
PHYSICAL REVIEW C, VOLUME 61, 064601
Experimental determination of the 14N„n,p…14C reaction cross section for thermal neutrons
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The 14N(nth ,p)14C reaction cross section was determined at the high flux reactor of the ILL in Grenoble
using various polyimide and adenine samples. We obtained a precise value of (1.9360.05) b for the cross
section. A comparison is made with the currently available results in the literature and the astrophysical context
is briefly discussed. Also the previously determined17O(nth ,a)14C cross section is renormalized taking into
account this new result.

PACS number~s!: 25.40.Fq, 27.20.1n, 97.10.Cv
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I. INTRODUCTION

The 14N(n,p)14C reaction plays an important role in thes
process of nucleosynthesis:14N is very abundant since it is
dominant product of hydrogen-burning in the CNO cycle, t
stage prior to thes process. So with its relatively high cros
section, this reaction can act as a strong neutron poison in
reaction chain to heavier elements. Also,14N is of crucial
importance in the much debated nucleosynthetic origin
fluorine, whose only stable isotope is19F. The He-burning
shell in asymptotic giant branch stars is thought to be
most likely site for the synthesis of fluorine, mainly throug
the nuclear chain14N(a,g)18F(b1)18O(p,a)15N(a,g)19F.
The protons captured by18O are produced in the
14N(n,p)14C and to a lesser extent in the26Al( n,p)26Mg
reaction by neutrons from the13C(a,n)16O neutron source
@1#.

The first direct measurement of the stellar14N(n,p)14C
cross section using neutrons with a quasi-Maxwellian dis
bution at the astrophysically relevant temperatures~kT
525 keV andkT552.4 keV! was done by Brehmet al. @2#
in 1988. Their result for the reaction rate was about a fac
of three smaller than the rate used in most of the previ
s-process calculations. It was also 2–3 times smaller t
rates estimated from the inverse reaction and extrapolat
from the thermal cross section, for which an evaluated va
of 1.83 b was adopted. Koehleret al. @3,4# performed mea-
surements from thermal neutron energy up to 35 keV
found clear evidence for a 1/v behavior of the14N(n,p)14C
reaction cross section up to approximately 30 keV. Sin
they used a thermal value of 1.83 b for the normalization
their data, also their results for the stellar reaction rate
kT525 keV are about a factor of 3 higher than reported
Brehm et al. @2#. Measurements with quasimonoenerge
neutrons at 25 keV from Gledenovet al. @5# are in fair agree-
ment with the results from Koehleret al. @3,4# and with the
estimates from the inverse reaction, since again the s
thermal value was used for the normalization. Another dir
measurement of the14N(n,p)14C stellar cross section atkT
0556-2813/2000/61~6!/064601~5!/$15.00 61 0646
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525 keV was done by Sanamiet al. @6#. They found a value
approximately a factor of 2 higher than Brehmet al. @2# and
a rather good agreement with the other results. Last year
et al. @7# performed measurements at neutron energies
35.8 and 67.1 keV. Their results support the recently m
sured values but have rather large~20% and 12%, respec
tively! uncertainties.

It is clear that the value for the14N(nth ,p)14C cross sec-
tion plays a crucial role in all these comparisons and he
needs to be verified: there are indeed still discrepancies
tween direct measurements, calculations, and measurem
normalized on the thermal cross section value. This doub
situation is illustrated by the fact that several authors
different reaction rates in their nucleosynthesis network c
culations@8–10#. An additional reason for a careful verifica
tion of the 14N(nth ,p)14C cross section is its role as
reference cross section for the determination of
17O(nth ,a)14C cross section@11#.

So far, five experimental results are reported for the th
mal cross section value varying from 1.72 to 1.93 b, so th
is more than 10% difference between the extreme valu
The available values for the14N(nth ,p)14C cross section
~renormalized to updated values of the reference cross
tions used in the original works! and their references ar
summarized in Table I. The recommended value in
ENDF-B6 data file is (1.8560.07) b.

II. EXPERIMENTAL PROCEDURE AND MEASUREMENTS

We installed a dedicated setup at the end of the cur
neutron guide H22D of the high flux reactor at the ILL
Grenoble~France!. The thermal neutron flux at the samp
position reached a value of about 53108 n/cm2 s with a neg-
ligible background of epithermal and fast neutrons andg
rays. This enabled a clean detection of the low-energy p
tons ~0.6 MeV! emitted in the14N(nth ,p)14C reaction. The
energy distribution of the neutrons approached a Maxwel
distribution with kT'18 meV ~corresponding to a tempera
ture T'210 K!.
©2000 The American Physical Society01-1
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For the particle detection, we consecutively made use
two fully depleted silicon surface barrier detectors. The fi
one is 29mm thick, has a surface of 150 mm2, and has 40
keV resolution and the second detector is 60mm thick, has a
surface of 150 mm2, and has 25 keV resolution. The ener
calibration was done by means of the10B(n,a)7Li and
6Li( n,a)t reactions. The sample was mounted in a vacu
chamber at 30° with respect to the neutron beam axis
surface barrier detector was mounted parallel with
sample out of the beam and slightly collimated in order
avoid detection of particles under small incident angles
schematic view of the experiment is shown in Fig. 1.

The thermal neutron flux determination was done
means of the235U(nth , f ) reaction using several U sample
with a well-determined number of atoms, strictly mainta
ing the same detection geometry. The flux was verified to
perfectly constant during the short time intervals of the d
ferent measurements. For the thermal fission cross secti
value of (584.2561.10) b was adopted as reported in t
ENDF-B6 data file. A typical spectrum is shown in Fig. 2

A variety of 14N samples was used: adenine~C5H5N5!
containing 51.6%14N evaporated on thin Al backings an
polyimide ~C22H10O5N2! foils containing 7.30%14N. In Fig.
3, a typical 14N(nth ,p)14C spectrum obtained with an ad
enine sample is shown. The homogeneity of the samples
tested by doing measurements with a collimated neu
beam.

Several background corrections had to be done.

FIG. 1. A schematic view of the experimental setup.

TABLE I. The renormalized literature values for the therm
14N(n,p)14C cross section.

Cross section~b! Uncertainty~b! Year of publication, reference

1.83 0.07 1993,@12#

1.83 0.03 1961,@13#

1.93 0.10 1951,@14#

1.92 0.05 1949,@15#

1.75 0.04 1949,@16#
06460
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vacuum during the measurements was about 1023 torr. Since
air consists for 77.8% out of14N, a few protons coming from
reactions with the remaining air in the chamber were
tected. This contribution can be determined by perform
measurements without sample and with a dummy~Al back-
ing! in the neutron beam under the same vacuum conditi
as during the actual14N(nth ,p)14C measurement. Anothe
source of background comes from the interaction of neutr
with boron impurities present in the samples. This is a c
sequence of the very large cross section~3842 b! of the
10B(nth ,a0)7Li110B(nth ,a1g)7Li* reactions. Especially the
7Li* particles are disturbing, because they are detected in
same energy region as the protons. Since the ratioa0 /a1
~and hence7Li* /7Li ! for the 10B(n,a)7Li reaction is well
known (6.73360.008%)@17# and the number of detecteda
particles can easily be integrated (Ea0

51.8 MeV,Ea1

51.5 MeV), this background contribution can be well es
mated.

III. RESULTS AND DISCUSSION

The 14N(nth ,p)14C reaction cross section is determine
relative to the235U(nth , f ) reaction using the following for-

FIG. 2. Fission fragments detected during the235U(nth , f ) flux
calibration.

FIG. 3. Energy distribution for the14N(nth ,p)14C reaction ob-
tained with an adenine sample after 45 min of data taking.
1-2
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EXPERIMENTAL DETERMINATION OF THE . . . PHYSICAL REVIEW C 61 064601
mula @18#:

sp5
N~235U!

N~14N!

Yp~14N!

Yf~
235U!

g~T!~235U!

g~T!~14N!
s f , ~1!

whereN(235U) andN(14N) are the number of atoms/cm2 of
the samples,Yf(

235U) andYp(14N) are the counting rates o
the 235U(nth , f ) and 14N(nth ,p)14C reactions,g(T)(235U)
and g(T)(14N) are the corresponding Westcott factors a
neutron temperatureT, ands f is the 235U(nth , f ) reference
cross section. Since Koehleret al. found that the
14N(n,p)14C reaction cross section follows a 1/v shape b
low approximately 30 keV@3,4#, g(T)(14N)51 is adopted.
Wagemanset al. @18# reported that for the235U(nth , f ) reac-
tion g(T)(235U)5(0.99560.002) for the neutron spectrum
used.

The cross section values and their respective uncertain
obtained in this way for the seven different14N samples are
shown in Table II. In order to calculate a final14N(nth ,p)14C
cross section value, we applied the following method. T
counting rates for the14N(nth ,p)14C, 235U(nth , f ) reactions,
respectively, can be written as follows:

Yp~14N!5sp3N~14N!3F3S3g~T!~14N!, ~2!

Yf~
235U!5s f3N~235U!3F3S3g~T!~235U!, ~3!

whereF is the thermal neutron flux andS the sample surface
~equal for all the14N and 235U samples!. Transformation of
Eqs. ~2! and ~3!, adoptingg(T)(14N)51 and g(T)(235U)
50.995, gives

Yp~14N!

S3F
5sp3N~14N!, ~4!

where the thermal neutron fluxF is given by

F5
Yf~

235U!

s f3N~235U!30.995
. ~5!

This means that if we plot the normalized proton count
rateYp(14N)/S3F versus the number of14N atomsN(14N)
in the appropriate units, we should obtain a straight line w
as slope the14N(nth ,p)14C cross section valuesp . Since our
data points have uncertainties on both the abscissax and the
ordinatey, it is not straightforward to make a weighted line

TABLE II. The cross-section values obtained with the differe
adenine and polyimide samples.

Sample composition Density~mg cm22! Cross section~b!

C5H5N5 204.061.7 1.9860.04
C5H5N5 94.361.7 1.8860.05
C5H5N5 70.761.7 2.0260.06
C22H10O5N2 64.261.3 1.9760.06
C22H10O5N2 60.561.2 1.9560.05
C22H10O5N2 55.061.7 1.8160.08
C22H10O5N2 52.561.6 1.8760.08
06460
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fit. Therefore, we calculated for each data point a generali
uncertainty on the ordinate following the effective varian
method@19,20#,

d25S ] f

]xD 2

~dx!
21~dy!2 ~6!

within our case (] f /]x)5sp . Since we plot the net counting
rate versus the14N mass, we can add as additional point~0,0!
with zero uncertainty in order to obtain a more precise lin
fit. The result of this weighted linear fit through the orig
~Fig. 4! is sp5(1.9360.03) b with regression coefficientR
50.999 18.

Special attention has to be given to the treatment of
uncertainties. It is recommended to add a systematic un
tainty as can be seen from Fig. 5. Here we plotted the sa
quantities as in Fig. 4 but now for the three adenine~top! and
four polyimide ~bottom! samples separately. When again
weighted linear fit through the origin is applied we findsp
5(1.9560.04) b for the adenine samples andsp5(1.90
60.04) b for the polyimide samples. This tendency
higher, respectively, lower values might indicate that there
some ‘‘hidden’’ systematic uncertainty in the mass determ
nation. Indeed, two different methods were applied: the
enine samples were all calibrated via differential weighi
and the masses of the polyimide foils were determined
spectrophotometric transmission and reflection meas
ments. Moreover, the uncertainty from the linear fit is o
tained by supposing that all the values are independent.
gives a slight underestimation when the uncertainties of
different values are partly dependent. We, therefore, pref
conservative approach by adding 1% to the obtained un
tainty, which results in a final value for the14N(nth ,p)14C
reaction cross section ofsp5(1.9360.05) b.

When comparing our results with those given in Table
several things can be noticed. As mentioned before, ther
more than 10% difference between the extreme values. N
ertheless some authors claim to have a very small un

t

FIG. 4. A weighted linear fit through the origin for the norma
ized proton counting rates versus the14N mass. The slope is the
14N(nth ,p)14C reaction cross sectionsp .
1-3
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tainty, sometimes even less than 2%. It is clear that w
making a weighted average of our result with the five res
from Table I, those values with a very small uncertainty w
almost completely determine the final result. Indeed
weighted average of the six values results insp5(1.84
60.02) b. When having a closer look at the previous exp
ments we see that in our work a better resolution and be
background conditions were obtained since we could t
advantage of more suitable detectors and of a cleaner neu
beam. It cannot be excluded that previous experiments w
also subject to some hidden uncertainty and that therefore
quoted uncertainties are slightly underestimated. For this
son we prefer not to make a weighted average but instead
will use the value determined in the present work as
normalization factor in the Appendix.

FIG. 5. Same as Fig. 4 but now with the adenine~top! and
polyimide ~bottom! samples taken separately.
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IV. CONCLUSION

In the present work we have determined an accurate v
of (1.9360.05) b for the14N(nth ,p)14C cross section. When
comparing this value with the previously found results w
see that it is in good agreement with some of them but diff
by 10% with the lower extreme value. We believe that
careful new evaluation is needed in order to come to a n
recommended value.

The present result confirms that the14N(nth ,p)14C reac-
tion is a strong neutron poison in thes process of stellar
nucleosynthesis. It also supports the idea that it can act a
important proton supplier for the synthesis of19F.
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APPENDIX

In 1998 Wagemanset al. @11# reported a value of (244
67) mb for the17O(nth ,a)14C reaction cross section. A se
ries of measurements was performed with five different
samples with17O enrichments of 58.2 and 85.5 at. % resu
ing in eight experimental values for the17O(nth ,a)14C cross
section. The thermal neutron flux was determined via
14N(nth ,p)14C reaction adopting a cross section value
sp5(1.8360.03) b as recommended at that time.

As an additional verification that the result is not infl
enced by the degree of enrichment of the oxygen gas,
performed a new measurement with 72.1 at. % enriched17O
gas using the same experimental technique as describe
detail in @11#. This resulted insa5(24068) mb andsa
5(24168) mb for the two detectors, confirming the valu
reported in@11#. A weighted average was calculated for the
two results together with the eight previously obtained v
ues using the statistical errors as weight factors. In addi
we now use for the normalization valuesp5(1.93
60.05) b instead of the previously adoptedsp5(1.83
60.03) b. In this way we obtain a new value for the therm
17O(nth ,a)14C cross section ofsa5(257610) mb. Note
that the increase in uncertainty is fully due to the adoption
a very conservative value for the uncertainty of t
14N(nth ,p)14C reaction cross section.
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