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Natural carbon is well known as reactor structure material and at the same time as one of the most important neutron
scattering standards, especially at energies less than 2 MeV, where the neutron total and neutron scattering cross
sections are essentially identical. The best neutron total cross section experimental data for natural carbon in the range
1 - 500 keV has uncertainties of 1 - 4 %. However, the difference between these data and those based on R-matrix
analysis and used in the ENDF libraries is evident; especially in the energy range 1 - 60 keV. Experimental data for
total scattering neutron cross sections for this element in the energy range 1 - 200 keV are scanty. The use of the
technique of neutron filtered beams developed at the Kyiv Research Reactor makes it possible to reduce the uncertainty
of the experimental data and to measure the neutron scattering cross sections on natural carbon in the energy range 2 -
149 keV with accuracies of 3 — 6 %. Investigations of the neutron scattering cross section on carbon were carried out
using 5 filters with energies 2, 3.5, 24, 54 and 133 keV. The neutron scattering cross sections were measured using a
detector system covering nearly 27. The detector consisting of *He counters (58 units), was located just above the
carbon samples. The *He counters (CHM-37, 7 atm, diameter = 18 mm, L = 50 cm) are placed in five layers (12 or 11 in
each layer). To determine the neutron scattering cross section on carbon the relative method of measurement was used.
The isotope “*Pb was used as the standard. The normalization factor, which is a function of detector efficiency,
thickness of the carbon samples, thickness of the ***Pb sample, geometry, etc., for each sample and for each filter
energy has been obtained through Monte Carlo calculations by means of the MCNP4C code. The results of
measurements of the neutron scattering cross sections at reactor neutron filtered beams with energies in the range 2-133
keV on carbon samples together with the known experimental data from database EXFOR/CSISRS and ENDF libraries
are presented.

Introduction

Though natural carbon was considered for many years as a scattering standard, the elastic scattering cross
section is determined ambiguously. The recent ENDF libraries (ENDF/B-6, JEFF-3.0, JENDL-3.3,
BROND-2) contain information about the elastic scattering cross section for natural carbon. According to the
methods used for representation of these cross sections in the ENDF libraries, they may be subdivided into
two groups. The first group consists of ENDF/B-6, JEFF-3.0, and BROND-2, where the elastic scattering
cross sections in the energy range 1.E-5 eV to 4.81 MeV were estimated using R-Matrix analysis. The
JENDL-3.3 belongs to the second group, where at the neutron energies above 10 eV, the elastic scattering
cross section was obtained by subtracting the reaction cross section from the total cross section.

The experimental data for the elastic scattering cross section of natural carbon in the neutron energy range
1 - 500 keV are scanty; only two papers [1, 2] have these values. The first work was carried out for the 60 -
1.782 keV region, but information about accuracy of the measured data is absent. The 1.5 - 442 keV region
was investigated by [2], the accuracy of the obtained elastic scattering cross section lies within 5 - 10 %.

The technique of neutron filtered beams developed at the Kyiv Research Reactor (KRR) makes it possible
to reduce the uncertainty of the experimental data and to measure the neutron scattering cross sections on
natural carbon in the energy range 2 - 149 keV with accuracy 3 - 6 %. Investigations of the elastic scattering
cross section on carbon were carried out using 5 neutron filters with energies 2, 3.5, 24, 54 and 133 keV.

Experimental set-up

Experimental investigation of the elastic scattering cross section for natural carbon was made on the
ninth horizontal channel (HC) at the KRR. Experimental installations on the HC include the systems for
forming filtered neutron beams, systems of radiation shielding, sample management systems, detection and
neutron counting systems. The experimental layout is shown schematically in Fig. 1 (not to scale).

The neutron beam forming system includes the elements of beam collimation and neutron filtration on the
way from the reactor core to the investigated sample. The preliminary forming of the necessary beam geometry
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is realized with two iron and boron carbide collimators (C1 in Fig. 1). Further beam forming takes place in the
first three discs of the shutter and in outer collimators (F, C2, C3 in Fig. 1). The collimator materials are lead,
textolite and a combination of paraffin with H;BO; in that order. The collimation system provided a beam
narrowed to 20 mm, corresponding to a beam diameter at the investigated sample of 25 mm.

Cc1

Fore-vacuum Fore-vacuum HHe3 - detector
pump vessel

Fig. 1. The experimental layout on the 9™ HC (not to scale). C1, C2, C3 and C4 — collimators;
F - filters; “A”, “B”, “C” — devices for placement of samples.

The elements of the neutron filtration system take place in the first three disks of the shutter and in the
outer collimator (Fig. 2). To produce quasi-mono-energetic beams with average energies of 2, 3.5, 24, 54 and
133 keV we used composite neutron filters, the components of which are presented in Table 1. The filter
component optimization was calculated using our code FILTER L [3] to obtain the largest possible intensity
of the main energy line at the most optimal impurity of the parasitic energy lines in the neutron spectrum.
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Fig. 2. The elements of neutron filtration system in horizontal rector channel.

Systems of radiation shielding are made of two boxes. The first and second boxes are separated by a
shielding wall (thickness 70 cm), in which the Pb collimator (internal diameter 20 mm, C3 in Figure 1) is
placed. Walls and ceilings of boxes were made from metal containers filled by metal scrap, water and 5 -
7 % boric acid.

The outside collimator C2 and two devices (“A” and “B”) for placement of samples are located in the
first box; detectors, their power supply electronic blocks and monitoring equipment are located in the second
box.
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Table 1. The filter components (g/cmz) used for the forming of the filtered neutron beams

2 keV filter
"B (85 %) “Sc Nj >'Fe S *Co Al
0.2 104.6 80.2 39.35 56.0 26.7 0.54
3.5 keV filter
"B (85 %) *'Fe ONi S Cd “TAL
3.15 170.7 146.2 36.7 0.865 1.349
24 keV filter
"B (85 %) S Fe 2TAl
0.95 16.35 236.1 99.86
54 keV filter
"B (85 %) Si S 2TAl
0.2 144.926 36.7 10.796
133 keV filter
"B (85 %) *Cr *Ni ONi Si “TAL
0.2 95.94 194.06 3.1157 93.08 0.54

The sample management system consists of three devices “A”, “B” and “C”, which run independently.
Devices “A” and “B” are usually used in the total cross section measurements and they are described in
detail in [4]. In elastic scattering measurements, one of these devices (“A” or “B”) was used for location of
polyethylene sample to cover a neutron beam. Measurements with polyethylene sample are necessary to
determine background counting rate. Device “C” was constructed specially for these elastic scattering
measurements. It looks like a cross made of two tubes. The diameter of the tube, located along the neutron
beam, is 60 mm; the diameter of the tube perpendicular to beam is 100 mm. In this tube five sample holders
are placed. The sample holder is a thin-walled tube (without top and bottom), made from aluminum alloy, set
in thin rod. The inner diameter of the holder is 30.45 mm, so solid samples have a diameter 30.40 mm. The
stand with holders (samples) moves perpendicular to the beam, installing a measured sample in the centre of
beam. The sample position is fixed with an accuracy of 0.lmm and checked by the control system of the
device “C”. To reduce scattering on air, vacuum about 0.01 Torr is maintained inside of “C”.

The detection and neutron counting systems included: neutron detector, electronic blocks, personal
computer and communication lines about 50 m long between the spectrometric installation and the
measuring room. The neutron detector, consisted of the *He counters (58 units), was located just above the
carbon samples. The He-3 counters (CHM-37, 7 atm, diameter = 18 mm, L = 50 cm) were placed in five
layers (12 or 11 in each layer). The detector was covered by cadmium sheet with thickness 0.5 mm; it was
protected then by borated polyethylene bricks.

Cleaner pictures of the experimental facility, relating to the scattering chamber, and samples (device “C”)
and the neutron detection system (assembly of the *He counters with radiation shielding), can be seen in
Figure 3, in which part of the MCNP simulation is shown.

Measurements and results

Measurements of the elastic scattering cross section on carbon were carried out at 5 neutron energies in
the range 2 to 133 keV. From two to four carbon samples were used for measurements at each energy. The
samples are a set of carbon disks (from one to four units), each with a thickness of 1mm and a diameter of
30.4 mm (C 99.997 %). These carbon disks were made by GoodFellow Cambridge Limited Company
(England).

To determine the elastic scattering cross section on carbon, the relative method of measurement was used.
The isotope *Pb was used as the standard. The choice of this standard was based on the following:
1) Values of the total neutron cross section and elastic neutron cross section for the ***Pb are well known;
2) Resonances in the ***Pb cross sections are absent in the energy regions that are covered by the neutron
filters used in these measurements. The thickness of the ***Pb sample was 0,00616 + 1E-05 nucl/barn
(enrichment of **Pb to 98.3 %, chemical purity 99.98 %).

The order of execution of the elastic scattering cross section measurements on carbon was the following:

1 — holder of sample (direct beam);

2 — the 1™ investigated carbon sample (placed in holder);

3 — sample of ***Pb (standard, placed in holder);

4 — the 2™ investigated carbon sample (placed in holder).
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This sequence was repeated, with the neutron beam covered by a polyethylene sample inserted in the
device “A” or “B”. For the determination of the background counting rate polyethylene samples with
thickness 4.730 to 0.550 g/cm” were used.

To remove the influence of instability factors, each of these 8 positions was replaced every minute. As a
rule one measurement had 20 such cycles, so the duration of one measurement was about 3 hours. For high
statistical accuracy the measurements were carried out for 18 - 120 hours for each energy.

For each measurement and for each carbon sample the experimental value of the ratio Ncexp / prexp was
calculated with formula

NC . (NC Nholder)_(NC Nholder+PE)

exp smp smp+PE

N::,JJ (N P Nholder) - (leikz) - Nholder+PE)

where on the right side the symbol N with different indexes labels sum from the first to the last channels of
the analysis region in different spectra, namely: NCSmp — the carbon sample is on the beam; Ncsmp+PE — the
carbon sample is on the beam, covered by polyethylene sample; Npoiger and Npoiger+pe — the sample holder is on
the beam and it is on the beam, covered by polyethylene sample; N™ and N™s¢ — the 2°*Pb sample is on the
beam and on the beam, covered by polyethylene sample.

Then all NCexp /NPbexp values, obtained for this investigated carbon sample, were averaged over all its
measurements, and this averaged value was used for the determination of the elastic scattering cross section.
Analysis of the measured spectra was performed by our C_SG-W7 code.

To determine the elastic scattering cross section on carbon (cssc)exp the following expression has been
used:

, (1)

c NS

_ exp
(05)., =N @)
a is a function of detector efficiency, thickness of the carbon samples, thickness of the ***Pb sample,

geometry, etc. For each sample and for each filter energy the « value has been obtained through Monte Carlo
calculation by means of the MCNP4C code [5].
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Fig. 3. Disposition of the He-3 counters and samples (vertical cross section).
In the left - along neutron beam, in the right - perpendicular to beam.

The Monte-Carlo calculation model took into account almost all of the experimental facility details,
including: 1) the scattering chamber with two investigated samples in their holders (carbon disks), standard
sample (***Pb), empty holder and duplicate position for one more sample (unused); 2) the gear for automatic
replacement of samples; 3) the neutron detector (58 *He counters placed in 5 layers) with all assembly
components and preamplifier module; 4) radiation shielding blocks for both the detector and the whole
facility (Fig. 3). The chemical compositions corresponded to real materials of the facility. The neutron beam
was represented by mono directional source with a circular cross section (diameter 27 mm), located on the
right end of the third collimator (C3 in Fig. 1, it is not displayed in Fig. 3). The energy spectrum of the
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source was taken to be the spectrum calculated by the FILTER L code, using as components the real
composition of each filter.

The neutron spectrum after the filter has one main quasi-mono-energetic line and one or more parasitic
energy lines. As for scattering measurements the intensity of filtered beam has to be higher because some of
the used filters were not very pure. So, the 54 keV filter had purity about 75 % (the purity of the rest of them
was better — about 98 % - 99 %). To estimate the influence of the parasitic energy lines on the results, MCNP
calculations were carried out with a neutron spectrum having only one main line and with the real spectrum.

Analysis of the results of these MCNP calculations show that the presence of the parasitic energy lines in
the filtered neutron spectrum may make changes in values of the determined elastic scattering cross section
of not more than 2 %, if the parasitic energy lines amount to 25 % (the 54 keV filter). If they amount to 1 or
2 % (the rest filters), these changes may be reach a maximum of 0.12 % for the Imm carbon sample at the
133 keV filter. All experimental and calculated results, corrected for the presence of the parasitic energy
lines in the filtered neutron spectra, are presented in Table 2.

The results of measurements of the elastic scattering cross sections on carbon samples at reactor neutron
filtered beams with energies 2, 3.5, 24, 54 and 133 keV together with the known experimental data from
database EXFOR/CSISRS and ENDF libraries are presented in Fig. 4.

Table 2. The experimental and calculated results

: NS NS c
# T;E:)iﬁ;if;n o, barn Aa, barn ﬁ Aﬁ%’i (ggrzf’(p’ A(G5")exp, barn
2 keV filter
1 | 0.008877+1.2E-05 7.739 0.019 0.6096 0.0003 4.7175 0.0118
2 | 0.017753+2.4E-05 3.952 0.008 1.1961 0.0008 4.7271 0.0100
3 | 0.02663+3.6E-05 2.687 0.005 1.7419 0.0001 4.6807 0.0088
4 ] 0.035507+4.8E-05 2.061 0.004 2.2849 0.0001 4.7094 0.0084
Average on 4 carbon samples 4.7063 0.0102
(0.22 %)
3.5 keV filter
3 | 0.008877+1.2E-05 7.5798 0.0184 0.6278 0.0190 4.7586 0.1445
4 ] 0.02663£3.6E-05 2.6339 0.0048 1.8192 0.0530 4.7916 0.1399
Average on 2 carbon samples 4.7756 0.1005
(2.10 %)
24 keV filter
1 |0.017753+£2.4E-05 3.7711 0.0101 1.239 0.036 4.6716 0.0185
2 | 0.02663+3.6E-05 2.5642 0.0057 1.825 0.084 4.6802 0.0239
Average on 2 carbon samples 4.6748 0.015
(0.31 %)
54 keV filter
1 | 0.008877+1.2E-05 7.183 0.021 0.6252 0.0008 4.4906 0.0146
2 | 0.008877+1.2E-05 7.170 0.021 0.6324 0.0015 4.5344 0.0173
3 1 0.017753+2.4E-05 3.663 0.009 1.2292 0.0022 4.5031 0.0135
4 10.017753+2.4E-05 3.658 0.009 1.2378 0.0019 4.5273 0.0129
5 ] 0.02663+3.6E-05 2.493 0.006 1.8497 0.0051 4.6113 0.0164
6 | 0.02663+3.6E-05 2.489 0.006 1.8211 0.0042 4.5325 0.0146
Average on all carbon samples 4.5293 0.0134
(0.30 %)
133 keV filter
1 | 0.008877+1.2E-05 6.1740 0.0212 0.6815 0.0029 4.2076 0.0230
2 ] 0.008877£1.2E-05 6.1590 0.0211 0.6937 0.0037 4.2725 0.0271
3 ] 0.017753£2.4E-05 3.1522 0.0090 1.3263 0.0051 4.1808 0.0200
4 10.017753+2.4E-05 3.1462 0.0090 1.3735 0.0037 4.3214 0.0169
5 10.02663+3.6E-05 2.1384 0.0057 1.9375 0.0070 4.1432 0.0186
6 | 0.02663+3.6E-05 2.1346 0.0057 2.0230 0.0093 4.3184 0.0230
Average on all carbon samples 4.2392 0.0234
(0.55 %)
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Fig. 4. Results of the elastic scattering cross sections for natural carbon in the neutron energy range 2 -133 keV,
the known experimental data from database EXFOR/CSISRS and ENDF libraries.
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UCCJIEJOBAHUE CEYEHUI PACCESIHUSI HEUTPOHOB SIJIPAMHU YIJIEPOJIA
HA HEWTPOHHBIX IMYYKAX ATOMHOI'O PEAKTOPA

Enena I'punaii, Huxoaaii F'nunak, Baaguvup Kosnorelii, Asexcanap KopoJs,
Baagumup Pa3oyneii, Butaanii Benenukron, :kedpu Puuapacon, Kenner Ceiin

[TpuponHbIii yriiepos U3BECTEH KaK CTPYKTYPHBIN peakTOPHBIA Marepuai. B To jke BpeMsi OH SIBIISIETCSl OHUM U3
HanOosee BaXXKHBIX CTAaHIAPTOB PacCestHUSI HEUTPOHOB, 0COOCHHO MU SHEPTUIX HIKe 2 M1B, rie nosHple HEHTPOHHBIE
CEUCHUS] M CEUYCHUS pacCesiHUs IMOYTH paBHbI. Jlydine sKcriepMMEHTaJbHBIE JAHHBIE 10 IOJHBIM CEYSHHUSIM IS
MPHUPOIHOTO yriepona B nuana3zone 1 — 500 k3B mmetot Heonpenenernoctr 1 — 4 %. OgHAKO IMEET MECTO OYEBHIHOE
pacxoXKI€HHE MEXAYy OJTUMH JaHHBIMH ¥ JaHHBIMH, OCHOBaHHBIMH Ha R-MaTpuyHOM aHaimu3e, KOTOpHIC
ucnonp3oBamuck B ENDF-6ubnmotekax, ocobeHHo B mHTepBaie | — 60 x3B. DkcmeprMeHTanbHBIE AaHHBIC IS
yraepona B uatepBaie 1 — 200 k3B moBonbHO cKyaHBI. VcHonp30BaHHe TEXHUKH (QIIIBTPOBAHHBIX ITYYKOB, Pa3BUTON
Ha KueBckoM  HcCCIenoOBaTENbCKOM  PEaKTOpe, CHENajJ0  BO3MOXKHBIM  YMEHBUINTH  HEONPEIEICHHOCTH
SKCIIEPUMEHTANBHBIX JAHHBIX M W3MEPHUTH CEUCHHS PAcCEsSHHs HEHTPOHOB Ha MPHUPOJHOM YIJIEpOjae B MHTEpBaie 2 —
149 k3B ¢ TouHOCTBIO 3 — 6 %. MccnenoBanust ObLIM BBHITIOJIHEHBI C UCIIOIb30BAaHUEM ISITH (DUIIBTPOB C SHEPTHSAMH 2,
3.5, 24, 54 u 133 x9B. Ceuenusi paccesiHusi ObUIM M3MEPEHBI C MOMOUIBIO JAETEKTOPHON CHUCTEMBbI, OJNM3KOH K 2.
JleTekTop, KOTOPBI MpeacTaBisii coOol Oarapero u3 58 *He-cueTankoB, ObLT pAacIojIOKEeH HENOCPEICTBEHHO Ha[
o0pasiamMu yriiepoaa. *He-cuerunku (CHM-37, 7 at™m, muametp 18 mm, mmuHa 50 cM) OBUTH pa3MeEIIeHbI TATHIO CIOSMHU
(11 wm 12 B xaxmoM cioe). s ompeneneHus] CEUCHUsS] pacCestHUs HEMTPOHOB Ha yriiepoje ObUI HCIIOJIb30BaH
OTHOCHTEJIbHBII METO/ M3MepeHns. B KauecTBe CTAaHIapTa MCIIOJIb30BANCA M30TOI ~° Pb. MHOXHUTEIN HOPMATH3AIHH,
KOTOpBIE 3aBHCAT OT ((EKTHBHOCTH JETEeKTOpa, TOIIIMH O6pasloB yriepoa u °Pb, reoMerpum M Ap., ObUIH
nmoiy4deHbl pacuetamu MoHTe-Kapmo mns xaxxgoro o0Opasma W Kaxmoil SHeprud (GuiibTpa ¢ MOMOIIBIO IIPOTPaMMEL
MCNP-4C. Pe3ymnbTaTsl H3MEpEeHUI CEUeHHI paccesHUsI HEHTPOHOB 00pa3aMyl yTriiepoja MpeICTaBICHb COBMECTHO C
IKCIIEPUMEHTAIBHBIMH JaHHBIMU U3 0a3 ganHeix EXFOR/CSISRS n ENDF.
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JOCJIJI)KEHHS IEPEPI3IB PO3CIIOBAHHSI HEWTPOHIB SIJIPAMHU BYIJIEI[IO
HA HEMTPOHHUX IIYYKAX ATOMHOI'O PEAKTOPA

Ounena I'punaii, Mukoaa I'ninak, Boaogumup Kosornii, Onexcanap Kopoas,
Boaogumup Pa3oyneii, Biraniii Benennkros, d:xkedpi Piuapacon, Kenner Ceiin

[Mpuponauii Byrienp BiOMHH SK CTPYKTypHHH peaKTOPHHN MaTepian. Y TOH ke Jac BiH € OJHUM 3 HaWOUIbII
BaXJTUBUX CTAaHAAPTIB PO3CIIOBAaHHS HEUTPOHIB, 0COONMBO IIpH eHeprisx Hiwk4e 2 MeB, e moBHI HEHTPOHHI mepepi3u
Ta Tepepi3u po3CisHHS Maibke imeHTHYHI. Kpamyi ekcnepuMeHTanbHI JaHi MO MOBHHUX Mepepi3ax Ui MPHPOTHOTO
ByrJyemio B niana3oHi 1 — 500 xeB matoTs HeBH3Ha4YeHOCTI 1 — 4 %. IIpoTe icHYIOTh OUEBHAHI PO3XOHKEHHSI MK IUMHU
JAaHVMU Ta JaHUMH, OCHOBaHNMH Ha R-mMaTpuaHoMy aHami3i, mo O6ynu Bukopuctadi B ENDF-6i6mioTekax, oco6nmuBo B
intepBaimi 1 — 60 xeB. ExcnepumeHtanbHi JaHi juis Byreiro B iHTepBaidi 1 — 200 keB nmocuth Heuwncnensi.
BukopucranHsi TexHikM (iIBTPOBAaHMX Iy4KiB, po3BMHYTOI Ha KHIiBCHKOMY IOCHIIHUIBKOMY DPEaKTOpi, 3pOOHIO
MOXIIMBUM 3MEHUIMTH HEBU3HAYEHICTh EKCIIEPUMEHTAIILHUX JIAaHUX 1 BUMIPATH Iepepi3u pO3CilOBaHHS HEHTPOHIB Ha
NpUPOTHOMY ByTJelto B iHTepBaii 2 — 149 keB 3 Tounictio 3 — 6 %. JlociimpkeHHs: 0yi10 BUKOHAHO 3 BUKOPHUCTaHHAM
st GineTpiB 3 eHeprisimu 2, 3.5, 24, 54 u 133 keB. Ilepepisu posciroBaHHS Oyin0 BHMIpSHO 3a JONOMOTOIO
JIETEKTOPHOT CHCTEMH, 3 PO3MIpaMi GIH3bKHME 10 27. JIeTeKTop, o SB/sSB cob0r0 Gatapero 3 58 *He-miumabHUKIB,
6y/I0 PO3TAIIOBAHO OE3MOCEPENHbO HAJ 3pa3kamu Byriemo. ~He-miummbaukn (CHM-37, 7 atw, miamerp 18 M,
noxkuHa 50 cMm) Oymo po3rtamoBaHo T'areMa mmrapamu (11 gm 12 B xoxxHOMy mapi). JInms BH3Ha4eHHS Iepepi3iB
PO3CifOBaHHS HEHUTPOHIB Ha BYIJIEli OyJI0 BUKOPHUCTAHO BiHOCHWH METOJ BHMIpIOBaHHA. SIK CTaHAAPT BHKOPHCTAHO
i3otom ***Pb. MHOXHHKH HOpMaIi3aLlii, SIKi 3a1eXKaTh Bi eeKTHBHOCT] JETEKTOpA, TOBIIHH 3pa3KiB BYTJIELIO Ta 208pp,
reomeTpii Ta iH., Oym0 omepikaHO 3a po3paxyHkamMu Monte-Kapmo ams xoxHOTO 3paska 1 KokHOi eHeprii ¢igpTpa 3
BukopuctanHsaM mporpamu MCNP-4C. Pesynpratén BUMIpiB mepepi3iB po3CiIOBaHHA HEHTPOHIB 3pa3KaMH BYTJICIIO
MPEJCTABICHO CYMICHO 3 eKCIIepUMEHTAIbHIUMH AaHuMHu 3 6a3 nanux EXFOR/CSISRS ta ENDF.
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