as well as the data analy-
ses and results can be found in Ref. [16] and will be pub-
lished in a forthcoming long article [16].

The unfolded spectrum of beta-delayed alpha-particle
emission of ' N, shown in Fig. 1(b), was fit simultaneous-
ly with elastic scattering data and the ' C(a, y) ' 0 data,
using the R-matrix formalism developed in Ref. [12].
We used the fit parameters of Ji er al. [12] including the
channel radius of 5.5 fm and the boundary condition pa-
rameter 8 = —3.504. The best fit was obtained for
Szl (300) =95 keVb. This fit exhibits a large sensitivity
to the extracted 5 factor for the shape of the measured
spectrum around 1.1 MeV, and we show in Fig. 1(b) the
curves for extreme values of the S factor (4-6 keVb).
Note that while the statistical uncertainty of our data at
that region is of the order of 20%, the uncertainty in the
extracted 5 factor is better than 10%. Such an enhanced
sensitivity is expected for an interference effect.

In Fig. 1(b) we show the l =3 component of our fit.
Only with the introduction of the small l =3 component
was it possible to reproduce the line shape of the unfolded
spectrum. A small l=3 component is suggested by the
value of the yield at the minimum observed at 1.4 MeV.
An I =3 component at 1.1 MeV that is equal to the value
at 1.4 MeV [unlike the one shown in Fig. 1(b)] would
reduce the extracted 5 factor by less than 15%.

The unfolded data shown in Fig. 1(b) are well defined
in the region above 1.4 MeV, including the region above
1.5 MeV where the data [10] for zero target thickness
were measured. In order to study the systematic uncer-
tainty of our unfolding procedures we have varied the
deconvolution function. Based on this analysis we conser-
vatively estimate a systematic uncertainty of approxi-
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mately 30% due to the unfolding procedures [16]. This
systematic uncertainty overwhelms all other uncertainties
(including theoretical uncertainties) [16] and the final
quoted systematic uncertainty is approximately 30%.

We note that the S factor measured here is in agree-
ment with a recent concurrent measurement of ' N per-
formed at TRIUMF [17] that reports S~t(300) =57
~ 13 keVb. While the two experimental procedures used
in this experiment and in Ref. [17] are very diA'erent

(thus lead to systematic uncertainties of diA'erent nature)
the obtained S factors are in agreement. In addition
while we present here an R-matrix analysis of the data,
the authors of Ref. [17] use a K-matrix analysis and ob-
tain similar results. However, we add that while in our
analysis the contribution from an l =3 partial wave in the
region of the low energy peak is negligible, it amounts to
as much as 20%-30% in the data analysis of Ref. [17],
which may explain the smaller central value of S~~ quot-
ed in Ref. [17].

An attempt to extract the total (El +E2) S factor for
this reaction from nonlaboratory measurements, was pub-
lished by Weaver and Woosley [18]. For the compiled
ratio SE~/S~2 =1.5, they conclude S~l (300) = (1.7 ~ 0.5)
&60=102~ 30 keVb. While the value presented here is
in agreement with Weaver and Woosley, the value ex-
tracted in Ref. [17] is just outside the region allowed by
the quoted uncertainties. We emphasize that for a cross
section of the ' C(a, y) ' 0 reaction which is twice the ac-
cepted value [7], the production of carbon from helium
burning in massive stars, is negligible (below the 15%
limit quoted in Ref. [18]), which leads to a substantial
change in the predicted scenario of supernovae [18].
While the S factors reported in this work and suggested
in Ref. [18] allow for such a possibility, the results of
Ref. [17] exclude it. This possibility then calls for a new

generation of precision experiments as performed here,
with a reduced systematical error, to clarify the exact
value of the S factor and the exact fate of a massive star
at its last stages before a supernova.

I n conclusion, we have measured the beta-delayed
alpha-particle emission of ' N with a background small
enough to observe the predicted low energy interference
peak. After unfolding the eAects of the finite thickness of
our foil we used these data to extract the S factor for the
' C(tz, T) ' 0 capture reaction to yield S~1 (300) =95
~ 6(stat) ~ 28(syst) keV b.
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