
RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 022801~R! ~2002!
Search for a resonance in the14N„p,g…

15O reaction at EpÄ127 keV
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The 14N(p,g)15O reaction regulates the energy produced by the CN cycle in main-sequence stars and in red
giants. Recently, preliminary evidence was presented for a new resonance in this reaction, which would
significantly increase the reaction rate for temperatures near 108 K. We have attempted to confirm this result
and find no indication of a resonance nearEp

lab5127 keV. Our upper limit on its strength isvg<32 neV
~95% C.L.!, which is more than 2 orders of magnitude below the previously reported value.
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The CN cycle is the main source of energy at some po
in the life of every star. During quiescent stellar burnin
14N(p,g)15O is the slowest reaction in the cycle and thus
regulates the rate of energy production. Nelsonet al. @1#
have reported preliminary evidence for a resona
in 14N(p,g)15O(g.s.) at a laboratory proton energ
Ep

lab5127(2) keV ~or a center-of-mass energyEp
c.m.

5117 keV), which would correspond to a new state in15O
at an excitation energyEx57414(2) keV. This state wa
observed to decay exclusively to the ground state of15O and,
from shell-model arguments, they assigned it a spin-pa
Jp51/22. While this result may seem surprising at fir
glance, the (p,g) threshold lies at a relatively high energ
and thus at a comparatively high level density. Therefore
is difficult to argue against the possibility of a weak res
nance that has so far escaped detection.

The contribution of this state to the thermonuclear re
tion rate,^sv&, can be written as

^sv&5S 2p

mkTD 3/2

\2~vg!rexpS 2
Ec.m.

kT D , ~1!

wherem is the reduced mass,k is Boltzmann’s constant, an
vg is the resonance strength, which is defined by

v g5
2Jr11

~2Jt11!~2Jp11!

GpGg

G
. ~2!

Here,Jr , Jt , andJp are the spins of the resonance, targ
and incident proton, respectively; andGp , Gg , andG are the
proton andg-ray partial widths, and the total width, respe
tively. Nelson et al. @1# derived a resonance strengthvg
54.5(9) meV, which has significance for the main-sequen
evolution of massive stars and in red giants. For exampl
star of solar mass and composition at the tip of the red-g
branch would have to adjust itself to an energy-genera
rate increased by about a factor of 2 at canonical temp
tures.

In view of the impact that this resonance has on
14N(p,g)15O reaction rate, it is important to confirm its ex
istence by independent means. The previous measure
employed a thick deuterated-ammonia ice target and it is
clear if the target composition was stable under bomba
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ment. Also, theirg-ray spectrum showed significant bac
grounds from neutron-induced reactions. In fact, neutrons
expected to be produced in this target via two-step react
@2#, but it is not clear what effect this process may have h
on the previous results. We have also searched for this s
using the 14N(p,g)15O reaction, with targets made by im
planting nitrogen into tantalum backings. These targets
known from experience@3# to be both relatively free of con
taminants and stable under bombardment with high-inten
proton beams.

We performed this experiment at the Laboratory for E
perimental Nuclear Astrophysics~LENA!, located at the Tri-
angle Universities Nuclear Laboratory. A 1-MV Van d
Graaff accelerator provided proton beams at laboratory e
gies between 135 and 300 keV, and with beam currents
100–150mA. The beam entered the target chamber throu
a copper tube, which extended to less than 1 cm from
target. The tube was cooled by a LN2 reservoir to trap po-
tential target contaminants and biased to280 V to suppress
the emission of secondary electrons from the target. The
get was cooled using chilled, deionized water. As mention
above, the target consisted of14N implanted into a thick
tantalum backing. The implantation energy and dose w
120 keV and 110mg/cm2, respectively. Previous measur
ments@4# of the Ep

lab5278-keV resonance yield as a fun
tion of proton energy, combined with the known resonan
strength@5# imply a uniform composition with a Ta/N ratio
of 0.72~11!, which is consistent with the known saturatio
ratio @6#.

Gamma rays were detected using a 135% HPGe dete
placed atu lab50° and at a distance of 9 mm from the targe
The energy calibration and absolute efficiency were es
lished using radioactive sources and the decays from w
known resonances in the14N(p,g)15O and 27Al( p,g)28Si
reactions. A 35.6-cm diameter3 40.6-cm long annulus of
NaI~Tl! enclosed both the target and Ge detector. This de
tor geometry allowed us to record three types of events:
singles, Ge-NaI coincidences, and Ge signals without a
responding event in the NaI detector within 5ms. In the
latter mode, the NaI served as a cosmic-ray veto while a
suppressing events arising fromg-ray cascades. We exam
ined the anticoincidence spectra for evidence of the n
resonance.
©2002 The American Physical Society01-1
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The width of the yield curve for the 278-keV resonan
~Fig. 1! implies a target thickness of about 22 keV at 1
keV. Consequently, we looked for evidence of a 127-k
resonance atEp

lab5135 and 145 keV so that the resonan
would occur well within the implantation region. This re
duced the likelihood that target degradation would affect
measured yield and eliminated the need to correct for un
tainties in the resonance energy (62 keV @1#! and in the
beam energy (61 keV). The resonance strength is related
the thick-target yieldY by the relation@7#

vg 5
2e

l2
Y, ~3!

wherel is the de Broglie wavelength of the incident proto
ande is the stopping power, both evaluated at the resona
energy~and in the center-of-mass system!. The thick target
yield is obtained from

Y5
Ng

Np Bg hg Wg
, ~4!

whereNg , Np , Bg , hg , andWg are, respectively, the num
ber of observedg rays, the number of incident protons, th
branching ratio, the detection efficiency, and the angular
tribution of theg rays in question. For the state of intere
Bg51. Although Wg51 for Jr51/2, we have calculated
angular distributions for a range of possible resonance sp
assumings-, p-, or d-wave capture andE1, M1, or E2 ra-
diation. The largest deviation from isotropy for our detec
geometry was about 10% and thus we have setWg51. In
order to minimize systematic uncertainties related to be
integration and absolute detection efficiency, we determi

FIG. 1. Thick-target yield curves for theEp
lab5278-keV reso-

nance measured before~squares! and after~circles! the resonance
search. Note that the measured resonance energy appears
above 278 keV, which is a consequence of the fact that the imp
tation region does not extend to the surface of the target. The s
line is a calculation normalized to the data, assuming a stoichi
etry of Ta/N50.72.
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vg relative to the well-known value for the 278-keV res
nance (vg50.014(1) eV@5#! using the relation

vg~127! 5 vg~278!
127•e~127!Y~127!

278•e~278!Y~278!
. ~5!

It should be noted that the angular distribution for the 27
keV resonance is isotropic. Since the stopping powers e
into this expression as a ratio, our value forvg is relatively
insensitive to uncertainties in either the absolute magnit
of the stopping powers or in target stoichiometry. The sto
ping powers were calculated withSRIM2000 @8# using our
measured stoichiometry.

In order to determine the level of background in our me
surement, we first collected spectra using a blank Ta back
~i.e., with no 14N implanted! at Ep

lab5135 keV. A total
charge of 2.5 C was deposited on the blank target. Su
quent runs were taken with the implanted14N target at
Ep

lab5135 keV~0.89 C!, 145 keV,~2.05 C!, 160 keV~1 C!,
and 180 keV~1 C!. Yield curves for the 278-keV resonanc
were collected at the beginning and end of these runs
between each energy change. There was no measurable
radation of the target or buildup of contamination during t
whole period of bombardment, as shown in Fig. 1. Portio
of spectra from the 135-keV, 145-keV, and blank-backi
runs are displayed in Fig. 2. No events were detected in
region corresponding toEg57414 keV in any runs with the
14N target. In contrast, approximately 100 counts are
pected, based on the strength quoted by Nelsonet al. @1#.

To determine a sensitivity limit from the statistics of o
spectra, we employed maximum-likelihood estimati
~MLE! with Poisson statistics for both the possible for
ground and the background, as described by Hannam
Thompson@9#. The template used to describe the backgrou
was uniform with no structure, which accurately represe
the data. The statistics from the run on the blank target in
cate that a significant sample of the background can be
lected within about 30 channels of the expected peak p

be
n-
lid
-

FIG. 2. Gamma-ray spectra from the Ge detector in anticoin
dence with the NaI annulus for~a! Ep

lab5135 keV, ~b! Ep
lab

5145 keV, and~c! Ep
lab5135 keV ~blank backing!. The dashed

lines show the region where 90% of the counts from a ground-s
transition would be expected.
1-2
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tion. However, to be conservative, we estimated
background using bin widths of 81, 101, 121, and 201 ch
nels, centered on the region of interest. The template for
signal was a Gaussian whose width was a convolution of
instrumental resolution~4.0 keV FWHM!, the calibration un-
certainty~1 keV!, the uncertainty in the resonance energy~2
keV!, and an estimated correction to account for Dopp
broadening~4.2 keV FWHM!. For all runs, the MLE esti-
mate for the signal size is identically zero. The resulti
upper limit does not vary between the four background
gions listed above, which indicates that the background
deed has no structure and has been adequately sampled
resulting 90% confidence limits on the number of counts
C of integrated charge are displayed in Fig. 3.

FIG. 3. Yield curve summarizing the search for anEp
lab

5127-keV resonance. The expected yield, calculated using
strength quoted in Ref.@1# and our target profile, is represented b
the dashed line.
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Since the 135- and 145-keV runs were both taken at
plateau of the expected yield curve, they can be combine
yield an upper limit on the resonance strength. The up
limit for the combined yield is 0.96 counts/C~95% C.L.!,
which corresponds tovg<32 neV~95% C.L.!. This result is
not strongly dependent upon our use of the MLE meth
For example, if the background were completely ignored,
upper limit from Poisson statistics alone would be 1.
counts/C. Our upper limit does not include any systema
uncertainties, which are dominated by the 7% uncertainty
vg for the 278-keV resonance. We have made conserva
estimates of 5% each for therelative stopping power and
charge collection efficiency. By comparison, the uncertai
in the relative detection efficiency is negligible~0.6%!. The
resulting 1-s systematic uncertainty invg is 3.4 neV. Since
our counting statistics are not Gaussian-distributed, this s
tematic uncertainty should not be combined with our up
limit. However, if this were done, then the upper limit wou
rise from 32 neV to 32.7 neV.

Our upper limit on the strength of a possible resonance
127 keV in the14N(p,g)15O reaction isvg<32 neV ~95%
C.L.!, which is more than 2 orders of magnitude lower th
the positive result of Nelsonet al. @1#. Furthermore, we can
set limits on the strength of any resonance
14N(p,g)15O(g.s.) for 113 keV<Ep

lab<145 keV. ForEp
lab

5113 keV–123 keV, our 95% confidence limit on th
resonance strength is 0.11meV, and for Ep

lab

5123 keV–145 keV, it is 34 neV. Since we find no ev
dence for a new resonance in the14N(p,g)15O reaction the
reaction rate near 108 K is unchanged from its accepte
value @10#.
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