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Total cross section of “N+n from 0.1 to 12 MeV
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The reaction *N(n, p)'*C is one of the main neutron poisons during s-process nucleosynthesis. In
addition, the reaction provides insight into the yields of atmospheric nuclear weapon testing. Because
of their high level of sensitivity, total neutron cross sections provide a great deal of constraint
on the modeling of reaction cross sections through the R-matrix analyses used for nuclear data
evaluations. Yet for **N+n, only one high sensitivity measurement is available and it lacks detailed
information about its experimental conditions and uncertainties. With these motivations in mind,
a new measurement of the **N-+n total cross section has been performed at the nELBE facility.
The cross sections were found to be in good agreement with previous data over much of the energy
range with the key exception of the lowest energy resonance at a neutron energy of 433 keV.

I. INTRODUCTION

The “N(n,p)'4C reaction is a key nuclear physics in-
gredient in understanding neutron production for the
main s-process (see, e.g., Wallner et al. [I]). The high
cross section combined with the large amount of N
present in the main s-process environment, means that
it acts as an efficient neutron poison. The lowest en-
ergy strong resonance in the *N(n,p)!*C reaction is a
relatively narrow one at F.p, = 458 keV (J™ = 1/27,
I' = 8 keV). For this reason, the cross section over the
low-energy region is mainly non-resonant, made up of
contributions from the high-energy tails of subthreshold
states and the low-energy tails of broad higher-energy
resonances. At low energies (61 meV < E,, < 34.6 keV),
the cross section has been carefully mapped by Koehler
and O’Brien [2] who found that it was dominated by
the tail contributions of subthreshold states that pro-
duce a low-energy cross section that rapidly increases
towards lower energy. Several additional measurements
have been made [IH5] that sample only a few energies
but cover an energy range from 20 keVS E,, 5 178 keV.
The measurements over this range are in reasonably
good agreement, except for those of Brehm et al. [3],
which are about a factor of two lower in cross section.
There is then a gap in the experimental data between
the measurements of Wallner et al. [1] and Morgan [0]
(178 keV< E,, < 464 keV). Johnson and Barschall [7] re-
portedly performed measurements over this region, but
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the data lack uncertainties. Recently Torres-Sdnchez
et al. [8] have remeasured over this energy range, but
to compare their yield data with cross section calcula-
tions large resolution corrections need to be applied, in-
troducing additional uncertainties. As there are many
broad resonances at higher energies, whose low energy
tails can conceivably contribute to the cross section over
this region, interpolation over this energy region remains
uncertain.

This was recently demonstrated by Wallner et al. [I]
in their comparison between their data and the JEFF-3.2
evaluation. It should be noted that the JEFF-3.2 evalu-
ation [9] of *N+n [10] is the same as that of ENDF/B-
VI.3 [11I] and that the evaluation at low energy is based
on the R-matrix analysis of Hale et al. [12] that has not
been re-evaluated as of ENDF/B-VIIL.0 [13], but a re-
vised evaluation of n+'4N reactions is currently under-
way [14H16].

In addition, *N+n reactions are of interest for simu-
lating neutron transport through a variety of materials.
For example, the *N(n, p)'*C reaction is the main source
of 1*C in the earth’s atmosphere. Neutrons for the reac-
tion are either naturally produced from cosmic rays in-
teracting with the atmosphere or were produced through
above-ground nuclear weapons testing which significantly
has influenced the radio-carbon method of age determi-
nation [I7]. Using the “N(n,p)'*C cross section and
sampling the increased levels of *C in the atmosphere,
information about a nuclear explosion can be inferred
(see, e.g., Burr [1§]).

There have been several studies of reactions that pop-
ulate the 15N system over the excitation energy range of
interest. These reactions include not only *N+n, but
also "*C+p and ''B+aq, partly because of the close prox-
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imity of their separation energies: S, = 10.207 MeV,
S, = 10.833 MeV, and Q, = -10.991 MeV. For the
1B(a,n)*N reaction, there have been only a few stud-
ies [I9H21], where that of Wang et al. [21] was the most
comprehensive. Studies of the ' B(«, p)!*C reaction have
been made by Refs. 21H23] and the 'B(a, a)''B reac-
tion by Refs. [24, 25]. Studies of *C+p reactions in-
clude measurements of 4C(p, p)14C [26,27], 14C(p, n)“N
[19, 21, 28431], and C(p,7)®N [27, 28, 32]. Fi-
nally, studies of neutron induced reactions on *N in-
clude MN(n,n)"N [33], ¥N(n,p)*C [6H8, B1] [34] (fast
neutrons), “N(n,a)!'B [6, [7, B4], and *N(n,total)
[10, B5, [36]. Of particular note for this work is the
high resolution and comprehensive measurement of the
14N(n, total) cross section by Harvey et al. [10] at Oak
Ridge National Laboratory.

II. EXPERIMENTAL SETUP

Helmholtz-Zentrum Dresden - Rossendorf (HZDR) op-
erates the first photo-neutron source (nELBE) at a su-
perconducting electron accelerator dedicated to measure-
ments in the fast neutron range [37,[38]. The floor plan of
the facility is shown in Fig. [I] The superconducting elec-
tron accelerator (ELBE) accelerates electrons to a kinetic
energy of typically 30 MeV in continuous-wave mode.
The micro-pulse repetition rate is reduced to 101 kHz
with a reduced bunch charge of approximately 10 pC to
avoid an excessive bremsstrahlung intensity and neutron
pulse overlap in time-of-flight measurements. The elec-
tron micro pulses have a duration of only 5-10 ps and thus
allow for an excellent time resolution. A compact liquid-
lead circuit is utilized as a neutron-producing target. The
neutron radiator consists of a Mo-tube with a rhombic
cross-section and a diameter of 11 mm through which
liquid lead is pumped. The neutrons leave the neutron-
producing target almost isotropically, whereas the an-
gular distributions of electrons and bremsstrahlung are
strongly forward-peaked. The collimator axis is located
at an angle of 100° with respect to the electron beam di-
rection. A lead absorber of 5 cm thickness mounted half-
way between the neutron producing target and the colli-
mator entrance is used to suppress the bremsstrahlung in-
tensity (gamma flash). The target samples are mounted
in a target ladder in front of the collimator entrance at
a distance of 1 m from the neutron-producing target.
The properties of the collimator and the neutron beam
at the experimental area have been optimized in order
to maintain the correlation of time-of-flight and neutron
energy [37]. The collimator has a length of 2.5 m and
contains three inserts of lead and borated polyethylene
that are mounted inside a precision steel tube. All walls,
ceiling and floor in the time-of-flight experimental hall
are at least 3 m away from the neutron beam axis to
help reduce the room return neutrons.

The neutrons were detected with a fast EJ-228 plastic
scintillator bar with dimensions 200x20x5 mm? read out
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FIG. 1. Floor plan of the neutron time-of-flight facility
nELBE at HZDR. The neutrons are produced by the electron
beam hitting a liquid lead circuit as neutron producing tar-
get, see inset on the lower right. The neutron beam is shaped
by a collimator and guided to the neutron time-of-flight hall,
see inset on the left. The detection setup is located in the
time-of-flight hall, see upper inset. For neutron transmission
experiments a plastic scintillator with a low threshold for re-
coil proton signals (E, > 10 keV) is used. The transmission
samples are located in a movable absorber ladder in the front
of the collimator.

on both ends by high-gain PMTs Hamamatsu R2059-
01. By a narrow time-coincidence window on both PMT
signals, a detection threshold of about 10 keV neutron
energy has been obtained [39]. The flight path L was
determined to be 868.2(3) c¢cm long including an offset
of 0.5 cm based on a comparison of measured resonance
energies from transmission of N, O, Ne, Ar, and C at
nELBE in comparison with the corresponding energies
given in the Atlas of Neutron Resonances ref.[40]. The
neutron count rate was typically 700 - 1000 per second
while the bremsstrahlung pulses detected had a count
rate of a 10000 - 15000 per second. The transmission
measurement was made with a gaseous nitrogen sample
using high-pressure gas cells made from stainless steel
tubing with flat end-caps of 3 mm wall thickness. A cross
section cut of the gas cell is shown in Fig. [2] To cancel
the transmission factor through the end caps a second
identical evacuated cell was used in the “target out of
beam” measurements.

The target areal density was determined by measuring
the temperature and pressure during and after the filling
procedure of the gas target using a high-precision pres-
sure transducer with an absolute accuracy of 0.125 bar.
The nitrogen gas with natural isotopic composition was
supplied from a new high-purity bottle with a purity of
99.999%. The fluid equation of state used to convert
the measured pressure and temperature to atomic den-
sity was taken from the National Institute of Standards
and Technology (NIST) data base [41]. The nitrogen



FIG. 2. Cross section cut of a high pressure gas cell used for
nitrogen transmission measurement. The cell is made from
stainless steel with cylindrical end-caps having a wall thick-
ness of 3 mm using standard Swagelock components. The
maximum pressure is up to 200 bar. The length of the gas
volume is 393 mm. The tube is made from 30x3 mm stainless
steel. Not shown in the rendering are the valve and pressure
gauge connected on the open ended flange.

atomic areal density of the sample was determined to
be nl = 0.19736(24) atoms/barn at 102.00 bar absolute
pressure and a temperature of 20.4 °C. The time-of-flight
of the transmitted neutrons was measured in list mode
with the real-time data acquisition software package MBS
(Multi-Branch-System) [42] developed at Gesellschaft fiir
Schwerionenforschung (GSI), Darmstadt. The data ac-
quisition setup consists of a single Versa Module Euro-
card (VME)/ Nuclear Instrument Module (NIM) crate
with a CES RIO4 front-end processor using the real-
time operating system Lynx OS. The photo-multiplier
tube (PMT) signals and the accelerator frequency are
fed into a CAEN V1290A multi-hit multi-event time-to-
digital converter (TDC) with (1/40.96) ns least signifi-
cant bit (LSB). This TDC is operated in trigger match-
ing mode using a programmable time window with 13 us
width. The time-of-flight spectrum is determined from
the coincident time sum of both PMT signals relative
to the accelerator frequency. A software condition is set
on the time-difference of the two PMT signals to select
events from the center of the beam spot on the scintilla-
tor and to reduce the detection of double hits. A dead
time of 4 us was inserted after each coincidence hit to effi-
ciently suppress PMT afterpulses that mainly arise from
the gamma-flash. The dead time was measured per event
and used to generate a time-of-flight dependent live-time
factor discussed in the next section. Typical time-of-
flight spectra are shown in Fig.

III. DATA ANALYSIS

The neutron transmission Tezp(t;) is determined from
the ratio of the background and dead time corrected

o]
]05 [ -
10° - \

]0L L

T[] empty

nitrogen

Counts/0.488 ns

ToF (ns)

FIG. 3. Time-of-flight spectra after dead-time correction with
the empty gas cell and the nitrogen filled gas cell (102 bar)
in the beam. The gamma-flash due to bremsstrahlung is cen-
tered at 28.945 ns with a width (FWHM) of 0.47 ns. The
smaller peak to the right is due to radiation back scattered
from the beam dump and rear wall. The neutron time-of-
flight ranges extends from 150 ns to 2.5 us. Random back-
ground is not subtracted in this plot.

count rates with nitrogen sample in the beam (in) to
the empty gas cell (out) as a function of neutron time-
of-flight channel ¢;:

>k (Nink (ts) — Bin,k(ti)) fin,k
> treal,in,k

. >k treal,out,k

> i (Nout,k(ti) — Bout,k(ti)) fout,k

where Nip/out(ti) and Biy jous(t;) are the dead time cor-
rected numbers of detected events and level of back-
ground events in each time-of-flight channel ¢ with and
without the nitrogen target in the beam. The real times
for each run k with target in/out are denoted by treal in k
and trealout,k- The dead-time correction is time-of-flight
dependent, as explained in Beyer et al. [43]. The biggest
part is caused by the gamma flash while only a smaller
effect is due to the later arriving neutrons. The live time
factors as a function of time-of-flight are shown in Fig.
The absolute time-of-flight scale was determined for each
run with the measured absolute gamma-flash peak posi-
tion from the TDC, the nominal flight path L and the
speed of light.

The transmission experiment was done by periodically
moving the nitrogen sample and empty gas cell in and out
of the beam with counting times adapted to maximize the
statistics. Typical counting times for each setting were
10 min empty and 20 min with nitrogen for a total beam
time of 156 hours. Listmode data were recorded in sep-
arate runs of about 2-4 hours. The spectrum average
neutron and gamma-count rates for each run are plotted
in Fig. [f] to illustrate the average beam stability in the
measurement. The relative beam stability (standard de-
viation / mean value) of the average count rates of the
separate runs amounts to 0.05.

The transmission was calculated using the sum of all

TeXP(ti) =
(1)
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FIG. 4. The time-of-flight dependent live time factors for the
measurements with empty gas cell and the gas cell containing
nitrogen are shown on a logarithmic time scale. The nearly
rectangular shape is due to the 4 ps long induced dead time
after each trigger signal to suppress PMT after pulses, which
are mostly due to the gamma flash signals.
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FIG. 5. The spectrum total count rates for the
bremsstrahlung and neutron events are shown for subsets of
the data (runs) lasting 2-4 hours typically including several
target-in and out sample changes.

these runs k where no beam intensity fluctuation or fail-
ure occurred in the “sample in” and “empty gas cell”
settings. The factors fin r and fout,r are normalization
factors to correct for the remaining fluctuations in the
neutron source intensity:

treal out,k
ou = — 2
ok = S Noit) = Bowi@)

treaLin,k
> i (Nink(ti) — Bink(ti)) (3)

The neutron count rate for each run k£ with target out
of the beam summed over the full neutron time-of-flight
range ¢ is used as a neutron source intensity monitor
in Eq. (). For the “target in” settings, the neutron
source intensity monitor is approximated with the target-
in count rate divided by the mean integral transmission

fin,k = <T>
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FIG. 6. The distribution of fin k/fout,k, see Egs. (2) and
(3), is shown for subsets of the data (runs) lasting 2-4 hours
typically including several target-in and out sample changes.

factor (T') over the full neutron time-of-flight range 7 of
the full experiment including all runs k. The distribution
of the normalization factors fin i/ fout.k, sce Egs. and
(3). is shown in Fig[l The mean value is one by defini-
tion and the standard deviation is 0.005.

From the measured transmission as a function of time-
of-flight Texp (En(t;)), an effective neutron total cross sec-
tion (oot (Fn)) can be determined:

(Grot(Ea)) = —— In Ty (4)

nl
where nl is the atomic areal density of the target sample.
To determine the neutron transmission and the total
cross section from the measured time-of-flight distribu-
tion with a relative accuracy of a few percent, several
corrections need to be considered:

1. Correction for a time-of-flight dependent dead time,

2. Subtraction of a random background in the time-
of-flight spectra,

3. Correction for fluctuations of the neutron-beam in-
tensity,

4. Correction for in-scattering of neutrons,

5. Correction for resonant self-shielding in thick trans-
mission samples.

Random background and dead-time corrections are im-
portant at low and high neutron energy, where the neu-
tron source intensity is already decreasing. In this exper-
iment a low beam intensity and a very compact neutron-
producing target without any materials that would slow
down neutrons were used. There is no neutron mod-
erator in the target setup and the amount of in-beam
gamma-rays from neutron capture is negligible. The ran-
dom background can be described by a constant value in
time-of-flight spectrum. It is mostly dominated by ran-
dom coincidences due to ambient natural radioactivity,



whereas the room return background of neutrons is rela-
tively low [44]. The determination of the background lev-
els Bip/out is done by calculating the mean bin content in
the time-of-flight ranges before the y-flash and between
4.68 to 7 ps. In the time-of-flight region around 150 ns,
before the first fast neutrons arrive, the background level
is higher than estimated from the mean bin content be-
tween 4.68 to 7 ps. This background tail is due to in-
sufficient suppression of PMT after-pulses mostly from
the gamma-flash. Due to the low background-to-total
ratio, it has been neglected in the transmission determi-
nation [43]. The background-to-total ratio is shown in
Fig. [l As the background is taken as a constant value
from outside of the neutron time-of-flight range, the spec-
tra show peaks and dips which are related to the pure
source spectrum, which contains known peaks from near-
threshold photo neutron production in lead and from the
resonant structure of the nitrogen and other layers of
matter in the beam. In the neutron energy range be-
low 200 keV the neutron intensity from the source de-
creases and uncertainties in the background shape get
large enough to influence the transmission measurement.
The uncertainties of the transmission measurement and
total cross-section determination have already been dis-
cussed in Hannaske et al. [44] and Beyer et al. [43]. The
important uncertainties will be briefly revisited here. The
fluctuations of the neutron-beam intensity were measured
during the sample cycling and found to have a small influ-
ence. From transmission values determined from subsets
of the data, a fluctuation of less than 0.5% was found
and included in the total systematic uncertainty. In-
scattering of neutrons was minimized by the geometry
of the setup: The collimator strongly limits the solid an-
gle under which neutrons can be registered and only neu-
trons passing through the full length of the sample can hit
the detector. The probability for multiple in-scattering
of fast neutrons has been found to be less than 0.1% [44].

In Fig. [§ the uncertainty budget of the total cross
section is shown for the nitrogen sample measurements.
The plot looks similar for the empty target measure-
ments. To quantify the contribution of each parameter
X € {Nin, Qin, BGin} used to determine the total cross
section o the quantity g—j‘( % was calculated by differen-
tiating Eq. . These quantities are plotted for a time-
of-flight bin size of 1 ns. It is visible that the uncer-
tainty of the background level due to counting statistics
(BGin/out,stat) is negligible for the overall uncertainty due

to statistical effects 22 (stat.). The contribution of the
uncertainty of the background level due to the inclusion
of the energy-dependent uncertainty (BGiy jout,sys) to the

overall uncertainty due to systematic effects % (sys.) be-
comes noticeable at the upper and lower ends of the neu-
tron energy spectrum available at nELBE. Nevertheless,
over the complete energy range, the uncertainty of the
flux normalization factor f,orm is dominating the sys-
tematic uncertainty. The uncertainties of the samples
areal density (nl) and the dead time correction factor

(@) are less important. In total, £2(sys.) sums up to
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FIG. 7. The background to total counts ratios are shown for
the full data set of the transmission measurement. The green
data points (circles) were measured with the nitrogen sample
in the beam, the blue data points (squares) with the empty
gas cell. The statistical uncertainties have not been plotted
to improve the visibility of the structures in the spectra.
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FIG. 8. The uncertainty budget of the measured total cross
section of nitrogen. The relative contribution of each parame-
ter X € {Nin, Qin, BGin} to the uncertainty of the total cross
section o due to statistical (stat.) and systematic (sys.) ef-
fects is shown for a time binning of 1 ns. The total statistical
(purple) and systematic (brown) uncertainty also contain the
contributions from the target out data.

about 1.5%.

The measured neutron transmission of nitrogen is
shown in Fig. 0] and Fig. [I0] compared to a calculated
transmission curve based on the evaluated cross section
from ENSDF /B VIIL.0. The measured transmission ex-
tends through the fast neutron energy range from about
0.1 to 12 MeV. The nitrogen thickness was chosen in or-
der not to saturate the first resonance at 433 keV neutron
kinetic energy. The energy resolution of the time-of-flight
measurement determines how well the resonant structure
of the underlying total cross section can be observed.

The resolution function of nELBE is modeled as a



Gaussian function

R(E — E') = 1 (E_El)2> (5)

1
AEV2r P <_2 (AE)

with the RMS width AFE, which consists of the time reso-
lution of the plastic scintillator At used for detecting the
transmitted neutrons and the standard deviation of the
nominal flight length AL due to the combined thickness
of the neutron producing target and the plastic scintilla-
tor AL

Av

e ()

Av At\?  (AL\?

GG e
where 7y is the Lorentz parameter for a neutron with ki-
netic energy F and velocity v. The time resolution of the
plastic scintillator was determined experimentally from
the measured width of the bremsstrahlung peak. As the
electron beam pulse length is only 5-10 ps, the measured
width corresponds closely to the time resolution (At=
0.20 ns, 1 std. dev.). The width of the neutron produc-
ing target (11 mm) and the plastic scintillator (5 mm)
give AL = /((1.1 cm)2 + (0.5 cm)2)/12= 0.35 cm, 1
std. dev, where division by V12 converts the FWHM
of the rectangular flight path distribution to the stan-
dard deviation of an equivalent Gaussian. The transmis-
sion curve including the experimental resolution with the
ENDF/B-VIIL0 evaluated cross section has been calcu-
lated by numerical integration of

T(E) = /R(E - El) exp(fnlaENDF(E'))dE'. (8)

IV. R-MATRIX ANALYSIS

R-matrix calculations were performed using the code
AZURE?2 [45], representing a continued analysis of the 15N
system as presented previously in deBoer et al. [46] and
Borgwardt et al. [47]. The R-matrix calculations utilize
the alternative parameterization of Brune [48] so that
observable resonance parameters can be used directly as
inputs for the R-matrix calculations instead of formal
ones [49]. Tt also eliminates the need for boundary con-
dition parameters, leaving the channel radius as the sole
model parameter. The typical simplification has been
made that the same channel radius is used for all chan-
nels of a given particle partition. The a-particle, proton
and neutron channel radii were 5.5, 5.0, and 4.0 fm, re-
spectively.

Although the present total neutron cross section mea-
surements extend up to F, =~ 12.0 MeV, the analysis
concentrates on the energy region below E, < 1 MeV

in order to both simplify the R-matrix analysis and be-
cause the focus is to investigate the properties of the
FE, = 433 keV resonance observed in the total neutron
cross section data. Over this energy range, there are only
three particle partitions that are energetically accessible:
n+N, p+14C, and a+!'B, all only accessing the ground
state. Since, for several resonances, the corresponding
compound nucleus levels have proton and a-particle par-
tial widths with similar strength compared to the neutron
partial width, the inclusion of these other partitions are
needed to reproduce the total neutron cross section. To
constrain the branchings of these partial widths in the
fit, representative data sets [2] [0 26}, [47] from these other
reaction channels are also included to improve the fidelity
of the fit. The fit is shown in Fig.

To estimate uncertainties for the R-matrix fit, the
Bayesian R-matrix Inference Code Kit (BRICK) [50] was
utilized. BRICK is a Python package that serves as a medi-
ator between the AZURE2 R-matrix code and the MCMC
sampling software emcee [51]. Uncertainties for the level
parameters as well as those for the cross sections that
were fit were extracted. The Bayesian uncertainty analy-
sis included the systematic uncertainties of each data set
as a Gaussian prior. More information can be found in
the Supplemental Material [52].

V. DISCUSSION

When the resolution function for the present measure-
ments is applied to the R-matrix cross section, there is
good agreement between the data of this work and those
of Harvey et al. [10] over nearly the entire overlapping
energy range. The comparison of the experimental total
cross section measured in this work with Harvey et al. [10]
in Fig. [T1]shows already this good agreement. The excep-
tions are in the shapes of some of the narrow resonances
(1184 keV), where the most discernible differences are in
the first resonance at F,, = 433 keV. This resonance was
first observed in total cross section measurements in 1951
by Johnson et al. [36], but its level properties proved dif-
ficult to constrain due to its narrow width. In both the
early measurements of Johnson et al. [36] (E,, = 433 keV)
and Hinchey et al. [35] (E, = 430 keV, I" = 3.5 keV),
the total width was reported to be similar to the ex-
perimental resolution of a few keV and that J > 1/2.
After these two early total cross section measurements,
no new measurements were made until those of Harvey
et al. [10] in 1992. That measurement obtained signifi-
cantly improved energy resolution and uncertainty giving
E, = 433.35(3) keV, I',, = 2.46(4) keV, Iy, = 40(70) eV
and J = 7/2. In particular, their significantly improved
energy resolution resulted in the first firm spin assign-
ment for this resonance, as the resonance height is in-
dicative of the spin of the corresponding level.

Although it is a small effect, the peak cross section pro-
duced by a 7/2% resonance in the R-matrix fit slightly
overshoots the two highest data points of Harvey et al.
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FIG. 9. The measured neutron transmission of nitrogen with an areal density of 0.19736(24) atoms/barn in the full energy range
of 0.1 to 12 MeV. The time-of-flight bin size is 0.488 ns. The experimental data are compared with calculated transmission from
ENDF-B/VIILO point wise total cross sections (blue) and a transmission curve including the experimental resolution function

(green).

[10]. To resolve this disagreement, Harvey et al. [10] in-
cluded a ~-ray partial width of 40(70) eV to damp the
height of the resonance. It seems likely that the quoted
value of this width is a typographical error and should
be 70(40) eV. Indeed, including the larger value of 70 eV
for I'y does exactly reproduce their experimental data.
However, there is no experimental evidence for such a
strong y-ray decay from this state. Conversely, the R-
matrix fit undershoots the highest cross section points in
the present data. These inconsistencies emphasize the
small statistical uncertainties achieved for the present
measurements and those of Harvey et al. [10] and the
strong sensitivity to experimental resolution for this nar-
row resonance.

Unlike most of the higher energy resonances observed
in "“N+4n, the one at E,, = 433 keV has very small de-
cay branches to both the proton or a-particle channels,
which hinders its experimental accessibility using other
types of reactions. Wang et al. [21] was able to observe
the corresponding resonance using the *C(p,n)!N re-
action (E, = 434(1) keV, I" = 2.4(5) keV, I'), = 9.0(15)
meV), confirming a very weak proton decay branch. Fi-
nally, the very recent low-energy measurement of the
HB(a,n)N reaction by Borgwardt et al. [47] observed
the corresponding resonance in that reaction for the first
time and found T', = 315(48) neV. Note that these par-
tial widths did assume that the corresponding state had

J=1/2.

Fig. [13| shows a comparison between the measurement
of the 433 keV resonance from this work and that of Har-
vey et al. [I0]. In this work, the resonance has been ob-
served with a smaller peak cross section and a somewhat
larger width. The best fit is obtained with a spin-parity
of J =5/2%, with E,, = 433.15(1) keV, T',, = 2.82(2) keV
and I', = 438(57) neV. I', was fixed to the value of
9.0(15) meV as reported by Wang et al. [2I] and this
small partial width was found to not influence the shape
of the total capture cross section compared to the present
uncertainties. The larger total width may seem to be an
indication of an uncorrected resolution effect, but this
does not seem to be the case as the nELBE resolution
function has a small effect on the resonance shape at
these energies. Further, the shape of the resonance is
very clearly Lorentzian, and the quality of the fit worsens
considerably if it is convoluted with a Gaussian function.

On the data analysis side, a constant random back-
ground is subtracted in the time-of-flight spectra, see
Eq. . A possible beam-related correlated background
is difficult to determine in the fast neutron range, as this
would require the use of “black resonances” in the en-
ergy range of several hundred keV neutron energy [53] [54]
to determine background levels for both target in/out
measurements. From other transmission measurements
using a 90 mm thick "*Fe sample at nELBE [55], the



O nELBE
- 0.4 | ENDF/BVIII conv

' —— ENDF/BVII
0.2 - 1

B 0.0 Lu | L E

0.42 0.43 0.44 0.45

0.0 L I 1 1 I | !

0.2 0.3 0.5 0.7 1 2

E (MeV)

FIG. 10. The measured neutron transmission of nitrogen in the energy range below 2 MeV, description of data as in Fig. [0
The experimental resolution is sufficient to resolve most known resonances with the exception of the resonance at 1184 keV,
which has a total width of 1.4 keV. The inset shows the resonance at 433 keV. The calculated transmission based on ENDF /B

VIII is too small at the resonance peak.

- Harvey et al. (1992)
= this work

Cross Section (barns)

0.1 1.0
Center of Mass Energy (MeV)

FIG. 11. Comparison of the N total cross section data of
this work with that of Harvey et al. [I0].The data sets are
largely consistent when experimental resolution is applied.

beam correlated background in resonances from 100 to
500 keV was estimated because at these resonance peaks
the experimental transmission factor is determined to be
0.005 or lower. It was estimated that the beam corre-
lated background at this energy is a factor of 2.5 higher
than the uncorrelated constant background at time-of-

flight longer than 4.5 ps. A straightforward subtraction
of a background level that is a factor 2.5 higher than the
constant background observed in the nitrogen transmis-
sion measurement both for target in/out measurements
leads to a smaller transmission factor at the resonance
peak (433 keV) by a factor 0.974. This corresponds to a
possible higher peak cross section of 1.3%. The observed
transmission of Harvey et al. [I0] at 433 keV can be esti-
mated to be 0.0143, which is a factor of 10 smaller than
in this work (0.1557). This tends to make the observed
peak value in the experiment of Harvey et al. more sen-
sitive to the background subtraction.

One additional complication is that there is some ambi-
guity in the R-matrix fitting of the non-resonant portion
of the total neutron cross section because it is produced
by some unknown number of subthreshold resonances.
This allows for flexibility in the absolute total cross sec-
tion resulting from the R-matrix fit and the experimen-
tal data also has some uncertainty in its absolute scale,
which is estimated to be 1% for the present measure-
ments (see Sec. and perhaps as small as 0.5% for the
data of Harvey et al. [10]. If normalization factors for
the data sets are allowed to vary in the fits, this does
result in an improvement in the fitting of the data. For
instance, for the data of Harvey et al. [I0], an increase in
the reported cross sections of 1.8% makes it possible to
fit the highest cross section data points at the peak of the
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433 keV resonance, without any significant y-ray width.
Likewise, if the scale of the present data are reduced by
5%, the fit is able to match the highest cross section data
in the present measurements.

VI. SUMMARY

New measurements of the *N+n total cross section
have been performed at the nELBE facility at HZDR.
In particular, the measurement was undertaken in order
to cross-check the data reported by Harvey et al. [10],
which have a high sensitivity and energy resolution, but
they lack detailed information regarding the experimen-
tal conditions. Except for the lowest energy resonance at
E,, = 433 keV, the present measurements are found to be
in good agreement with those reported by Harvey et al.
[10], giving improved confidence in the present ENDF/B
evaluation, which is based largely on the measurements
of Harvey et al. [10]. Further, a smaller cross section has

been found for the lowest energy resonance that implies
a spin-parity assignment of 5/2, rather than the value of
7/2 assigned previously.

Because of the unparalleled sensitivity of total neutron
cross sections, they provide a great deal of constraint for
R-matrix fits that are used to evaluate resolved resonance
regions. Therefore, the improved understanding and con-
fidence in the accuracy of the " N+-n total cross section of
the present data and those of Harvey et al. [10] will pro-
vide improved future evaluations for not only the *N+n
total cross section but also reaction cross sections like
MN(n,p)*C and "'B(a,n)“N.
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