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Experimental determination of the *N(n,p)*“C reaction cross section for thermal neutrons
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The ¥N(ny,,p)*C 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 01083 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 determidé@(ny,,a)*C cross section is renormalized taking into
account this new result.

PACS numbds): 25.40.Fq, 27.20tn, 97.10.Cv

. INTRODUCTION =25keV was done by Sanaret al.[6]. They found a value
approximately a factor of 2 higher than Bretenal.[2] and

The *N(n,p)*“C reaction plays an important role in tse  a rather good agreement with the other results. Last year Kii
process of nucleosynthesiéN is very abundant since itis a et al. [7] performed measurements at neutron energies of
dominant product of hydrogen-burning in the CNO cycle, the35.8 and 67.1 keV. Their results support the recently mea-
stage prior to thes process. So with its relatively high cross sured values but have rather lar20% and 12%, respec-
section, this reaction can act as a strong neutron poison in tht#ely) uncertainties.
reaction chain to heavier elements. AN is of crucial It is clear that the value for th&N(ny,,p)*“C cross sec-
importance in the much debated nucleosynthetic origin ofion plays a crucial role in all these comparisons and hence
fluorine, whose only stable isotope 1&. The He-burning needs to be verified: there are indeed still discrepancies be-
shell in asymptotic giant branch stars is thought to be theween direct measurements, calculations, and measurements
most likely site for the synthesis of fluorine, mainly through normalized on the thermal cross section value. This doubtful
the nuclear chain*N(a,y)®F(8+)0(p,@)**N(a,y)!°F.  situation is illustrated by the fact that several authors use
The protons captured by'®0 are produced in the different reaction rates in their nucleosynthesis network cal-
¥N(n,p)¥C and to a lesser extent in tHéAI(n,p)*®Mg  culations[8—10]. An additional reason for a careful verifica-
reaction by neutrons from th&C(a,n)*®0 neutron source tion of the *N(ny,,p)*“C cross section is its role as a
[1]. reference cross section for the determination of the

The first direct measurement of the stelldN(n,p)*C  O(ny,,a)**C cross sectiofi1d].
cross section using neutrons with a quasi-Maxwellian distri- So far, five experimental results are reported for the ther-
bution at the astrophysically relevant temperatuf&¥  mal cross section value varying from 1.72 to 1.93 b, so there
=25keV andkT=52.4 ke\} was done by Brehnet al. [2] is more than 10% difference between the extreme values.
in 1988. Their result for the reaction rate was about a factohe available values for thé*N(ny,,p)**C cross section
of three smaller than the rate used in most of the previousrenormalized to updated values of the reference cross sec-
s-process calculations. It was also 2—3 times smaller thations used in the original worksand their references are
rates estimated from the inverse reaction and extrapolatiormummarized in Table |I. The recommended value in the
from the thermal cross section, for which an evaluated valuENDF-B6 data file is (1.850.07) b.
of 1.83 b was adopted. Koehlet al. [3,4] performed mea-
surements from thermal neutron energy up to 35 keV an
found clear evidence for a 1/v behavior of tHtN(n,p)*‘C . EXPERIMENTAL PROCEDURE AND MEASUREMENTS
reaction cross section up to approximately 30 keV. Since We installed a dedicated setup at the end of the curved
they used a thermal value of 1.83 b for the normalization ofneutron guide H22D of the high flux reactor at the ILL in
their data, also their results for the stellar reaction rate aGrenoble(France. The thermal neutron flux at the sample
kT=25keV are about a factor of 3 higher than reported byposition reached a value of aboux&0® n/cn? s with a neg-
Brehm et al. [2]. Measurements with quasimonoenergeticligible background of epithermal and fast neutrons gnd
neutrons at 25 keV from Gledenet al.[5] are in fair agree- rays. This enabled a clean detection of the low-energy pro-
ment with the results from Koehlat al.[3,4] and with the  tons (0.6 MeV) emitted in the'*N(ny,,p)**C reaction. The
estimates from the inverse reaction, since again the samenergy distribution of the neutrons approached a Maxwellian
thermal value was used for the normalization. Another directlistribution withk T~ 18 meV (corresponding to a tempera-
measurement of th&N(n,p)*“C stellar cross section &T  ture T~210K).
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TABLE |. The renormalized literature values for the thermal 300 v T T T v T T T
¥N(n,p)*“C cross section.

250 -

Cross sectiorib) Uncertainty(b) Year of publication, reference

1.83 0.07 1993[12] 2001 T
1.83 0.03 1961[13] .

1.93 0.10 1951[14] € 1801 1
1.92 0.05 1949[15] 3

1.75 0.04 1949[16] 100 T

50+ -

For the particle detection, we consecutively made use of
two fully depleted silicon surface barrier detectors. The first 0 it T
one is 29um thick, has a surface of 150 mimand has 40
keV resolution and the second detector isg89 thick, has a
surface of 150 mf and has 25 keV resolution. The energy  FIG. 2. Fission fragments detected during #&J(ng,,f ) flux
calibration was done by means of tH&88(n,«)’Li and calibration.
8Li(n,a)t reactions. The sample was mounted in a vacuum ) .
chamber at 30° with respect to the neutron beam axis. Aacuum during the measurements was abouf'1@rr. Since
surface barrier detector was mounted parallel with thedir consists for 77.8% out dfN, a few protons coming from
sample out of the beam and slightly collimated in order toeactions with the remaining air in the chamber were de-
avoid detection of particles under small incident angles. Atected. This contribution can be determined by performing
schematic view of the experiment is shown in Fig. 1. measurements without sample and with a dunilyback-

The thermal neutron flux determination was done bying) in the neutron beam under the same vacuum conditions

means of thé*U(ny,,f ) reaction using several U samples as during the actuat’N(ny,,p)*‘C measurement. Another
with a well-determined number of atoms, strictly maintain- Source of background comes from the interaction of neutrons
ing the same detection geometry. The flux was verified to bavith boron impurities present in the samples. This is a con-
perfectly constant during the short time intervals of the dif-Sequence ?f_thfo very Iarge7 cross secti@842 b of the
ferent measurements. For the thermal fission cross section_aB(Nin, o) 'Li+7B(ny, @1 y) ‘Li* reactions. Especially the
value of (584.25:1.10) b was adopted as reported in the 'Li* particles are disturbing, because they are detected in the
ENDF-B6 data file. A typical spectrum is shown in Fig. 2. Same energy region as the protons. Since the m@itx;

A Variety of 14N Samp]es was used: adeni(@SHsNS) (and hence7|_i*/7|_i) for the lOB(n,a)7Li reaction is well
containing 51.6%"“N evaporated on thin Al backings and known (6.733-0.008%)[17] and the number of detected
polyimide (C,,H;q0sN,) foils containing 7.309%4“N. In Fig. ~ particles can easily be integratedE(=1.8MeVE,,

3, a typical “*N(ny,p)*“C spectrum obtained with an ad- =1.5MeV), this background contribution can be well esti-
enine sample is shown. The homogeneity of the samples wasated.

tested by doing measurements with a collimated neutron

beam. Ill. RESULTS AND DISCUSSION

Several background corrections had to be done. The The

channel

¥N(ny,p)C reaction cross section is determined
relative to the®**U(ny,,f ) reaction using the following for-

vacuum
chamber 3000 " T ) T ) T " T
2500 - .
2000 |- -
£ 1500 .
n-beam 30° beam axis 3
o
J § 1000 |- _
/ ?; sample 500 |- _
Al-window surface barrier
detector 0 ! . 1 . . 1 !
0.0 0.5 1.0 15 2.0 25
energy [MeV]
FIG. 3. Energy distribution for thé*N(ny,,p)*“C reaction ob-
FIG. 1. A schematic view of the experimental setup. tained with an adenine sample after 45 min of data taking.
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TABLE II. The cross-section values obtained with the different 6 7~ r 1t 1 11T T v 1
adenine and polyimide samples. |
= 14} . 4
Sample composition Densityugcm 2 Cross sectiorib) 8 -
< 12 |- o6 -
CsHsNs 204.0+1.7 1.98:0.04 82 -
CsHsNs 94.3+1.7 1.88:0.05 g 10 [ o ! T
CsHsNs 70.7+1.7 2.02£0.06 % sl L R i
C22H1005N2 64.2+1.3 1.97-0.06 ‘C-» i
CooH1008N, 60.5+1.2 1.95-0.05 £ °r ]
C22H1005N2 550t 17 18]'_'_ 008 8 4 -
CyH1O:N, 52.5-1.6 1.87-0.08 2 \
(o] o -
° X
a ol .
mula[18]: [ | PR TR WU TP SR S |
0 1 2 3 4 5 6 7 8
23 23 ; }
. N(ZU) Y,(MN) g(T)(**V) i "N mass [10°N, mol at. cm?|
p

TNCN) Y(P0) g T
FIG. 4. A weighted linear fit through the origin for the normal-
whereN(%U) andN(**N) are the number of atoms/émf  ized proton counting rates versus tH® mass. The slope is the
the samplesY((?°%U) and Y ,(*N) are the counting rates of “*N(ny,p)*“C reaction cross sectiam,
the 2U(ny,,f) and **N(ny,,p)**C reactions,g(T)(?*%V) . _ .
and g(T)(*N) are the corresponding Westcott factors at afit. Therefore, we calculated for each data point a generalized
neutron temperaturg, and o is the 2°U(n,,,f ) reference uncertainty on the ordinate following the effective variance
cross section. Since Koehleetal. found that the Method[19,20,
¥N(n,p)*4C reaction cross section follows a 1/v shape be- o512
low approximately 30 ke\[3,4], g(T)(**N)=1 is adopted. 2= =1 (8.)2+(8.)2 6)
4 (8x)°+(dy) (

Wagemangt al.[18] reported that for thé*U(ny,,f ) reac- (2
tion g(T)(?*U)=(0.995+0.002) for the neutron spectrum , _
used. within our caseAQf/ax) =0,. Since we plot thg net counting

The cross section values and their respective uncertaintid&te Versus the’N mass, we can add as additional pai0)
obtained in this way for the seven differefiN samples are with zero uncertainty in order to obtain a more precise linear
shown in Table II. In order to calculate a findN(ny,, p)*‘C fit. The result of this weighted linear fit through the origin
cross section value, we applied the following method. ThdFi9: 4 is 0,=(1.930.03) b with regression coefficieft

counting rates for th&*N(ny,,p)*“C, 2%U(ny,,f ) reactions, ~~0-99918. , _
respectively, can be written as follows: Special attention has to be given to the treatment of the

uncertainties. It is recommended to add a systematic uncer-
yp(14N):gp>< N(MN) X DX SXg(T)(*N), 2) tainty as can be seen from Fig. 5. Here we plotted the same
quantities as in Fig. 4 but now for the three aderitop) and
Yi(BU) =0 X N(BU)x P X Sxg(T)(3U), (3) four polyimide (bottom samples separately. When again a
weighted linear fit through the origin is applied we fing
where® is the thermal neutron flux arithe sample surface =(1.95+0.04) b for the adenine samples awng=(1.90
(equal for all the'®N and ?%®U samples Transformation of +0.04)b for the polyimide samples. This tendency to
Egs. (2) and (3), adoptingg(T)(*N)=1 and g(T)(3%) higher, respectively, lower values might indicate that there is
=0.995, gives some “hidden” systematic uncertainty in the mass determi-
nation. Indeed, two different methods were applied: the ad-

Yo (YN) enine samples were all calibrated via differential weighing

=0, X N(*N) (4) o : . :
SX ® p ! and the masses of the polyimide foils were determined via
spectrophotometric transmission and reflection measure-

where the thermal neutron fluk is given by ments. Moreover, the uncertainty from the linear fit is ob-
»s tained by supposing that all the values are independent. This
P Y¢(3V) 5 gives a slight underestimation when the uncertainties of the
~ o XN(?U) X 0.995 ®) different values are partly dependent. We, therefore, prefer a

conservative approach by adding 1% to the obtained uncer-
This means that if we plot the normalized proton countingtainty, which results in a final value for théN(n,,p)**C
rate Y ,(1"N)/Sx @ versus the number dfN atomsN(*“N)  reaction cross section af,=(1.93+0.05) b.
in the appropriate units, we should obtain a straight line with  When comparing our results with those given in Table I,
as slope thé*N(ny,,p)*“C cross section value, . Since our  several things can be noticed. As mentioned before, there is
data points have uncertainties on both the abscissad the  more than 10% difference between the extreme values. Nev-
ordinatey, it is not straightforward to make a weighted linear ertheless some authors claim to have a very small uncer-
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16 — IV. CONCLUSION

In the present work we have determined an accurate value
12} . of (1.93+0.05) b for the*N(ny,,p)*“C cross section. When
comparing this value with the previously found results we
see that it is in good agreement with some of them but differs
by 10% with the lower extreme value. We believe that a
careful new evaluation is needed in order to come to a new
41 . recommended value.

The present result confirms that th&(ny,,p)*“C reac-
tion is a strong neutron poison in treprocess of stellar
0 ! 5 ! 4 ’ 6 ' 8 nucleosynthesis. It also supports the idea that it can act as an
important proton supplier for the synthesis'6F.
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proton counting rate [10“”NA mol]

APPENDIX

In 1998 Wagemanst al. [11] reported a value of (244
+7) mb for the!’O(ny,, @) **C reaction cross section. A se-
0.25 0.30 0.35 ries of measurements was performed with five different gas
samples witht’O enrichments of 58.2 and 85.5 at. % result-
ing in eight experimental values for tRéO(ny,, @) **C cross

FIG. 5. Same as Fig. 4 but now with the adeniiep) and iection. Tﬁe thermal neutron flux was determined via the
polyimide (bottom) samples taken separately. N(ny,p)~"C reaction adopting a cross section value of

0,=(1.83=0.03) b as recommended at that time.

) ) ) As an additional verification that the result is not influ-
ta|nty, sometimes even less than 2%. It is clear that Whe@nced by the degree of enrichment of the oxygen gas, we
making a weighted average of our result with the five reSU|t§:)erformed a new measurement with 72.1 at. % enricied
from Table I, those values with a very small uncertainty will gas using the same experimental technique as described in
almost completely determine the final result. Indeed, aletail in [11]. This resulted ino,=(240+8) mb ando,
weighted average of the six values resultsap=(1.84  =(241+8) mb for the two detectors, confirming the value
+0.02) b. When having a closer look at the previous experiteported if11]. A weighted average was calculated for these
ments we see that in our work a better resolution and bettewo results together with the eight previously obtained val-
background conditions were obtained since we could tak&les using the statistical errors as weight factors. In addition
advantage of more suitable detectors and of a cleaner neutreve now use for the normalization valuer,=(1.93
beam. It cannot be excluded that previous experiments were 0.05) b instead of the previously adoptes,=(1.83
also subject to some hidden uncertainty and that therefore the 0.03) b. In this way we obtain a new value for the thermal
quoted uncertainties are slightly underestimated. For this red’O(ny,,a)*C cross section ofo,=(257+10) mb. Note
son we prefer not to make a weighted average but instead weat the increase in uncertainty is fully due to the adoption of
will use the value determined in the present work as thex very conservative value for the uncertainty of the
normalization factor in the Appendix. ¥N(ny,,p)C reaction cross section.

0.4 L—1 . L . '

"N mass [10°N, mol at. cm™]
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