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Abstract

Elastic and inelastic neutron scattering angular distributions were measured on natural carbon samples
to confirm existing experimental data and evaluations in the fast neutron region and to guide improvements
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in resonance parameters, where needed. Sixty-four (n,n’) differential cross section measurements were per-
formed at 45 incident neutron energies between 0.5 and 8.0 MeV.

Experimental angle-integrated elastic scattering cross sections are consistent with ENDF/B-VIIL.O values
with the exception of the region from 3.2 to 4.0 MeV where our results are ~3% higher. In the 3.4 to 3.6
MeV region our differential cross sections are slightly lower at forward angles and somewhat higher at
backward angles than the ENDF/B-VIIL.O calculations; however, our results are consistent with measured
data from other research groups. The first- through fourth-order elastic scattering Legendre coefficients
from fits to these experimental data are consistent with ENDF/B-VIIL.O values across this range of incident
neutron energies.

Inelastic scattering cross sections were measured at 12 incident neutron energies between 5.6 and 7.8
MeV. Angle-integrated cross sections agree well with the 1978 Perey and ENDF/B-VIIL.0 values; however,
the angular-distribution shapes deviate somewhat from the ENDF/B-VIIL.O calculations. These data will
allow refinement of the resonance parameter description in this difficult energy region.

Published by Elsevier B.V.
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1. Introduction

Carbon-12 is under development as a fast neutron scattering cross section reference standard,
as it is readily available in high purity, and it occurs in many compounds. The average isotopic
fractions are 0.9890 2C and 0.0110 '*C with variations in the '3C fraction of < £0.0005 [1].
The total cross sections in the range from 10 eV to 1.8 MeV are already considered a reference
standard and were recently reviewed by Carlson et al. [2], who retained the values from the
earlier evaluation [3].

Hale and Young [4] updated the R-matrix description of the 13C system resulting in a new
evaluation of neutron cross sections for '>C up to about 6.5 MeV. Uncertainties in the angle-
integrated elastic cross sections range from 0.3% at 1 MeV to 4% at 6.5 MeV. Inelastic scattering
populating the 4.44 MeV first excited state is not as well described.

Most nuclear data libraries have been recently updated. The ENDF/B-VIILO release [5] of
February 2018 incorporates the best values [4] and for the first time presents the isotopic '>C
and 13C cross sections. The previous ENDF/B-VII.1 release only presented elemental carbon
recommended values. The JEFF-3.3 evaluated library of November 2017 contains only elemental
carbon. The January 2016 update of the JENDL-4.0u library retained former values for neutron
scattering on elemental carbon.

In neutron scattering measurements at the University of Kentucky Accelerator Laboratory
(UKAL), carbon is regularly used for a check of our procedures and analyses. Quick measure-
ments of " C elastic scattering angular distributions were consistent with previous data [6],
except at a few energies. From MCNP simulations of our experimental conditions, we realized
that peaks in the neutron time-of-flight (TOF) spectra could not always be modeled as a Gaussian
(or variant) with an exponential or linear tail. At some angles, multiple scattering in the sample
generates a wide, low shelf in the spectra that contains appreciable yield. We examined spectra
available from the doctoral thesis and notes of Galati [7] from early neutron scattering studies
at UKAL; these low-energy shelves were not recognized as separate from general background
events at the time.
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Fig. 1. Measured TOF spectra for 3.8 MeV neutrons on elemental carbon. The 30° and 80 spectra exhibit features to
the left of the main TOF peak. This low-energy shelf arises from multiple scattering and random background; it is more
apparent in the 80 spectrum because of the small elastic scattering differential cross section at that angle.

Similarly, the published references by Fasoli [6], Lane [8], Drigo [9], Langsdorf [10], and
Elwyn [11] from the 1950s and 1969-1973 eras were investigated. Few TOF spectra are pre-
sented in those studies, and there is no discussion of the peak-fitting techniques used. The TOF
spectra from those eras have only a few points spanning each peak, and there is a significant
background underlying the peaks. Published figures suggest the peak yields were extracted by
summing counts above a linear background. This procedure is not surprising as fifty years ago
fewer tools and techniques were available. To investigate neutron scattering from "*’C in a con-
sistent way, we began an extensive measurement program of angular distributions at 45 energies
between 0.3 and 8 MeV. Examples of spectra from the present measurements at E,, = 3.8 MeV
are shown in Fig. 1.

2. TOF spectra modeling for multiple scattering effects

MCNP simulations that included details of neutron production in the gas cell (energy and
angular dependencies), proper geometries and construction details for the end of the beamline,
scattering sample location, and neutron detector collimation were performed. Scattered neutron
energy spectra were generated as a function of scattering angle. Simulated spectra for E,, = 4.0
MeV at 30, 80°, and 150 are shown in Fig. 2.

Double scattering events in the 150° spectrum shift the energy only slightly and the main
effect is energy broadening. The 150° peak can be fitted with a typical Gaussian plus tail to
account for all the scattering yield. We conclude that at backward angles a negligible portion,
<1%, of the true scattered yield is missed.

Carbon differential cross sections tend to have a minimum near 90°, therefore multiple scat-
tering effects are more apparent in the 80° panels of Fig. 2. Those multiple scattering events are
spread over a 2 MeV energy range in the spectrum and triple scattering events are noticeable.
These events are evident as a wide shelf in the top 80° panel. The bottom cumulative yield panel
indicates ~17% of the scattering yield would be neglected at 80 if the TOF peak were fitted with
a traditional Gaussian plus tail function. Improperly accounting for and correcting for multiple
scattering would have a large effect in this example.

A similar situation occurs in the 30° spectrum in Fig. 2. The wide shelf is barely noticeable
in the top panel; however, ignoring this feature would neglect ~5% of the scattered yield. Under
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Fig. 2. Simulated scattered neutron energy spectra for 4.0 MeV neutrons on elemental carbon. Contributions from single
scattering and multiple scattering in the sample are indicated separately. Single scattering is indicated in black, double
scattering in red, and triple scattering in blue. The top row of panels displays the whole spectrum scaled to the peak height.
The second row is expanded to 5% of the peak height to illustrate the multiple scattering components. The bottom row of
panels indicates the fraction of the scattering yield up to the energy, E, in the spectrum. (For interpretation of the colors
in the figure, the reader is referred to the web version of this article.)

estimations of the scattered yield caused by neglecting multiple scattering will result in under
estimations of the true differential cross sections. The problem is most severe at angles from 70°
to 90°.

Because measurements at the UKAL have traditionally focused on heavy nuclei, we repeated
the simulation for an °Fe target for comparison. The double- and triple-scattering effects still
exist in the Y°Fe TOF spectra but do not appear as an extended shelf; the observed peak shape can
be interpreted as a Gaussian plus short exponential tail and all of the scattered yield is recovered.
The conclusion is that spectra for significantly heavier mass nuclei do not suffer from this issue
because of the smaller recoil energies.

Although our multiple scattering code, MULCAT, is well-trusted for heavier nuclei, our desire
to produce the highest quality ‘nuclear data’ has lead us to test its accuracy. To date, we have
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Fig. 3. Energy spreads of incident neutrons across the face of the carbon sample, measured in standard deviations (Std
Dev), as modeled by NeuSDesc [16] incorporating SRIM stopping powers [17] for the range of E, used in these mea-
surements.

performed chained MCNP-MULCAT calculations. The MCNP portion of the simulation uses
ENDF values to generate simulated experimental yields. Cross sections derived from those yields
were then processed through the MULCAT correction to reproduce the original ENDF values
used by MCNP. The values returned are within 2-5% of the ENDF values.

3. Methods

The equipment, methods, and data reduction techniques employed at UKAL are discussed
extensively in several papers [12—15]. The laboratory features a single-ended 7 MV model
CN Van de Graaff accelerator with a terminal-based bunching system. The pulsed proton or
deuteron beams have a time spread of ~1 ns at the neutron production target. The *H(p,n) He
and 2H(d,n)*He reactions were employed to produce the source neutrons below and above 4.5
MeV, respectively. The energy spreads of the neutrons impinging over the area of the sample as
estimated by the code NeuSDesc [16] including SRIM stopping powers [17] are illustrated in
Fig. 3.

Neutron production is measured using time-of-flight (TOF) techniques with forward monitor
(FM) detectors containing NE-213 or C¢Dg scintillation fluids. A FM is placed at 45° with re-
spect to the incident beam direction and above the scattering plane to provide a direct, collimated
view of the gas cell during measurements. When the H(d,n)>He reaction is used for neutron
production, a second FM is placed at 20° and in the scattering plane because a minimum occurs
in the neutron production cross section at 45°. Source neutrons are identified in the FM by TOF
and pulse-shape discrimination (PSD); the combination of which provides a very clean monitor
of on-pulse neutron production.

Scattering samples utilized in these (n,n’) and (n,n’y) measurements were right circular cylin-
ders suspended at distances 6.4 to 7.7 cm from the center of the 3 cm long gas cell. The masses
and geometries of the samples used are given in Table 1. A small natural carbon sample was cho-
sen to reduce attenuation and multiple scattering contributions and was smaller than the samples
used in measurements previously mentioned. A solid polyethylene cylinder was used to measure
"H(n,n)"H cross sections for absolute normalization to a reference standard.
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Table 1

Scattering samples.

Sample Mass Diameter Height
() (cm) (cm)

natc 10.98 2.01 2.01

polyethylene 1.069 1.94 1.49

narj 44.54 223 2.55

99.87%°Fe 18.18 1.52 1.45

naty 4920 191 2.84

Al 26.96 2.20 2.54

Scattered neutrons were detected with an 11.5 cm diameter x 2.5 cm thick C¢Dg main detec-
tor, which permitted PSD rejection of y-ray events. An identically constructed detector of 5.0 cm
thickness was used during higher energy measurements with the >H(d,)*He neutron production
reaction. The detector was mounted on a goniometer that can be rotated to cover detection angles
up to 155° with respect to the incident beam direction. The goniometer supports a full-length
collimation system with flight paths up to 4 m.

In view of the discussion in Section 2, special care was taken in determining elastic scattering
yields. Sample-out TOF spectra were subtracted from sample-in spectra and the resulting TOF
spectra were scrutinized. The carbon elastic scattering yield was extracted with both our standard
in-house Gaussian(s) plus tail(s) fitting program SAN12 and a simple counts-above-a-linear-
background technique. SAN12 incorporates kinematic constraints on peak positions, widths, and
tails. The spectra and fits were examined individually, and a best value and uncertainty was
chosen.

At incident energies above 5 MeV, the carbon inelastic channel is open, and the yield of the
inelastic peak must be fitted with the counts-above-a-linear-background technique because the
peak is significantly Doppler broadened.

While the (n,n;) peak is well separated from the elastic peak, care must be taken at the most
forward angles to assure that counts from the tail of the much more intense elastic peak are not
attributed to the yield of the inelastic peak. Even with extra care, the uncertainty of the (n,n;)
yield increases at angles <40° because small changes in the elastic peak’s left tail are magnified
due to the large forward-angle elastic scattering differential cross section.

The Cg¢Dg detector efficiency (Fig. 4) is determined by direct measurement of the source
reaction angular distribution and its associated kinematics. We measure rather than model the
efficiency because the sample and gas cell are close; the neutron fluence emerging from the gas
cell is divergent; and the energies of the inelastic reactions are just above the detector thresh-
old. The do /d 2T, cross sections are taken from the DROSG-2000 program series [18,19]. Our
cross section normalization technique is not sensitive to the magnitude of the 3H(p,n)*He or
2H(d,n)*He cross sections, only their angular dependence. Uncertainties in the angular depen-
dence of these cross sections, approximately 3%, are among the largest contributors to the overall
uncertainty in the measured neutron scattering cross sections.

Cross sections are normalized absolutely using the recommended values for the 'H(n,n) total
cross sections taken from Tables XVIII and XIX of Ref. [20] and Ref. [21]. Both references
provide the same absolute angle-integrated 'H(n,n) values which are known to £0.30% or better
in the energy range of our measurements. The differential cross sections in the center-of-mass
system vary by £0.5% from the isotropic estimate, which is much smaller than the uncertainties
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Fig. 4. A representative main detector efficiency curve used for measurements at 6.40, 6.50, 6.80, 7.25, and 7.75 MeV.
The location and shape of the sharp rise in the curve is due to lower level discriminator settings in the electronics.
Horizontal bars indicate the range of scattered neutron energies of the indicated reactions from 30° to 150°.

incurred in the detector efficiency. Because of the small discrepancy, we consider do/d<2 to be
isotropic in the center-of-mass frame.

Measured differential cross sections are corrected for attenuation and multiple scattering
effects in the sample, taking into account the close cell-to-sample geometry with the code
MULCAT [22]. The code performs an iterative Monte Carlo calculation, taking as input the un-
corrected experimental differential cross sections and using them along with known total cross
sections and information for the source reaction to estimate the corrected differential cross sec-
tions. MULCAT then repeats this process, using now the estimated cross sections as input; the
whole process is iterated until the differential cross sections converge. Uncertainties in the atten-
uation and multiple scattering corrections are less than 5%.

3.1. y-ray measurements

Eight y-ray angular distributions were measured using the (n,n’y) reaction. The y rays were
detected using a Compton-suppressed n-type HPGe detector with 51% relative efficiency and
an energy resolution of 2.1 keV FWHM at 1.33 MeV. A bismuth germanate (BGO) annular
detector surrounding the main detector was used for Compton suppression and as an active shield.
The gain stability of the system was monitored using a radioactive 22°Ra source, which was
also used for energy and efficiency calibrations. The y-ray spectra were cleansed of scattered
neutron events by gating the ADC on prompt y rays in the TOF spectrum. Details of y-ray
techniques used at UKAL are described in Ref. [15]. Yields of the 4440 keV y ray from neutron
inelastic scattering from 12C were converted to cross sections using 56Fe, 48Ti, SV, and 27Al
cross sections as references.

4. Observations

All measurements utilized a natural carbon target. For elastic scattering, the neutron TOF
peaks for '2C and '3C are unresolved. The natural abundance of 13C is 1.1040.05%, and the
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Fig. 5. Comparison of our "%/ C angle-integrated elastic cross sections (e) with ENDF/B-VIILO values (line) [5].

13C contribution will only significantly affect the elastic scattering results where the '3C cross
section is large. In general, this is a 1.0% effect except in the range of incident neutron energies
from 5.5 to 7.3 MeV where the '2C cross section is smallest. Cross section values are quoted for
a natural carbon target for elastic scattering.

4.1. Elastic scattering

Neutrons with energies of a few MeV lie in the resolved resonance region for carbon; cross
sections in that region are well explained with an R-matrix treatment. If the required resonance
energies and partial widths are generated solely by fits to angle-integrated or total cross sections,
knowledge of the individual partial width amplitudes can be masked. Experimental angular distri-
butions place rigorous constraints on these amplitudes. The angle-integrated elastic cross sections
(Fig. 5) are determined from Legendre polynomial fits to the differential cross sections displayed
in Figs. 6 and 7.

Agreement between the elastic cross sections and the ENDF/B-VIIL.O compilation is very
good, with the exception of the region around 3.5 MeV where our values for the cross sections
are ~3% higher. A comparison of our results with those of other research groups in that region
is shown in Fig. 6. Our forward-angle do/dS2 tends to be higher than data from the Fasoli 1973
measurements [6].

It is convenient to examine the angular distributions in terms of the Legendre expansion coef-
ficients af NDF where

do Oy 2L+1 gnpF

10 = 2 : 2 ar P; (cosO) (1)
defines the expansion coefficients in the ENDF convention. This approach greatly magnifies vari-
ations in the angular distributions. Legendre coefficients as a function of energy for '2C (n, ng)
are shown in Fig. 8. These coefficients are very sensitive to the theoretical model description. A
similar analysis was performed previously by Lane [8].

The Legendre coefficients follow the ENDF/B-VIIL.O values very well. The large a, coeffi-
cient in the 2.5 to 4.0 MeV region reflects the symmetry observed in the angular distributions
about 90° in Fig. 7. The illustration confirms that the resonance parameters selected for the elas-
tic channel [4] describe the elastic angular distributions and interference between resonances
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Fig. 6. Comparisons of measured "*#/ C elastic scattering cross sections in the E;=3.0 to 4.0 MeV region. Values are from
Fasoli (O) [6], Galati (A) [7], and our results (e). E,;=3.00 MeV is in the bottom of a sharp resonance feature in the
neutron total cross sections and differences are expected. Data shown span a range of 70 keV, and the sensitivity to the
exact neutron energy is apparent. The E;=3.20 MeV results are in a smoother varying region of the total cross sections.
Data shown span a range of 70 keV. The present results and those of Galati [7] are consistent but have a sharper shape
than Fasoli [6]. The E;; = 3.40 - 3.60 MeV panels cover a local increase in the cross sections. Data shown span a range
of not more than 40 keV. All three references are consistent, but the present results and those of Galati [7] tend to be
significantly higher at forward angles. The E;, = 4.00 MeV panel is above the discrepant region and results from the three
research groups are in excellent agreement.

very well. Since the elastic scattering is from a spin-0 nucleus, only one (s, ) neutron partial
width is required per resonance.

4.2. Inelastic scattering

In contrast with the elastic data, the 12C(n,nl) channel is not as well known, with signifi-
cant differences reported among previous measurements for angle-integrated cross sections. This
discrepancy is a serious problem for a resonance reaction model description of the inelastic scat-
tering because three (s, /) exit channels are active per resonance, and it is difficult to determine
the partial widths without measured angular distribution data.

Measurements below E,, = 5.5 MeV become very time consuming as the 0-degree >H (d,n)He
production cross section drops to <30 mb/sr, and it is difficult to compensate with increased pres-
sure in the gas cell. In addition, while the n; and ng peaks are well separated in the TOF spectra,
the reaction kinematics specific to '>C and its first excited state prove challenging because the
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Fig. 7. A representative collection of measured neutron elastic scattering differential cross sections (mb/sr) for "4/ C
versus angle (?) in the center-of-mass frame. The lowest energies are reminiscent of potential scattering, with the onset
of resonance behavior at ~2.0 MeV. The shapes transition back to more optical model diffractive cross sections just
above 4.0 MeV, with resonance features reappearing about 7.0 MeV.
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Fig. 8. Measured Legendre coefficients for neutron elastic scattering (e) compared to coefficients from the ENDF/B-
VIILO 12C compilation (solid line). Statistical uncertainties are displayed.

scattered neutron energy changes significantly with scattering angle, and measuring the detector
efficiency over this large range is difficult.

Values for the angle-integrated inelastic cross sections shown in Fig. 9 are derived from Legen-
dre fits to the differential cross sections shown in Fig. 10 and agree well with the ENDF/B-VIIL.O
values.

The angular distributions below 6.1 MeV are slowly varying as no strong narrow resonances
are identified, and our results are reasonably consistent with the ENDF/B-VIILO values. Several
very sharp resonances occur in the 6.2 - 6.6 MeV region and it is difficult to match the angular
behavior. Our 7.0 MeV angular distribution is again reasonably consistent with the ENDF/B-
VIII.O evaluations in the 7.0 - 7.25 MeV region, but the 7.75 MeV data point is again at a sharp
resonance.

In Fig. 11, we display the Legendre coefficient results. The ay, a3, and a4 coefficients follow
the evaluation and values from other measurements. Our a; coefficients are consistent with both
the Perey [23] and ENDF values above 6.1 MeV. Both Perey and our values are significantly
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Fig. 9. Comparison of our angle-integrated (n,ny) inelastic cross sections with the ENDF/B-VIIL.0 (ENDF8) and values
from EXFOR. The results closely follow the ENDF8 and Perey values [23], but differ from the Galati [7] and Rogers
[24] results.
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Fig. 10. Inelastic scattering differential cross sections (n,ny) versus center-of-mass angle for the first excited state in 12¢
(o) compared to ENDF/B-VIIIL.O evaluations (solid line). It is difficult to make conclusions about the agreement because

there are a number of sharp resonances in the energy ranges 6.2 to 6.6 MeV and above 7.4 MeV where the angular
distribution shape can change rapidly.

greater than the evaluation below 6.1 MeV. Our values are not consistent with the Galati results
[71, which were obtained with a much larger carbon scattering sample.

5. Summary

Neutron scattering angular distributions were measured and cross sections extracted for 45
incident neutron energies between 0.5 and 8 MeV on a natural carbon sample. The scattering
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Fig. 11. Legendre coefficients from our measurements of inelastic scattering from the 12 first excited state compared
to coefficients from the ENDF/B-VIII.O compilation (solid line) and previous measurements. Statistical uncertainties are
displayed.

sample chosen was smaller than those in previous experiments to reduce attenuation and multiple
scattering effects. The data are distributed via EXFOR.

Angle-integrated elastic scattering cross sections are consistent with ENDF/B-VIILO values
with the exception of the region from 3.2 to 4.0 MeV where our results are 3% higher. In the 3.4 to
3.6 MeV region, our differential cross sections are slightly lower at forward angles and somewhat
larger at backward angles than the ENDF/B-VIIL.O calculations; however, our measurements are
consistent with data measured by other research groups. The first- through fourth-order elastic
scattering Legendre coefficients are consistent with ENDF/B-VIILO values.

Inelastic scattering was measured at 12 incident neutron energies between 5.6 and 7.8 MeV.
Angle-integrated cross sections follow the 1969 Perey and ENDF/B-VIIL.O values very well.
The measured a; Legendre coefficient is higher than the ENDF/B-VIIL.O values in the region
below 6.1 MeV. These data will allow refinement of the resonance parameter descriptions in this
difficult region.
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